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Project Title : Regional pulse wave propagation in aneurysmal aorta:

A three-dimensional finite element model

Investigator : Tipapon Khamdaeng, Maejo University
E-mail Address : tipapon@miju.ac.th
Project Period : 3 years

Abstract

The pulse wave velocity (PWV) has been shown to be associated with the
properties of blood vessel and a cardiovascular risk factor such as aneurysm. The global
PWV estimation is applied in conventional clinical diagnosis. However, the geometry of
blood vessel changes along the wave traveling path and the global PWV estimation may not
always detect regional wall changes resulting from cardiovascular diseases. In this study, a
fluid structure interaction (FSI) analysis was applied on arch-shaped aortas with and without
aneurysm aimed at determining the effects of the number of aneurysm, aneurysm size and
the modulus ratio (aneurysm to wall modulus) on the pulse wave propagation and velocity.
The characterization for each stage of aneurysmal aorta was simulated by progressively
increasing aortic stiffness and aneurysm size. The pulse wave propagations and velocities
were estimated from the two-dimensional spatial-temporal plot of the normalized wall
displacement based on elastic deformation. The descending forward and arch reflected
PWVs of aneurysmal aortic arch models were found up to 9.7% and 122.8%, respectively,
deviate from the PWV of non-aneurysmal aortic arch model. The PWV patterns and
magnitudes can be used to distinguish the characterization of the normal and aneurysmal

aortic walls and shown to be relevant regional markers utilized in clinical diagnosis.

Keywords : Aneurysm; Heterogeneous aortic wall; Pressure wave; Stiffness
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130U A3
Wi
971 1 @iﬂwgé’amaaﬂ?ﬁ (Young's modulus) Ta9LLUSIR8IRRAIHEALAILDED TN
LRTTWIAVBY aneurysm fidnunmasng 9 luudazuuusiaes 11
aT97 2 Awesdausdng 9 PDINIIRADALRDALAZYBY IMA luraaalRan
(Input parameters) 13

79N 3 ANUTIARUTNAT (Pulse wave velocity; PWV) UWHNU8ITd%a0ALREA

6 a A 6 dl Aa 1 cll [
ueadLaaasanUndnaznasaiiaauadiaaasannianslianadaani beain
LULINRD 20
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A A 6 a
3 1 JUnsLsTIMIaTDIRABALRaALAILEaDINUNG 5
A A & A a ' Aa
U 2 gﬂmma:mmmaamamaammaLaaai@ﬂwLﬂ@nwsIﬂowaaaaﬂ NNy
817784 aneurysm (N) 25 UARLNAT (V) 37.5 UARLUAT (A) 50 VARLUAT
TN 1 GURUI URT (3) 25 UARLNAT TN 2 GRS 6
U7 3 wrvaslaw (n) vaslnalunaaaiiaauas (2) Kilinaaniian 7
dl ad o a s
3UN 4 UNRNIWIBMIAWILTIALEY 13
A 'Y 'Y A A o ' A
31U 5 ANMNTVIAVRINIINABALREAN LRI ABALRDALAZIIA LA 9 @90
A A A A A Aa
LEAILAAARUTNAT) VDI (N) BaaalNaalnd () vasaldaani aneurysm
F1UIU 1 GIUAWI VYA 25 TARLNAT 9T IWA Young's modulus V8-
aneurysm Waz#aaalReadn@ winnu 2 (A) naaalaeanidl aneurysm
F1UI% 1 GILAUS VU@ 50 FARLNGAT 9O NFIWAT Young's modulus 8-
A a @ A AA
aneurysm LazwaaalRaalnd YNy 4 waz () naaaLaaanal aneurysm
FIWIW 2 FILAUS DU 25 FARLNAT BAIIFIWAT Young's modulus Va3
aneurysm Lazhnaaaliaalnd wvinnu 4 14
A o o A A o , A
3N 6 ANANNIVIAVRIHNIIRRBALRA N LRI RAaalRaaLazIA A 9 (39 0
A A A a A Aa
LEAILDAANUTNDTY) VB (N) naaaldaalnd () naaal’aani aneurysm
1 descending aorta 31U 1 GIURUI VWA 25 FARLUAT DATIRIUEAN
y A Aa ] o A
Young’s modulus U84 aneurysm LAzRaALRAUNA LYINNU 4 (A) BADALRDA
1% aneurysm 7 aortic arch 31%% 1 GIUHUI VWA 25 TARLNAT DATIFI
1 Young's modulus 289 aneurysm Laznaaaldaalnd vinnu 4 uag (9)
WROALREANA aneurysm F14I% 2 FILAUI DUIA 25 TRRLUAT DATIEINAN
Young’'s modulus U8y aneurysm uaznaaalRealn@ winnu 4 16
dl % % A n:i o ] A
N7 NNNTVINTRINIINRBALR AN LRI RREALRaALAZIIA LA 9 (QIORe
A A A A A Aa
LRAIHUDANRUTNIT) VB (N) WaaALAaalNG (1) naaaLaaandl aneurysm
B 1 FIUAWI DU 25 FARLNAT DAIIFIWAT Young's modulus Va3
aneurysm Laznaaaliaaln@ innu 4 () naaalfeafd aneurysm
WU 1 GIWRAWS VU@ 37.5 TaRLNAT 8ATIFIWAT Young's modulus U84 aneurysm
A A > A Aa
LATHARALAAAUNG YN 4 AT (3) KRaaLRaaNd aneurysm
WU 1 GIWAUS VA 50 FARLNAT 89T INA Young's modulus Vo

aneurysm uaznaealiaaln@ inu 4 17



130NN (61D)

gﬂ‘ﬁ' 8 NN ITIATaINTIRREALEanTidunInRaaLaauaz A A 9 (39 o
LEAILaANAUTNAT) Voanaanlaeafisl aneurysm 7 descending aorta
FUIH 1 G AU IUI9 25 TaRLNAT (N) DATIEINAT Young's modulus
2849 aneurysm WASHRABALREAUNG LYINNL 1 (V) 8ATIFINAT Young's
modulus V89 aneurysm Lazhaaaldaalnd winnu 2 () aaaInan
Young’s modulus U84 aneurysm uaziaaaldaalnd tvinnu 3 uaz (3)
2ATI§IWAT Young's modulus U84 aneurysm Las#aaalfealnd 1vinnu 4
Eﬂﬁ' 9 M ISR INTIRREALEaRTidunnRan anuazIale 9 (39 o
LEAILaNARWTNAT) VaInaoaLEaaidl aneurysm 71 aortic arch $1943%
1 @RS VUG 25 VARLUAT (N) BATIEIUAT Young's modulus Va3
aneurysm LaznaaalRealnd vty 1 () aasNa@Iue Young's modulus
284 aneurysm UazHaaalRaaln@ LYinnu 2 (a) aaTIEIUAT Young's
modulus 289 aneurysm LAZRABALREAUNA WAL 3 uag (9) BATIEIRAN
Young’s modulus 483 aneurysm uaznaaliaadnd 1yhnu 4
gﬂﬁ 10 anuduseM IR sRLUsIa MU AN ZE U8 (N) naoalfaa
Un@ () waoaLRoaNs aneurysm 31%I% 1 @UAUY VWA 25 UARLNAT
20§ IUAN Young's modulus U84 aneurysm Lasnaaalaoadnd tvinny 2
(M) naaALEoATIA aneurysm $1I% 1 GURIS TWIa 50 HaRLuas
2ATIEIWAT Young's modulus U84 aneurysm Las#aaalaoalnd 1vinnu 4
ez (9) waaalRaaii aneurysm 31%3% 2 GRS TUIA 25 TARLNAT
2@MAIUAT Young's modulus Va4 aneurysm uaziaaalfaalnd tvinnu 4
gﬂ‘ﬁ' 11 AuLnLarm U S ouud asnNaLRwanIzdunIsTes (N) waaalian
Und (v) naaaidaniisl aneurysm 7 descending aorta $197% 1 §URIS
U9 25 FARLUAT DATIFIWAT Young's modulus Va4 aneurysm LaY

A a " @ A Aa P X o
#ROALNAAUNA LYINNU 4 (A) BaDALABANH aneurysm 11 aortic arch 311

1 GRS VUG 25 TARLUAT BAIIEIUAT Young's modulus Va3 aneurysm

A a | @ & aAa o
LazRaaalaaalne Lvinny 4 ua (¥) inaaLARANY aneurysm 3NTWIW

2 GRS VWA 25 FARLNGT DAINEIWAT Young's modulus Va4 aneurysm

uazraealdaalnd 1inu 4
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gﬂ‘ﬁ' 12 ALz R ouud a9 NULRUARIZFURIIT8Y (N) WaaalRaa
Un@ () waaaliaand aneurysm 31%3% 1 GNLRWI VWA 25 ARLNAT
2@M&IUAT Young's modulus Va4 aneurysm uaznaaalfaaln@d vinnu 4
(R) WaoaLaanis aneurysm 31%I% 1 @1ULAUI VUQ 37.5 URBLNGT
2aI§I%AT Young's modulus T84 aneurysm Lasnaaalaaalnd 1vinnu 4
waz (§) WaaaLlRaaid aneurysm STk 1 duRALs IR 50 TaBLNAS
2ATIEINAT Young's modulus U84 aneurysm Lashaaalfaalnd 1vinny 4

gﬂﬁ' 13 AnuL Bz asuulasnnuLRwanIzf uRsTaInaanLEaafis
aneurysm fi descending aorta 314% 1 @ILALI VWA 25 UABLUAT (D)
2ATIFIWAT Young's modulus U84 aneurysm LasRaaalaoalnd tvinny 1
(1) 99NFIUAT Young's modulus VB4 aneurysm Lazraaalfaalng
WAL 2 (A) 8@ 3&IWAT Young's modulus U84 aneurysm LaZHaaALRaa
Un@ VN 3 uaz (9) 8a3EIBAT Young's modulus Va4 aneurysm L
naoalRaalnd winnu 4

A ) A % o , A Aa
Eﬂqﬂ 14 ﬂ')']l]LﬂuLLazﬂ’]iLﬂaUuLLﬂﬁﬂﬂ’]nlﬂJLﬂuLaW’]z@’]LLV\uG"Ua\'ﬁflaa@lﬂa@'ﬂu

aneurysm 1 aortic arch 31%% 1 GULAUS VUIA 25 JARLUAT (N) BATIEI

1 Young's modulus U89 aneurysm Lazhaaalfaaln@ 1innu 1 (1) aan
8261 Young's modulus 784 aneurysm Uaznaaalfaalnd 1vinnu 2 (a)
2aTI&IUAN Young's modulus U84 aneurysm Las#aaalfaoalnd 1vinnu 3
WAz (4) AINEIUAT Young's modulus U8 aneurysm Uaznasaliaalnd

o

WNNU 4
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1. UNW

lsaialauaznaaaifen (Cardiovascular disease, CVD) (HusingnitivaInmaiosia
voslszmnimlanidudududu 9 losfaiduiaos: 202 vasaungmitianinue o
saandsInusmanIisiiaveslzmnsineinenulasdiinlialifade nwwaiuqulsa
nEnINaIng laswuiidannisialiaiilawaznaaafaaludszinalnoddiuam
o . .
VANTUAN 614 Auda 100,000 A 1Tl w.a. 2542 1Tu 1,927 auda 100,000 aw ludl w.a.
2551 uaznguliamilauaznaaaifen nfiisu linnaeadaauasliinwassfiafiiamuonyes
¥ { & ; o . . o a @ a £ [%
Watbatulu (Intima) 8anannKInaaaliaa (Dissecting Aneurysm) NNaziTuaULAaTWlNE
nudnldsvasnaaaiiaauadiaaaion (Aortic arch) iasnnidursiui ldsuanuaug
luilagdiu drannuudzainaaaifen (Arerial stifess) gnldiuaniilunistazlag
A R o g A A a =] oA = A
MIRaaaLRea leat1insnsuaziduniugaiald Sewuiilennuudeinasaiianuin
J = = v = =y 1 ) AI s
Juazlanuduiusseandasnunisiialianiinasalionds 9 13u lsaduifongadu
(Thrombosis) 1307a80LR0ALAIALAY (Stenosis) l3araaaiiaauadlisnes (Aneurysm) 138
lsanaaaliaauaduds (Atherosclerosis) tudn 35nslunisiasianuudsvasraaaiiaad
sunsautdeanbaidu 2 3% laedtuinfia 35n13AT0nNsVeNBLaTraa L T U IRz
ARaALHan lLWISAN (Radial aortic pulsation) a8 @ luaNNFNNUTIZRIIVUIALTFUH
5 & =) Qs > g: v o 1 a 1
audnanduazanuen s9itmriaanudulasaslunasaiiaauuazdasriimariitainimis
. A ' & o o o A . . aad A o
(Invasive) ialdguniniiaanuawdnldnslunasaifiaa (n vivo) #1uitnaesdia T n
ARBNNTVE LAz RAa L TUI IR0 INAeALREN (ARUTNDT) LULWILAKEID (Longitudinal
aortic pulse wave) LIu3Tn137 laidasi1iTas19n1e (Noninvasive) 1813 TzNbAIAY
W IUBINRALREA FAANNAMNULTIVBIARUTNAT (Pulse wave velocity, PWV) Atadanii luay
A U 6 a = | ad A
wunueIvedraeatiaalasldaunislulaud-a1a9i1a (Moens-Korteweg) G91Hu3sn150
foultlunaiftesslianmaeaifealudagiu lasmluudanudemiuinerialdann
A A A A o o o . A A A oo A A |
ARuTnIIBRINADALRaaNadduniidanu nanfenseaifeanldiaaduinasazaglu
FuntsuSiialanan (Femoral artery) Lazu3LImAa (Carotid artery) I@]UI"EE}WI?%’M’J’]&JL%’J
Y A A 4 A A . o ' A & A =
NNITLEN IR AUTNITIARaUN LUsTr NI unisveInaaafanndaas Tl
= A A A
MItszanauanuIveInauInasiunaaaiionuadlasnIwsy (Global)
FUUARNITTBIRREALREA AT M TANENE19nT9UI9 IuisnIRewILeTa il auas
wafialumaiadianuudsinasatiaadiudtn lidasnniarinie laggiuninaziaan
anuudsrasnaaaiionannnidszanmanuiivasaaninaslasldaunisiuieud-anefitng
nitdrnnuudsvaInaaaifoaiidiuluudardinnis aua wazgUnindanuaInaee
LHARINNTDFINA AN NLTIVBIRABALRAAN FHANAITUITNI AN NIV INRUTWITIY

ARNALARA Lo §ﬂﬁﬁ%msé‘oﬂ§m"l,1immsm:uq@‘hLm'ulwaomuﬁmkﬂvlﬁaahomiuﬂ’] RN



mat?mmmnm%aLLazgﬂLmumsﬂizmsé’wamﬁu%wmmwwz@‘hLL%ﬁaﬁLﬁ@Iiﬂﬁaﬁ
anudAmaegn Sesaesliiwngaansnamanulianiiraalfon laaIua I HzIaNAWILAY
ﬁﬁll’]iﬂi::‘]ﬁlizilz“llaﬂiﬂvlﬁ Leag19 13AANY WUINTLNINITANHINITIAANNISIVDIARUTN
o 1 v a Q 6 A 6 a = =)

anzdunsilaglfinaiaaansmiauaz ltIsn1 9 W ludla Ly nd lunaaala o aus Lo
7847184 (Abdominal aorta) LﬁaaﬁnﬂLﬂuu'%nmﬁmmmé‘am']smm“lﬁuazﬁgﬂmwacmaa@]
A I £ Lo o Aa =
Laa@Lﬂumam:uaﬂmwagﬂmavl,wnusﬁau I@ﬂwamaagﬂmawmammm LLazgﬂLmums

' A A v A =2 )
N32UAIVAIARARTINITAZAAINNNTANE A b

o & Ao g P = \ = A Ao o

muulummaymoaulﬁ]m:ﬂnmmmmmeamaamaa@mgﬂmﬂm (Arch-
shaped) lagldismyiannuswasaaninasianizdiunis lasasuuuitassmainludie
SndliiannNuTILazIULIUNINIENLMTaIAIUTNITIBINABALRaALAIIB BB TANTILAG
nslilsnagaanuaznanaliaauadiaaasanlng wan laziu1snlmduiwinielunisiaaiaing

ulsvadraaniRaauasaagausaslia (Lesion) lanizduniielalas laidasritasienie
[V 6
2. 10nilscd9n

2.1 WWarLUUIIaed W Iuda Sl ndLuURNNTGYadnaaaLRaauLadlaaasanNLAa
M3l awed8an (Aneurysm) Laznaaaliaauadiaaasanlnd
A = o A o
2.2 WaWIANUINIUAZIURLLNNINIZNUAIVBIARUTNAT (Pulse wave) UBINADA
A 6 dl a 1 A 6 a
IRaauadlaaasaNiian1sliiwadaanuazraaaldaaLadaaasenilnd
A = a = o A o AN o °
2.3 LwammummummmLLazgﬁJLmumsmzmmmmaoﬂamwaiﬂ@mﬂu,uumaao
waaalRaauadtanasaINtAiansllanadaannuNaN leaNLUUINa0IRaaaLRaaLAILA TN

a

Un@

3. NHYNIDNIDLUWIANMNAAVDILATINTTIVY

anuudsasvaaalieauad (Aortic stifness) sunsnlfiiueuiasnsasinisidssde
naiediavasgiheliaanuaulafiags (Paini et al., 2006) linnaaaiioauadulisea (Oliver
and Webb, 2003) uazlsaifinanuszuunasaidanuazialadu 9 snannwie lasvaluana
uwsrasnanaiiaauasaunInia ldinanusunuinitin LAz EuH UgUENa1 T8l
naaaldaaluymsrangdalugissznitsmsaaediuasdudivasnale dufmansia Teund
Arterial distensibility Arterial compliance Peterson’s elastic modulus (E,) Wa< Stiffness index
(B8) (Buntin and Silver, 1990; Hansen ef al., 1993; Nichols and O’Rourke, 2005;
Vermeersch et al., 2008) udasnslsiany sofimaniiiwmdssnsszanmiinnuudslassu

YDIRRDALRDANIRNAIINANTANTIALNUIALAUILALT WONINNARAIAINNLTIVDINRFAALRDA



@ [ o . S aa A ] =
WAILIRINITDIA bHAN Pulse wave velocity (PWV) @atiluwdsalalun1suszunadranuuds
T8NV DINRDALRDALT AN WINNNITIANITLARDWNVDIARUTWITIINAILRUIN T b 879

o \ A A o ! o o { o , i
ﬁﬂml,mummﬁa%l"lﬂaﬂu NANNA ALRUIIAAIUTNATARUILINAD Femoral arteries Las
o , A A . . aa A v & adda o = A @ &
FUNUINFaIA Carotid arteries AHa a1t dwiTnnenltuaziduwneausulasna b

(Vappou et al., 2010) ¥NNNINLTEUIHAa&uN1T Moens-Korteweg Tia3n3aidinwlaasit

pwv = |EL (3.1)
2pR

A A o A A | A A o oA
189 h ABANURUINHINAALREA py ABANMNRWILUBRAALREA WA R Aasall
A AN o A A A & A

muluvesnasalion aun1hldannnsiasamnsinavedifoalunasaiioauaaduadn
Aa = A A N A < A

auuwIunuiifianuiiind lasiydnssuazantdvemasafoauaanduldouaundziu
\ \ ¥ o A A

2619418989 Fung  (1997)  1%annRaIlaun1s  Moens-Korteweg 8n3Uuuuniangn

- A/ & { L g v

W Inlay Bergel (1960) G9un lalasTiun U8 uuUaInnunuINInaaaLa aauwaatdn

[
@ A

l4éae (Nichols and O’Rourke, 2005) @44

Eh
PWV = m (3.2)

A A a a A & & A A e o
I@]Uﬂ v dadszunm 0.5 luﬂifuﬂla@ﬂ']ﬁWﬁnim’]%aﬂ@]Laa@LﬂuLuaLUﬂﬂ@vLNa@@'g

wag9lsRauITias1NuLlsueInaaafieauwadann Pulse wave velocity (PWV)
@ A A A A A A A A o '
g9a9ilanuaaalafawiiesnTEaEMILaz A ALTIUANTIAR WAV BIAAUTNITNAUA U
A v A o ' A A ¢: A o A N o &
wik lUds8nduninile Seluenuduaiadwionldladuduasslasauysaliazanunu
HiIpaInaaaiRaniinnunwuslimiiu lastawizadrbslunsdivasgialiaioaniy
JLUURABALRDALAZALLY AetunITiARauNivasnduTnINAaTan ldannaunis (3.1) uay
(3.2) 39ldasenuanuiuass (Luo et al., 2009)
ad o = A A o o L A o Aaa o
AImriadianuudsseinseaiiaauadianizildoniawduielinisitasslse
{ o a ' ) A X ] [ A . .
WMEINUTEULRaaatdaatazii e nunaiud1undlu T9launds Pulse wave imaging
PWI) lagldinafineaas e (Vappou et al, 2010; Luo et al., 2012) lag35#lasinld
nanadlinilunuuszaulunsdinliduliauszndulinnasaifoauasuda (Luo et al., 2008;
Luo et al., 2009) Laz3TN13 Pulse wave imaging flagni luidSeuifisuivdnfldainnis
F1RIFAINUUL Fluid-Structure Interaction (FSI) laaltitnisnmelwludiefiuuduazdle
o a . . A Y
AMNNINARBINNULUFIRDIRATWLER U (Shahmirzadi and Konofagou, 2012) TID WU

anulidalitas (Discontinuities) VasHtIniInaaatRaaitasaneInIvaslsn



ada 6 6 a % o U d‘ ] = a A n; 1

ez inludiefuudlagnihanldinetisenfinmfogluasnaaaitaad b
Hulsauazidulsafenuisuunaealfeauashi lHUAIAINNABLAZANNLATEA (Scotti et
al., 2008; Park et al., 2010) NMInwARUTNITIUAAaAIRaAUAs g NTFU 0 duduaTe
lag i3 s3a =i W ludiadiuud lavinn1sAnen las Shahmirzadi and Konofagou (2012)
LL@'asmvliﬁmwmiﬁmiﬁﬂmNamaagﬂmwawaa@Lﬁammoﬁﬁ@iagmmumsm:m AR
AMNLIIVAIARBINITTINIITINTINGIY AIBHIITWILRII LAFIILULFT IR0 INaaALREA

PR & o Aa a & = A AN =

LmegﬂmoLﬂumoﬂs:uanimuuu 3 16 wazNaINIlwnIdnaaatRaan laidwlyauay
Hulsaiieinuszuunaeaiiaauashila nandalsarnasaiioauadltines (Aneurysm) Lia

Trdwuwinisuazdszlamiluniyidsaslsasa b
4. 35N1IALBWBNNTIVY

TuauduflaninnusIaaudnay (Pulse wave velocity; PWV) Wazan®Mens
A A A & o o A o v ad & A
AN UAARTINITIUAREALRBALAILBBasINTIlAI las i w aEIaaa83 T W ludied
\WUG (Finite Element Method) lagtuaann1TAIWIBMLAZEFNAITNLALITEY LRAIAY

Nuaztduada bl

4.1 FANITNIABAAIEAINLNLIVDIUALUUVINABILBIAAY (Mathematical
and numerical model)
Ao JVL o o & a & Aa A &K & A A
Tunuddpflaltuuuitaasme W ludlefinnduuuruifiNafAnsanus1aaudn
[y A A A & v Adao '
ATURSANBUSAITATENLARUTNIT IR AALRALAILEa T ANTILAINTanw e ltlswasnan
A, " 'Y A . A o ' A
(Aneurysm) NFLRIIFIBLAIU0 I ABALRAALAY (Aortic arch) WAZAFILAUIRRBALREALAITN
89 (Descending aorta) lAURANTHINAVBIANULAUS VU LLa:é'@mﬁhu@hIwgé'amaaﬁa

(Young's modulus) NN@A8ANNLIINAUTNITURSANHUSNITNIZAINUARUTNIT

4.1.1 3139 (Geometry)
@ A & da & %
83197UN39 (Geometry) zasnnaaiiaauadaaaianniizunnduuuuniinszuanles
(Arch-shaped) lagldAnansInszuan WNAVBIIABUNAVDIIEG (Material particle point) Lt
ICRPLREGE (Reference configuration) Ao X(R,0,2) LLa:ﬁﬁ'@maaag@mgmﬂmaﬁa@]‘uu
lawuuifiaiianaidogy (Deformed configuration) da x(r,6,z) asnunaFuglvainaea

LRAARINIIDLD U AL T T U UR NN TIN T UBNAIRNANT




0 = ko + z% (4.2)
z=2,7 4.3)

Tasfi r ﬁa@hLL%%GI%LL%’J%ﬂﬁI%I@L&J%Lﬁmﬁ@ﬂ’]ﬂaﬂgﬂ R fadunualuuuwisailu
latund984 k = 2n/2n —a A, fodanaumitaluianisauen (Longitudinal direction)
0 ﬁa@hLmuu%agulﬂ@mmfimﬁ@mnﬁmgﬂ 0 Asdwndadayululawudeds Z de
dunsbaluumisnlulawudrsds @ Aadyuilla (Opening angle) vaswaaaliaa L Aaaanu
HNITINVRINADALHEA L lalNnE98d 2 ﬁa@mmuﬂuummﬂuImuuLﬁaLﬁ@miLﬁﬂgﬂ WA
DY | AaduRINTIAWluYBIRREALREA

fuualirasaienuadioaasanUnd (Non-aneurysmal aorta) Usznayueia@Inwad
LA (Straight) 2 &% ﬁa%aamaammd‘mij}u (Ascending part) Lazw183 (Descending
part) WRZEINLAI (Arch) 1 &I% WHINABALREANANAMT 2.2 RARLNAT waslidur1n
gudnananmeluvesnaaaiieayiiny 12 fafwes laslanuenludiueds 9 é’atmmlugﬂﬁ
1

15.3 mm

12.5 mm
- .

36 mm

300 mm

A A 6 a
31]1/] 1 g‘ﬂmaLmzmmmaamamaa@LLmLaaasmﬂﬂ@l

A & A a \ A a Aa
waaaliaauadiaaasanfiiianisldinaseannIeviaoaiioauadNi aneurysm
(Aneurysmal aorta) 9:9NTIRHAAIINLIIVEY aneurysm 3 61 fla 25 37.5 uaz 50 UAALNAT
lapfidaaduaue1ddanNugIvad aneurysm 1Ay 12 uazagludruniis aortic arch

WAz/M3a descending aorta GIuaAIluIUN 2



50 mm

25 mm 37.5 mm

M) (2) (7) ()

P A & d a . A a
3 2 Eﬂ“ﬂ%\‘iLLE\]Z?JW]@]"HE]\‘maa@]LE\]E]@]LL@\‘]LE]E]E]S@]’]“/]Lﬂ@]ﬂ’]iIﬂ(‘IWﬂGE]Em NUANMNLIIVDI
aneurysm () 25 UaRLNAT (V) 37.5 VARLUAT (A) 50 VARLUAT T1WI% 1 GRS LAz (3) 25

UARLNAT I1UIW 2 @A US

4.1.2 1% (Mesh)
CRARIE ) (Mesh) mmaamuﬁgﬂ‘ﬂid%ﬂmaﬂw (Hexagonal shape) Waaalnualu
o A Qs % ad 6 a & ] a A =
MIFWITIALAVA83T I I udafiuud  wazutsveuwavesuSimiazdnsn (latun)
& ! A . A ' A = o A o A
saniilu 2 &uda druvedinalunseaifoauszdiuiiiduninaaalion diuaaslugli 3
lasRnsanauavedlnatduuuufialawian (Newtonian) wazantifvasntiiviaaationidn
wuuBiangn (Elastic) inTiFsduuubane (Elastic  deformation) tulitatas i

(Homogeneous) aae bailer (Incompressible) LLazfaQLﬂuLLUUVLaIGﬁVIia?Jﬂ (Isotropic material)



(n)

U7 3 wpvaslaw (n) vaslnalunaeaifaauas (1) Kilinaaaiian
4.1.3 §4N13AIVAN (Governing equation)

FUNNIAILAN (Governing equations) 183184 [alunaaaliaauazaun1InILAuYal
WiInaaalian ldun aun13auInENIA (Law of conservation of mass) AUNIINILARDUN

(Motion equation of a continuum) &NA1SLULNKAN (Momentum equation) &NANTALUNNANE
(Kinematics) LLaxau@;ammLﬁu (Stress equilibrium) SUpRaI

equation)

4.1.4 §3N13ANADLILDY (Continuity equation) wazlalun@y (Momentum
o ¢ A A o A A
FUMTOUINHUIAUATAUNINILAROUNVINIEINARALRDA AB

9ps | b5V _
6t+ ax =0

do
a+G—pa



1089 ps ABANMURUILUBVDINTINADALREA ¥ ABLIALABTANNITIVBINIINADA
A A A & @ a A A a & @
188 t ABLIAN 0 ABLNWLITAIANULAULADT (Cauchy stress tensor) G ABUTINLAAINUNAIN
294707 UAZ @ A 1NALABIANLT

FUNILNLNHBANT DIV A I braaaLRaaLAY Aa
pf% +ppvVv =-Vp + Vv + f (4.6)

A a ' A A & = A A o A
lagfl p; Aaanunuiuiusedien v Asameianuiiizeaien p Asanuaud
AN UNIaBlusaInaealRen 1 Aeanuniaaativadiien was f Aeusifiiaan

ﬁmﬁfﬂmaﬁmq

4.1.5 ANNIANANE (Kinematics equation)

a a 6 £ A A o ~
KRUNNIALBNIANTVDINUIVIRDALRDA mmavl,ﬂu

_ox

F=2 4.7)
lasfl F famnuisainyidsurivainiaiogy (Deformation gradient tensor)
1
E=1(-D (4.8)

A A & a a & . A
lasf E fainulsasanuinIoanIuainius (Green Lagrange strain tensor) I a@
inulmasiananwol (Identity tensor) uaz € AatnuimaininfujUinainIuuuuan (Right
& Qs L Qs
Cuachy Green deformation tensor) T43FUNIANURFUNBSNUIN BTSN TR WA VDINILTE

gﬂﬁoﬁj
C=F'F (4.9)

A o 3 a ' J A A [ 4 v 6 & A
ussinserinlulausrsdedanunfainuisasanuidwinlaaiaasrandnaas
(Second Piola-Kirchhoff stress tensor), S, 81313013 BAMUFUNBINLINWLTETANULATHE

a ve &
ﬂi%ﬂ?ﬂi’]%ﬂ@@\‘]%

%
S=<; (4.10)



P o A A = A& Ada & @ a
LLiﬂ'ﬂﬂiz‘ﬂ’]IuI(ﬂLN%LNaLﬂ@ﬂ’]il’aﬂgﬂ@]ﬂwuﬂﬂﬂl"ﬂul’sﬁaiﬂqquLﬂuLﬂa°ﬁ (Cauchy

stress tensor) ®1N1TALDIUANMUFUANBTALLINUBLTESANULATEAIUIALEAN (Small  strain

v
@ A

tensor), €, laa%

_
g="" 4.11)

lauf P AeWIRTUNAINUANNULAIEA (Strain energy function)

WLrasa Lﬁ%VLWIQE‘nLﬂ asTaWANaasananTauy ENVL‘IJ Wuinwwaianuiauiaad

leassuniy
o =] 'FSFT (4.12)

A A o &a & P & a & a .
I@UV] ] ﬂﬂ@lﬁﬂajuLLuuﬂ"ﬂqIﬂL'ﬂﬂuT8\1LﬂuL‘ﬁﬂiﬂs’]L@lU%V]Tadﬂ’]il,aﬁlgll (Jacobian

determinant of the deformation gradient tensor)

41.5 aumsaa\lqamﬁmé’u (Stress equilibrium)
ﬁﬁ]’]iM’]ﬁ&J@lﬂﬂ’J’mLﬁﬂﬂladNﬁd%ﬂﬂ@ﬁa@ ORIAGENIANR]
do

= =0 (4.13)

4.1.6 fvinwalsawluwey (Boundary condition)

ﬁ'mu,@L‘fiauvl,waumnmmé’ml,a:mnﬁﬂgﬂmaamamﬁa@ Gait

n. liRasananuawaauan (Extravascular pressure) ﬁﬂizﬁﬂﬁuvﬁaamﬁa@

9. ﬂmUﬁaaaaﬁmmamaamﬁaﬂgﬂﬁ@‘lﬁagﬁuﬁ

f. ﬁmu@m’mé’uﬁmoaaﬂmaamamﬁa@Lﬂuguﬁ

3. ﬁﬁ%u@ﬂﬁumwﬁu (Luminal pulsatile pressure) ﬁﬂNL"ﬂ'ﬂ"na\‘maamaa@ NI
mylraduuuusuanasauuwILnyL (Axisymmetric flow) wazlifanaasusslingag o
IMNINMILULNUANVDIVDI LAa I unaaaiiaauadaz lagun1suniss-aland (Navier-Stokes
equation) fa

dp

~=0 (4.14)
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9 _

56 = 0 (4.15)
Quz o\ Uz _Op, 0%up '

Pr at t U, az 62+“ ar2 tu 0z2 (4.16)

lagf Aa u, anuluianmaanuuwigIveiraaalian

ﬁnﬂawmiawqammLﬁumadwﬁmaamﬁa@ AMNABNNIZAINUNIA WU D INF D0

L8 e (Luminal pressure) RNTDFIWITHLAN

07— —_ d
pi = J1(Gop — Grr) -+ Do (4.17)

laaf r Aadunisluuuwisall aaves i uas o AedurisNniIa wluLazA1ULEN

AMNE1U P, ANMNAUNNTLANNUNBIGIUUBNVDINADALRDA 108 ggg = P + Gy WAL

— 5 u/ € A v =3 6 v Aa v o

Opr = P + Gy SUANBAA2IAG WU (Over bar) ugavinaulwinurianuiawniumaliuyi
Y A ; . A o 6 . g

I%JWQUWLUUJ (Deviator stress component) iaz P ADAINWAINIIUI (Lagrange multiplier)

Wuwauiadanlrrainisanallile (Incompressibility constraint) 284%aaaLaa0

4.1.7 sun13nawaf@a1n# (Constitutive equation)

AIFNNNIIABUFAGININ (Constitutive equation) #rSUNAaAIREALAILERRTANNLAANNT

%

Tilawedaan (Aneurysm) uazwaanlaaauaiLoaasaUng o
W= %as (4.18)
o=EFEe¢ (4.19)
Toufi E AadnlugasBaa@n (Elastic modulus) 39NN72a93@ (Hooke's law)

[ g: d' s | al . . s = = a
muumaaa@;mmmu"laimmaﬂﬂ (Isotropic material) aa@;awmimﬂgﬂ@ HNATITH
IMNFUNIT

= (1+v)

0~ %tr(a)l (4.20)

A A o \ . , .
lagf v Aedanainuadtiioes (Poisson’s ratio)
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A A [N o A & A \ . Af wA
iasnnRasanauifvesniivasaiioaduuuuiantu (Elastic) lanaun1snlida
N)28980 (Hooke's law) datkudindsnldlunisudsuansznitivasaliaauaiiaaaionnd
(Non-aneurysm) uazwaaaifaauadiaaaianfiianisldewasaan (Aneurysm) Aadrlugasnd
a&@n (Elastic modulus) #3asnlugaauadty (Young's modulus) laslunisdinasaninitld
wtsuuusaadaanidlu 3 dunanae (1) wwudiaedn liinsldiweseanvasniiviaaaiian
ua4d (Non-aneurysmal aortic arch model) (2) wuudnaaininislidewasaanuainkivasalien
wasuuutduifaldeann (Aneurysmal aortic arch model with homogeneous wall) waz (3)

3 dln:l [ L= A 1 & dq’ =) Q

wuudtaesninisldineseenvadntivaaaiiaauasnuulaiduiitaldoanu (Aneurysmal
A ' o ] . v
aortic arch model with non-homogeneous wall) Tdg1015aULEa8ULDINRDlBULAREEIW L6

o =
@3 LLE‘T@NI%W‘I‘E’N‘H 1

a13147 1 A1lugaaveddi (Young's modulus) 284uuudnaainaaaiionuadiaaaian uaz

YUNAVI aneurysm NEUAIIEN 9 Twudazuuusiass

Young’s Modulus Aneurysm Length
Aortic Arch (MPa) (mm)
Model Aneurysm
Aortic Wall Descending Arch
Descending Arch
Non-aneurysm 2.56 - - - -
Aneurysm 2.56 - 25 -
2.56
(Homogeneous) - 2.56 - 25
5.12 - 25 -
7.68 - 25 -
10.24 - 25 -
- 5.12 - 25
Aneurysm (Non-
2.56 - 7.68 - 25
homogeneous)

- 10.24 - 25

10.24 - 37.5

10.24 - 50
10.24 10.24 25 25

4.2 I5NIAIWINLBIAILAY (Numerical scheme)
assrnwLLLINaaIRRaalRaaLadtaaasauuy 3 36 lasltldsunsunaufiiaas
NIRUA 12 WULIIABY (1131990 1) LAZNINTHIAWATNILITER IV aIUDILALVBILARD (Fluid

structure interaction) WUUNARARAS 10AINNIVIAMALUISAN (Radial displacement) aaaaNd



12

AN NLWILN BT INREALRAAL T aALUFawLURI 1 LEAINANITINaIFATWLUIZUIL
spatio-temporal LUU 2 U@ WWERILNANIINIZANLARUTNIY (Pulse wave propagation) LLag
AMULSINAUTNAT (Pulse wave velocity) UWHIITEINABALABALAILERDIAN (MiAan1TlLs
= 6 a ada o a o dl a

WeIDaNLATHADALRDALAILEBaTANLNG) LqumwaﬁmimmmmommmLLa@aiugﬂﬂ 4 L3z

o e
NuazLduaaIsia L

- 31aadrn wlaslTrzsidouaTnisdw U W lud Lo Rune CRAR TR AVERE)
LROA TRUALDRLULG LAY

- flaudnaa9aau56n9 9 vaInIvaealianLaz e Inalunaaaliaa (13199 2) Tu
TisunsusnaasgnIn

- ﬂauia;&aﬂﬁum’mﬁu (Luminal pulsatile pressure) LRZAULIUINAY BIAUG
Fauluvay LLa:LLﬁ”aum‘smquLﬁ‘ammmﬁuuazmwL%’mawaa"[mlumamﬁamﬁ
ROAANDINULIAU LIV LN LA

- LLﬁawmimuquLﬁ'ammmﬁuuazm’mL‘%@ﬁﬂi:ﬁﬁ@iawﬁmaamﬁa@ﬁaa@ﬂﬁaoﬁu
a @ & AN o A
30U 12U LUAIAMNABLAZANNSIN LN ALy npaI1ad Ina lvAaaalRae

- ldn31&s31 (Deformation) 184WiInaaaliaaunasiaaaiaNAaIINARUANGL

A o A o ' o A

(Pressure wave) NN3ENG AUl 9 DUNHIRRaaALE0

- ldanuTuazzluuuninizans@lzanaudnas (Distension wave) 2831aaaL8aq
uadtaaaion nmIwdeadnadegy (n19290) vasmiimasaiiaanduniila o datiah
ARUANNALAROUN M AUNIINADALADA LEAINANITINRDIFAIWLUITUL spatio-temporal
LUU 2 U6

- FAANULA U AIRRDALRAALAILEATANNINNIAAUFAAINN
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Lﬁjﬂ-l

/ wwAdwlsen o wardaulnEnduidmue /

<

unuAEaulraua N EuarATINEY LarATue o lee FaNnng

wWH ARHIALR 3[[34 LHUFH

~z

SHIENATAIIH LS LA AT TH

T

HamangLiin?

o

/ TEAnnenszeramuSILaLATIH FY /

<

unsAndeulnaaunisadn uasAnnnllne Eaunisaauadziodi

/ THAnsnsERamanHL#l /

P ad o a o
E‘IJ‘Y] 4 UNBNINITNIIOTWITWLTIAILRY

A15719% 2 A189ALUIANS 9 VaINTHIRAEALREALAz YR A lunRaalAaq (Input parameters)

Domain Parameters Values
Ps 1,050 kg/m"
Aortic Wall v 0.48
E 2.56-10.24 MPa
Pr 1,000 kg/m’
Lumen u 0.0001 Ns/m’

Co 1,483 m/s
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5. NAN1TIVYUAZUNIIOE

A I s d' o v d' o = =) J 1 1 1 [ 3: %
waaaldaalluaiszNininNaaeafea lReIEIBEY 9 28951908 AIRUELAT
A381529 920 9T LAz ILAaY (Fluid-Structure Interaction; FSI) 3930 RNTN 14398
a}l A o A [ 4 A & & AaA [ % ,
# lagRsanuuuaaiasaiiaauadieaatandnfiduvasudsnfidlugasedds (Young's
modulus) WANANINAY lasudaluusassaanidu 3 wuuda (1) wuuitasdn bidnsldinas
2ANVBINIINRDALRBALAI (Non-aneurysmal aortic arch model) (2) kuvdaasnin1slilanas
DNVBINIRRALROALAILUULT W kal@as Ny (Aneurysmal aortic arch model  with
homogeneous wall) L&z (3) wuus1aesninisltlsnaseanvasnbinaaaifaanaduuuladn
& a o . . = A a )
Lhala8INW (Aneurysmal aortic arch model with non-homogeneous wall) T33EUNWIUIIRI
A & ' A & a a o A & Aa
Audininraeaiiaauadiaaasannd uaznansanuuuitaesnsiwavedfeaiduvaslnans
A3 A DULUUTILISEY (Laminar flow) WRAIHANITINABIFATWLRITUIL spatio-temporal
WuU 2 36 @nuSIAauTNaT (Pulse wave velocity) VBIUARTUULINRES W1 lAAINN1TIN
A w . . A A A A
aUNMINANALLTILEY (Linear regression) UHAgIgazaInaandulinaiialaouudasly
JUN 5 usaInIrdaasniinaeaiiaandiuniinasaiieauazinaila g wudd
o AAa o o« & A [ A & A & a
wuuinaasnInttduwiol@san (Homogeneous model) Niilunaaalfaauadiaaaianlné
(Non-aneurysm) (3Uf1 5 (n)) Aeilugaapady (Young's modulus) iy 2.56 wnzthaana
d v [ ' & .
fimInszansaduuuylddrann (Forward wave) ludiuandu (Ascending part) Waz184U89
NROALRDALAS (Descending part) NNSNIZAUARNBULLFET OUNAL (Reflected wave) wu'lalu
] A & \ ) A \ = A A ] &
duiilusiulasvedraaafieanad (Arch) A1ANULTIATUTNITIUEIUINDULAZVIRIVD
WROALRBALAY WAL 11.29 LUATADIUIN WAz 13.53 LWATHIWIN ANEIAL a1
A A Y o A, ) A | A a
AAUTNITELHOUNALNEIIAITBIRAALREALAS YA 0.99 LWaTHaIUNT

400 400 1

300 300 0.5

Distance (mm)
%)
=3
-

100 100

Normalized Wall Displacement
Distance (mm)
8]
=3
-

-
Normalized Wall Displacement

-1

0 5 10 15 20 25
Time (ms) Time (ms)

(n) (V)

10 15 20 25
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400

300

Distance (mm)
%)
-

-
Distance (mm)
%)

-

-

100

Normalized Wall Displacement
-
Normalized Wall Displacement

400 1
’ 300 0.5
|'A‘ I 100 .A — -_!O_- 0.5
P N bt e oo
20 2I5

3 10 15 20 25 3 10 15
Time (ms) Time (ms)

(9) ()

A o @ A A o ' & o
3N 5 ANANNIVIAVINIIRRALRaA N LRIIRAAIRaaLAzIA A 9 (9 0 UFANDDANTY
A A a P Aa o o '

IWT) VDY (N) BaaALRaAUNA (V) KRDALRDANK aneurysm 1% 1 GLRUS VWA 25
afluaT 90aIUeN Young's modulus U89 aneurysm Lazhaaalfaaln@ winnu 2 (a)
WROALREANA aneurysm $1WI% 1 GIURUT VA 50 AABLUAT BATIEINAT Young's modulus

A a o A Aa o
24 aneurysm URZHADALRAAUNG LYINNU 4 ey (3) WADALRDANH aneurysm 311424 2
GRS IUIG 25 TaRLNAT DATIEIBAT Young's modulus Va4 aneurysm Laznaaalfaaalnd

WiINNU 4

° A [ 4 A a ' 1 & fj‘ A o
PNUUUIRBIRReaLRaauadaaasanAtiansltinasaanas liiuitaidaanu (Non-
homogeneous) tlanaaaliaaiia aneurysm 31%3% 1 @LAUS 71 descending aorta IU1@ 25
InfLuaT 8@ EIUeT Young’s modulus 184 aneurysm Uazwasaliaalnd Lvinvdu 2 (U0 5
. = A A o o A, o A A L A, >
(@)) WuIANUSIAAUTNATRE o uNaUNAIulAITe I ALRaALAIANT W TA1inAL 1.46
LWATADIUIN UAZANULTINRUTWITNNTINAALRaANLAG aneurysm LYINNU 22.40 LUAT6HE
a =
N
{ v t:g/ I a a Qo 1 1
\a aneurysm TW1ANN9UULTK 50 AFALNAT LAZAATIRIWAT Young's modulus 183
a QI J 1 e { 1 a { 1
aneurysm UazvaaaLaaln@LNuIn LyYinay 4 (U9 5 (9)) wuiian1InsznsaauuLLag
o A i A o A = A A o o A Y
AU (Standing wave) NEIlAIUBINABALRDALAILAZANUTIAARTNITAL D WNALNFINLA
DX A o~ - .
YDINRDALRAAUAINNDY WALYINAL 19.04 LUATADIWIN LAZANNULIIAABTNITNHLIRADA
{ a A £ | @ " a { R
\Raaflia aneurysm LRNTK LYINAL 38.94 WATAaTWIN MINTTNARKLLBEALNLRILN
& o A X = o oA . . A !
A% KWINITWIK aneurysm LNUUBLLW 2 §ILLAUS 71 aortic arch LAz descending aorta TIWUIN
{ | { a &£ { ] v { .
MINNLARBULUgNUNITIA AT UAd LRI ELAZ I 188N Y84 aneurysm #1 aortic arch
(U 5 (9))



16

400 400

300 300 0.5

Distance (mm)
%)
-
-

100 100

Normalized Wall Displacement
Distance (mm)
%)
-
-
-
Normalized Wall Displacement

1

3 10 15 20 25 3 10 15 20 25
Time (ms) Time (ms)

() ()

400 400

300 300 0.5

Distance (mm)
%)
=3
-

100! 100

Normalized Wall Displacement
Distance (mm)
8]
=3
-
-
Normalized Wall Displacement

-1

0 5 10 15 20 25 0 5 10 15 20 25
Time (ms) Time (ms)

(%) ()

A o o A P ' o A
U7 6 nnIdnvasNtivaaalianiduniivaaaiiaauazianla o (30 o urAILAAATY

a A a A Aa P . o

TWAT) Va9 (N) aaaLdaalnd (1) naaataaandl aneurysm 1 descending aorta 31%42% 1
FUAUI VUIA 25 TARLNAT BATIFEIRAT Young’s modulus 189 aneurysm uaznasaliaadna

WAL 4 (A1) naaalaaafd aneurysm 71 aortic arch 31w 1 GURUS VUG 25 TaRLNAT

99 3N&IFAT Young's modulus T84 aneurysm Uazraaaldaalnd tvinnu 4 uaz (3) naea
L\RaaNd aneurysm $1943% 2 @KU TR 25 VAALNAT BATIEIUAT Young's modulus V8

aneurysm Laznaaaliaaln@ vinnu 4

FUN 6 LFAINATBIIUIU aneurysm NilAIFULLLNINTZNMULITANUTIVBIAA

A A Aa A . A . ° o , A

TNIT NADALRDANA aneurysm 71 descending aorta LRzt aortic arch 3w 1 LRI (Eﬂﬂ
o @ ] & A a A X A & A

6 () WAL (M) MUY WUINRRDALRDALLAINLNG aneurysm 1 aortic arch ¥A1AMNULIIARY
A o o A Y A @ A A A A a

TNATFL O UNAUNFIBLAIV2I%A0ALRALAIHNNNY 19.09 LUATADIWIA TaunnifNiiia

] . ' { ° a £ & o 1 d

aneurysm 9 descending aorta 919 6.4 1¥i1 Nad 1uIu aneurysm LANTWLTU 2 dunis N0

aortic arch Wag descending aorta WLINA1ANNITIAAUTNITREVDUNALNEILAIVDIRADA

\ oa X @ A { VR P
LROALAINAILANA LYINAY 25.65 LWATADIWIN LATWUNIINITZNLARKULLBEAUNLALAN

VLUONRRDALABALNA aneurysm 11 aortic arch
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A o a A A o ' A A
3n 7 AWNIVIAVBINIINADALREANFILR IR A DALRDALAZIIA LA (39 0 UFANDDANTY
A A A A Aa ° o .

TWAT) VDY (D) BaaALRIAUNA (V) KaDALaaNN aneurysm 31WI% 1 GRS VWA 25
afluay 8@NaIUeT Young's modulus U89 aneurysm Lazhaaalfaaln@ wvinnu 4 (a)
waaaALRaani aneurysm I1UI% 1 GURUS PUI9 37.5 TARLNAT DATIFIBAT Young's
modulus 2849 aneurysm UWaRZHAnALRaaUN® LYINNU 4 Uaz (3) Baaalaeandl aneurysm 31%473%
1 @AWY VUG 50 ARLNAT BAIIEIBAT Young’s modulus B89 aneurysm UASHADALROA

Un@ winnu 4

JUN 7 LRAIHATITUIAVRY aneurysm NTlABZULLLININIZNBAIUAZANNLTIVEY

A A P & Aa P . o o  Aa

AABINDY Llas1aedIRNIWAREALA0ANA aneurysm 71 descending aorta 41%I% 1 GG MR

1 L a a 1 { AI J v

YINAUANGIIN® Aa 25 37.5 WAz 50 TRBLNAT WUINVUIAVBY aneurysm NiANTY Junalsin
o vV a { v o { 1 v QI ‘:g/ {

MlAAanaudnatasiaunaunaInlasvesnaealdoauadtinds lasf aneurysm Bu1a 25

37.5 &z 50 JadlNaT FANUTINAUTWITRENOUNAULYINNY 1.43 22.14 UAz 19.04 LUATAE

AN ANAIAY
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gﬂﬁ' 8 N ISR INTIREaLEanTidunnRaa I anuazIala 9 (3@ 0 LEAILAANTY
TWaT) PoInaaAlRaa T aneurysm fi descending aorta 31%I% 1 @LRUI VWA 25
adluaT (1) 8AINEIRAT Young's modulus V89 aneurysm Laznasatiaadnd wihnu 1 (v)
2aEIWAT Young's modulus a4 aneurysm UWashaaalaaaln@d Lvinnu 2 (A) 8aTEIA1
Young’s modulus 784 aneurysm uaziaaaliaalnd Lvinnu 3 uas (3) 9aMaInA Young's

modulus Y83 aneurysm Laznaealiaalnd@ winnu 4

gﬂﬁ' 8 URAINATBIOATIRIWAT Young's modulus Va4 aneurysm Lazraaalaaalnd
ﬁﬁ@iagmmumimzmUﬁaLLazmwﬁwaoﬂﬁu%wm YaInaoALaan NS aneurysm 7
descending aorta INNUUUaa97inEaduiilardsaniu (Homogeneous model) iilunaaa
\Roauasiaaaianiiianisltenadaan (Aneurysm) (gﬂﬁ' 8 (n)) Uelugasuaady (Young's
modulus) 289 aneurysm LAzRIIRABALREA WAL 2.56 1NzU1@Aa (8AINEIWAT Young's
modulus 84 aneurysm uazwaaataaalnd i 1) wuienuisiaauinasuuyludrenin
wazazviounaufienliuandraiuainadveiayiunasaiioauasffisnidiudn Young's
modulus U84 aneurysm LazRaealRealnd LYinny 2 3 uaz 4 (Eﬂﬁl 8 (V) (M) wax (V)

ANANAU ueiasnglsAew JUuuuMINTzN HARWNANMVLANGAIINULAN U SN ILRUINITLAG
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! = A A A o A A a A o
aneurysm lagWUIN1ANULIIAAUTNITNNINABALRaANLAA  aneurysm HALvinAy 19.24
22.40 27.61 LAz 30.20 LUATRIWIN LUBAAINEIWAT Young's modulus UaY aneurysm WA

RROALRAAUNG LYINNU 1 2 3 UaY 4 ANANAL
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gﬂﬁ 9 M ISR INTIITRREaLEaRTidIunMRaa EanuazIAle 9 (39 0 LEAILEAARL
FWa3) voInanalanaisl aneurysm 71 aortic arch SN 1 FIUWIS TR 25 DaaLwaAT ()
2ATIEIWAT Young's modulus a4 aneurysm Laghaaalaaadnd Lvinnu 1 (1) aaauen
Young’s modulus 284 aneurysm Uazhaaaliaadn@d winnu 2 (a) 8asN&@IuA1 Young's
modulus 2849 aneurysm LWacHaaalRaaln® LyinNu 3 ez (3) 8a31&IUAT Young's modulus

Y84 aneurysm Uaznaaliaaln@d Lvinnu 4

UM 9 UEAINATBIDNTIEINAT Young's modulus VB4 aneurysm UAZ1ADALABAUNG

AA o = A A A Aa A .
NUAaIUUIUNINITNLAIULILANNTIVRIARUTNIT VBINABALRAANE aneurysm 11 aortic
o Aa o g & o o A A &
arch AnuUUIaasnANILuialasanu (Homogeneous model) Nilunaaaifoaadloass
anfitianisliliwasaan (Aneurysm) (UM 9 () fid1lugaaades (Young's modulus) 184

aneurysm LazHiRaaalaaa ¥inny 2.56 Lnz1aa1a (8A318I%AT Young’s modulus 284
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aneurysm Uazwaaaliaalnd iy 1) nuiienuisiadndwasuuulddrenin uazaziian
naufianliuandnsiuadsfiveiayiunaeaidaauafiddamaiud Young's modulus 283
aneurysm LazWaaalfaaln@ 1vinnu 2 3 uaz 4 (gﬂ'ﬁ" 9 (1) (A) LAz (4)) MUY LANWLI
gﬂuuumim:mmﬁuﬁmmLmﬂ@mﬁuﬁ@‘hmeﬂ’mﬁ@ aneurysm lagWUNITNIZANLARY
LLllllE]gﬁuﬁfﬂL’q]%&l’lﬂ“ﬁuﬁﬁ’um%d"ll’]L°1T’]LLGZ°1]’]aaﬂﬁla\‘i aneurysm 7 aortic arch Lilasasain
1 Young's modulus U84 aneurysm Laznaaalaaalnd (vinnu 1 2 3 uaz 4 @ usIau
ArausInauTnas (Pulse wave velocity) UHTH T899 800LE0ALAILeDaTANTITAN
Iwgé’amadﬂ‘a (Young's modulus) WANGIINWAGIWAUIAS 9 POIUVUINRDITINUA 12

LUUIRD9 Vl,eﬁ’gﬂagﬂvl,ﬂuwmaﬁ 3

@199 3 ANULTIAAUTNAT (Pulse wave velocity;, PWV) LULRHIUIT0IRRDALRDAUA

[ a = 6 A a 1 AN o o
Laaaimﬂnmmzma@LaamLmaLaaas@]’mm@mﬂﬂawaaaaﬂwvl,@mml,um’maa

Young’'s Modulus Aneurysm Length PWV
Aortic Arch (MPa) (mm) (m/s)
Model Aortic Aneurysm Forward Forward
Descending Arch Reflected
Wall  Descending Arch (Ascending) (Descending)

Non-aneurysm 2.56 - - - - 11.29 13.53 0.99
Aneurysm 2.56 - 25 - 10.43 13.62 1.43
(Homogeneous) 256 - 2.56 - 25 10.83 14.12 19.37
5.12 - 25 - 10.46 13.53 1.46
7.68 - 25 - 10.46 13.53 1.48
10.24 - 25 - 10.46 13.51 1.43
Aneurysm - 5.12 - 25 9.41 14.44 22.46
(Non- 2.56 - 7.68 - 25 9.74 14.50 22.44
homogeneous) - 10.24 - 25 11.02 14.39 19.09
10.24 - 37.5 - 11.34 11.08 22.14
10.24 - 50 - 12.61 12.76 19.04
10.24 10.24 25 25 10.58 12.79 25.65

' ] % . . . { a .&’ %
ANNNULLANGA1IAINNLAW (Derivative of regional stress) ANNAVBUUBRIINROALREE
6 a A [ A a '
LadtaaaIa1un@ (Non-aneurysmal aorta) LLE\]&LE‘]@@LL@GLQaai@]ﬁﬂmﬂﬂﬂ‘ﬂﬂdwa{]aaﬂ
Qs { & v e { 1 Q./ L= Q
(Aneurysm aorta) LLﬁ@]G@GEﬂﬁ 10-14 ﬂmaa@ﬂaaaﬂuﬁau%ma § NUNIVIAVDINUIARD G
\Raah lauaaalugin 5-9
v { a J a o 1 1 v ﬁ 1
mwLﬂuﬁm@muuuwumaa@Lﬁa@mmmmmmmmwLL@mm\imwLﬂu ‘ﬁx‘]ﬁﬂﬂ’]

A v da £ 4d, ' o \ oA @ A
ﬂ’nmllaU%LLﬂadﬂ’J’mmu‘ﬂLﬂ@ﬂlu‘ﬂ@]’]LL%%GLQWW&@’]LL%%G%?QQ@I@ ) UBHWIRDALRDG
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PINANANULANAIAINLA WA LFAIINNEAUINIRRDALR AN AN VLU RU WU RIAINY
o A o v o A A o & oA a a Y
LW mmlwmma@Laam}@nmeuuﬂamam@mmLﬁmmﬂ"l@ga
A d A ! A A a A . A
WaltdSounausznininaaalaaaning aneurysm 1 descending aorta Lz RRAALADA
e aneurysm 91 aortic arch WUINAIANVUANAIIANNLABIZAAWINLABLAG aneurysm N
i A ' o v | v A
descending aorta (U 11) 2W1AV8I aneurysm laivinlwdnanuuand1sauaw 10w
wanensadnaliadan (FUN 12) uazdanaiusn Young's modulus U84 aneurysm LazHaaa

ad A X e, . v o -
WWaaUndniwNan i laranuLandannatdw A L% (3UN 13 uaz 14)
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(f) ()

31J“7i 10 AU LA I RULY8IANULRULAWZE UR IV D (n) naealfaadnd ()
waoalaoafs aneurysm 31%3% 1 @AWY TUI9 25 TAALNAT 9ATIEIUAT Young's modulus
289 aneurysm Laznaaalaaalnd iy 2 (A) waoataafisl aneurysm $1WI% 1 FIURIS
U160 50 FaRLUAT DATIHEIBAT Young’s modulus Va4 aneurysm Uaznasaliaadnd tvinnu
4 U8z (3) waaaLaoafis aneurysm 31%3% 2 @AY VU6 25 UABLUAT BATIEIUAN

Young’'s modulus U8y aneurysm uazhaaalReadn@ winnu 4
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gﬂﬁ 11 Anutduuazn I ouulasnnuidnansfuniag (M) naaalfaadnd (v)
wanaLRaaii aneurysm 7 descending aorta $1%3% 1 G TUIA 25 UABLNAT AATIEIW
#i1 Young's modulus U89 aneurysm Uaswaanidanlnd iy 4 (a) naaaideadi
aneurysm #1 aortic arch $1WI% 1 FIUWUI VU 25 TRLUAT BATIEIUN Young’s modulus
289 aneurysm UazAaaaLEanUNd WKL 4 uaz (9) naandaafisl aneurysm $1uIn 2
FUAUI TUIA 25 TRRLUAT AINEINAT Young's modulus V8-S aneurysm Laznaaalaaalnd

WiINAU 4
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gﬂﬁ 12 AnutAuLaz NI asuLlasa N uLAwarIT LRI ag (M) naealfaadnd (1)
waaalRaand aneurysm 31%3% 1 GLAUI W19 25 AAELUAT 9ATIEIUAT Young’s modulus
284 aneurysm WaznaanLiaaUnd Wty 4 (A) naaaidaafia aneurysm S1WIN 1 GURS
U190 37.5 IaRNAT DATIFIWAT Young's modulus Va4 aneurysm Lashaaalaoalnd tvinnu
4 e (9) waaaiaand aneurysm 31%2% 1 GILALS VU9 50 UABLUAT AAIIEIUAN

Young’s modulus 784 aneurysm uaz#aaaliaaln@ tvinnu 4
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gﬂ"’?‘i 13 AUz IR ULl IR RN ZF U T naanL B aafid) aneurysm f
descending aorta $1%3% 1 GLWII BUIA 25 ARLNAT (N) 2ATEIHAT Young's modulus
284 aneurysm UazHaaalRaaln®@ LYinnu 1 (1) 8@&IUA1 Young's modulus D84 aneurysm
LazHaeALRaaUN@ Winny 2 (A) 8aI&@IBA Young's modulus 289 aneurysm LAZHABALAEA
Un@ 11U 3 uae (9) 8AINEIRAT Young's modulus U89 aneurysm Lazhasaliaalnd

Winnu 4
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gﬂﬁ 14 AUz IUAsuulaIn NIRRT f Rt naanL B aafid) aneurysm f
aortic arch 31%% 1 GIRUI VU9 25 AABLUAT (N) BAIIEIUAT Young's modulus Va3
aneurysm Waznaaaliaalnd vinnu 1 (1) 9@9&Iue1 Young's modulus U84 aneurysm WA
wReALRaaUN@ WinNU 2 () 8AIIEIUAT Young's modulus U89 aneurysm LAzhaaaLaa
Un@ 111U 3 uae (9) 8AINEIBA Young's modulus U89 aneurysm Lazhaoaliaalnd

WiINNU 4

v ad 6 a 6 d' 1 o ] = =3
maunaumslagdinma i ludiofiung iNamd1audsdndg q (@uan AN
[ @ o & Ay o & £y v A o a ~ [
MI290 LAZANULAY) INULLTaaINYK Naf laidasduazdasinain liiSsufsunung
NA89 (Phantom) WALANIINABIFAINTBILLUIIRDINABALREADY 9 LazRTan e le
FouluusrauafgIuuoIuuusIasIun
ac AN va = = [ v A a X A A o
TuarniddufladinsAnuiianszianazanulduniiaduiia91nAnAN NG
(Pressure wave) UhKIHTRaalRaauadlaaasadnduasraaaiiaanadiaaasanniianslds
wadaan (Aneurysm) laslduuusiaasnmalnludiafinud laslainismenuionaves
FIUIBVDY aneurysm  GILAUINITLAG  aneurysm IUIAVBY aneurysm LRZEATIHIBAN

Young’s modulus 984 aneurysm UaznaaaLiaalnd (Modulus ratio) Nlidagiuuuniinszang
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1 AINSIVINARTNDT UaTANNLAHTaIRTIIVREALEan lniwdsean 9 nauwntinil 1ad
MINENUNINAYIFUNTIVAS aneurysm d1UWININITLAG  aneurysm UW1ABY aneurysm
LRSRNUATBINKIRAALRaA (Wall properties) ﬁﬁ@iagmmumimzmgﬁa ANNI5IVOINE
TNT WATANLAUVDINLIRADALREA (Wall stress) LBUN% (Khamdaeng et al., 2016; Li et
al.,, 2016; Scotti et al., 2008; Shahmirzadi and Konofagou, 2012, 2014) Lwislmmesﬁ'yf?lﬁ
AnsangUnisvesvasaiieauadioaaiandugdnsalds (Arch-shaped) uazfinmisdunis
N13LN@ aneurysm (UILIh6NLAYS descending aorta LA aortic arch) UUARRDALRDALAILE
asangUnsiles ﬁﬁ@iagﬂLmumsnszmmﬁma:mmL%’maaﬂ'é"u%was

m’mL‘%’;Lngmmumsm:myﬁumaaﬂﬁu‘%wawaamamﬁammuaaaﬁ{m RINTTOMN
Idannsndeasiniszdavesniinaanioafidiumisla 9 donafindunnuauaionily
MUNINROALRDALUIZUNL spatio-temporal UUU 2 & W‘]_I’J"lﬁgllLLUﬁJﬂ’]‘Sﬂizﬁ]’lUﬂgu%W‘-ﬂi
Wan 9 3 ansmzae nInzaroadnuuyludionin (Forward wave) n1InszanafuwuL
RzViawnay (Reflected wave) LazN1IN3237 yﬂﬁuuuuagﬁuﬁ' (Standing wave) L#dawnuny
nudTereuwniiil noluuuudiaasiludnisltswesesnvasnisnanaidonuas (Non-
aneurysmal aortic arch model) uazuUUS188ININ3IYIWaIB0NVEINEINADALEBALAY
(Aneurysmal aortic arch model) Ganafi leaasaldiiuuninislunimasas (Phantom) uas
mﬁm‘swzﬁwamﬂqﬂﬂszﬁ'@mmaﬂaﬁﬂﬁgﬂﬁ‘wmﬁu L%% Pulse Wave Imaging (PWI) L
Ifidudrnisdlumsitaanlsaldagnomunzau (Shahmirzadi et al., 2012; Shahmirzadi et al.,
2013)

Tusuwdsuiinuinanuuandrsvesanuiiaanwuuu lydreninfivs mduni
descending aorta WazANWISIAAUREHOUNSUTGIUWIS aortic arch TeninsuuUassilad
M3lilsnadaanuadHNIviaaaliaaua (Non-aneurysmal aortic arch model) LLQZLLuuﬁﬁaadﬁ
N5l ne908NVRINIINADALABALAY (Aneurysmal aortic arch model) A LvinnuTasas
9.7 unzfona 122.8 aWEIGL ANNISIABUTNATAININAENLAGIURIINIIAA aneurysm
dlasnnfidnanuudsnn snnmsdnsneuwniniiledinisiaasaninuuusnsasnasaiian
LadlaaesaN s laafifinisnaeTw (Multi-layered) uwazfizdnsedudou lagldaisnsduam
Faeaaafiuand19n 1w CFD FSI FEA Iudw iawiwamaasnislnazaaion suas
ATLTEAININIIRRDALFDAUALLREN AMULAUYDINTIRADALREN ANNA1AL (Gao et al., 2011;
Gao et al., 2013; Nardi and Avrahami, in press) LAAIAULTD EﬂLmun’]im:améf'gmamﬁ'u
Fway uarnistAsuudasnnuiduianizdiunisvesnaaaidan g lddomuennin lu
wised lashouuninsasmaandeefilifanududean aoinsslinuanuisiaauasrion
naufisNv1masMaanldan (Branches) LAazNLAMNSIAEUFEaUNAURGE WAL aortic arch
FIUSNBIALLANNY (Characteristic) Vaariiinaaatdaafidumisle 9 sunsnatueldan

@hmmL%’JLLazgﬂLLuumim:mUﬁwaaﬂﬁu%wm
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A v [ 1 1 6 A I A

ARUEEIaUNAL (Reflected wave) SIHAGANAAFASANTIAAVEILREA LTH ARKAINY
@t (Pressure waveform) LazARUN1T AR (Flow waveform) LazauaInsE1TenININInaae
A A A o o A ) A A A .
\HOALATLREN TIVNIAARUAMUABLAZARUNT IAATEILREA ITZULNAEALRDALAY (Arterial
system) NidunUaeng g Jarlaivinnu (Fung, 1997) Bnnsnauszviawnaudgsrinlwniszluns

A A o o ' o . & A & A &
gudaifaavasialaasansdiy (Left ventricular load) ¥1nI% asalRaauadlaaaTaNuly
(Young's modulus Aann) latnesudazrinlianusiaausnasuuulddnanin (Forward
wave) fanann wagerinlianusiadniuuasiawnauia1u1neas (Nichols and O'Rourke,
2005) aeRuaNNTIAAULLLaziaunauNddwin azdnari ldnszlunisguliafenes
o @ . o A g ° ] o d \ [
W lanesa Tt ANNINTY lagannuuus1iaednuIuuuinaadsninisllanedaanaadnnd
WRaALRaALAY (Aneurysmal aortic arch model) 2 dMurUd (MAURUS descending aorta LAY
aortic arch) NfAANUUTIVBINEINABAREAFIFA (E = 10.24 LANINAANR) ULAZOATIEIUAN
Young’s modulus 84 aneurysm Wasiaaaliaalnd 1vinnu 1 a1anuliiafwluuasion
NAUFIFALINAL 25.65 LuATdaIwf
a & o AA & o v A A @
nMiABuizeInuauly aneurysm Nlidan Wusmainliiianndugdue s
a w ¥ v QI J ] Qo ™

aneurysm %0 (Li et al., 2016) lasluinwidpiwuanuduAngiiua s aduwam (Jszunm
Sawaz 30) NEURUITOLABITLRININBIRADALREANLAA aneurysm  LAZHIINAEALRBALUNE
NMUREBULURIDBIAIIEINAT Young's modulus Tad  aneurysm  Uazwaaalfealnd
(Modulus ratio) ¥nldtiamsidasnutasanudundunisla 9 anulddaiiiosasainuidn
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Abstract

The pulse wave velocity (PWV) has been shown to be associated with the properties
of blood vessel and a cardiovascular risk factor such as aneurysm. The global PWV
estimation is applied in conventional clinical diagnosis. However, the geometry of blood
vessel changes along the wave traveling path and the global PWV estimation may not always
detect regional wall changes resulting from cardiovascular diseases. In this study, a fluid
structure interaction (FSI) analysis was applied on arch-shaped aortas with and without
aneurysm aimed at determining the effects of the number of aneurysm, aneurysm size and the
modulus ratio (aneurysm to wall modulus) on the pulse wave propagation and velocity. The
characterization for each stage of aneurysmal aorta was simulated by progressively increasing
aortic stiffness and aneurysm size. The pulse wave propagations and velocities were
estimated from the two-dimensional spatial-temporal plot of the normalized wall
displacement based on elastic deformation. The descending forward and arch reflected PWVs
of aneurysmal aortic arch models were found up to 9.7% and 122.8%, respectively, deviate
from the PWV of non-aneurysmal aortic arch model. The PWV patterns and magnitudes can
be used to distinguish the characterization of the normal and aneurysmal aortic walls and

shown to be relevant regional markers utilized in clinical diagnosis.
Keywords: Aneurysm; Heterogeneous aortic wall; Pressure wave; Stiffness

Nomenclature

Symbols
a acceleration vector
B left Cauchy-Green deformation tensor

d diameter
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Young’s modulus

deformation gradient tensor

body force tensor of blood

body force tensor of aortic wall

identity tensor

length in reference configuration

modulus ratio

vector of nodal values of pressure

luminal pressure

radial position in reference configuration
radial position in deformed configuration
wall thickness

time

vector of nodal values of velocity component
velocity component

velocity vector

position vector in reference configuration
position vector in deformed configuration
longitudinal position in reference configuration

longitudinal position in deformed configuration

Greek symbols
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Eulerian-Almansi finite strain tensor
angular position in reference configuration
angular position in deformed configuration
blood viscosity

Poisson’s ratio

density

Cauchy stress tensor

shape function vectors of pressure

shape function vectors of velocity
strain-energy function

deformed configuration
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Q, reference configuration

Q, element domain

Superscripts

-1 inverse of matrix

T transpose of matrix
Subscripts
a aneurysm
fluid
i inside
) outside
r radial direction
S solid
z longitudinal direction
0 angular direction

Other symbols

Co reference speed of sound

g, von Mises stress

\ gradient operator
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1. Introduction

Several cardiovascular diseases occur from the change of the vascular mechanical
properties. The responses to stress and strain of the arterial wall, i.e., inflation, contraction
and extension result from the blood pressure. Numerous studies have been reported that the
blood pressure increases with the arterial wall stiffening. There are several in vivo
noninvasive estimations to assess the arterial stiffness (Khamdaeng et al., 2012; Shahmirzadi
and Konofagou, 2014; Shahmirzadi et al., 2013; Vappou et al., 2010). The conventional
method is global measurement of the traveling time delay of radial pulse wave profiles at two
different distant locations using tonometry. The distance between the two different locations
is divided by the traveling time delay called pulse wave velocity (PWV). The arterial stiffness
is therefore related to PWV via the Moens-Korteweg equation. Since the PWV measured
represents the average value between two remote sites, this conventional measurement is
inaccurate in application such as errors of distance and time delay measurements. In fact, the
arterial wall geometry changes between two measurement points and the diseases may not
always in travel line of the pulse wave (Luo et al., 2009). Another measurement is regional
using ultrasound and MRI-based methods to locally detect the changes in stiffness. Using
these imaging techniques, the PWV is not only quantitatively determined but also the pulse
wave propagation can be qualitatively visualized. The results of these methods are the 2D
regional PWV in longitudinal direction and the aortic wall displacement in radial direction
which are related to the arterial stiffness through the mathematical formulas. The regional
PWV is therefore properly used as a parameter to detect the early onset or focal of the
cardiovascular diseases such as aneurysms. These methods involving assessments of regional
aortic stiffness have been proposed and developed to apply in clinical detection such as pulse
wave imaging (PWI) using ultrasound-based method (Luo et al., 2012; Vappou et al., 2010;
Vappou et al., 2011). The PWI has been investigated in phantoms (Vappou et al., 2010) and
is applied in normal and aneurysmal aortas, both mouse and human (Luo et al., 2009; Luo et
al., 2008). To verify the PWI, the Fluid-Structure Interaction (FSI) finite-element simulation
is validated against experimental phantom which present discontinuities of arterial wall
composition due to aneurysm (Shahmirzadi and Konofagou, 2012). However, the regional
variations in composition of diseased arterial wall and the diseased locations along the
arterial wall still lead to erroneous estimation of both global and regional PWV. The arterial
stiffness based on the regional PWV has mainly been determined in the straight-geometry
aorta with accessible ultrasound, not locate behind bone or air-contained organs, such as

abdominal aorta. In cases of ascending, aortic arch and descending aorta aneurysms, the
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PWV-based ultrasound technique cannot be revealed. The effect of geometry, especially at
the presence of disease, on propagation speed and patterns of PWV remains to be
investigated. Therefore, it is interesting to analysis the stiffening of aortic arch using regional
PWV technique in order to investigate the propagation speed and patterns of PWV using arch
shape with non-aneurysmal and aneurysmal models.

Use of Finite Element Method (FEM) can provide the insight and visualization of the
complicated variations of the biomechanical problems. The simulations using Finite Element
Analysis (FEA) are applied to characterize the deformation, stress and strain, and flow
dynamics of healthy and diseased arteries which are modeled under static or pulsatile
pressure-deformation analysis (Park et al., 2010; Scotti et al., 2008). Due to the complexity of
blood flow in arteries, the model of the luminal pressure variations with altered
hemodynamics is utilized to realistically simulate the fluid-solid arterial responses. A few
numerical simulations have been studied on transient blood flow in human aorta (Qiao et al.,
2011; Suh et al., 2011; Tse et al., 2011). The algorithms of coupled fluid-structure dynamic
problems have been developed in 2D and 3D numerical simulations using finite element
method (Mitra and Sinhamahapatra, 2008; Teixeira and Awruch, 2005). The finite element
computation of coupled fluid-structure interaction (FSI) simulations have been applied to
investigate the effects of wall heterogeneities on the aortic pulse wave propagation speed and
pattern (Shahmirzadi and Konofagou, 2012) and to estimate the stiffness, wall stress, flow
dynamics and mass transfer (Karimi et al., 2014; Li and Kleinstreuer, 2005; Shahmirzadi et
al., 2012; Valencia and Villanueva, 2006). The arterial geometry changes such as arterial
branches and arch affect the propagation speed and patterns of PWV (Fung, 1997). The
numerical modeling in aortic arch aneurysm has been developed, it has been shown that the
aneurysm occurs in the aortic arch has higher risk of rupture than other locations along the
aorta (Matsuzawa et al., 2011). While the variations of arterial rupture criteria have been
studied, it has been shown that, the risk of rupture increases with the level of luminal pressure
acting on the arterial wall and the inappropriate strain due to the different deformation of
each arterial layer (Khamdaengyodtai et al., 2012). In this study, the simulation of fluid-
structure interaction is therefore developed in arch-shaped aorta using finite element method.
The finite element models with normal (non-aneurysm) and pathological (aneurysm)
conditions are established. The regional propagation speed and patterns of PWV, and wall
stress are estimated.

2. Methods
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2.1 Numerical model

The pulse wave propagation and velocity of the aortic wall subjected to the luminal
pulsatile pressure have been observed by numerical study. The governing equations were
solved by using the finite element method. The governing equations, the mechanical
formulations and the boundary conditions under consideration were described as follow.
2.1.1 Governing equations

The blood flow resulting in the luminal pulsatile pressure was assumed to be laminar,
viscous and incompressible. The governing equation for the fluid flow can be described by

the Navier-Stokes equation, given by
pf% +pvVv =-Vp +uVv + f (eq. 1)

where py denotes the blood density, v is the velocity vector of the blood flow, p is the
luminal pressure, p is the dynamic viscosity of blood, f is the body force, and V is the
gradient operator with respect to the position vector in deformed configuration.

The aortic wall was deformed corresponding to the applied load. The deformations of
the aortic wall were solved under the elastic response consideration. The motion equation of

continuum was used as the governing equation for the solid deformation, which is
Vo + G =p;a (eq. 2)

where o denotes the Cauchy stress tensor, G is the body force affecting the aortic wall, pg is
the density of aortic wall, and a is the acceleration of aortic wall.

The conservation of mass was described by the equation of continuity as
0ps
5, tpsVv =20 (eq. 3)

where p; is the density of aortic wall, t is time, and v is the velocity vector.
2.1.2 Mechanical formulations

The aorta consisted of ascending part, arch, and descending part. Two domains were
considered, i.e., aortic wall and lumen. The blood flow results in the luminal pressure acting

on the aortic wall. The interaction between blood flow and aortic wall presents the stress and
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strain (deformation) of the aortic wall. The mathematical formulations were detailed as
follow.
2.1.2.1 Aortic wall

The aortic wall was assumed to be isotropic material and exhibited purely elastic
behavior. The aortic geometry was arch shape. The schematic illustration of aortic geometry
and the dimensions of aortic wall and aneurysm are shown in Figs. 1 and 2(a)-(d). The aortic
wall thickness s and luminal diameter d; were respectively assumed to be 2.2 mm and 12
mm. The longitudinal lengths of ascending and descending parts were 12.5 mm and 300 mm,
respectively. The different lengths of aneurysm L, equal to 25 mm, 37.5 mm, and 50 mm
were taken to be either located at 50 mm from the inlet of descending part or at aortic arch.
The ratio of length to height of aneurysm was equal to 12. The aortic wall and aneurysm were
modeled with wall density p = 1,050 kg/m®, Poison’s ratio v = 0.48 and Young’s modulus
values E = 2.56-10.24 MPa. Young’s moduli of E = 2.56, 5.12, 7.68 and 10.24 MPa
(Shahmirzadi and Konofagou, 2012) were used to represent the stiffness of aneurysm.
Young’s modulus of non-aneurysmal wall was assumed to be equal to E = 2.56 MPa
(Humphrey, 2002). The modulus ratios of aneurysm to non-aneurysmal wall were therefore
equal to MR =1, 2, 3 and 4, respectively. Young’s moduli and aneurysm lengths at any
location of the aortic arch models were summarized in Table 1.

Kinematics of aortic wall was considered in cylindrical coordinate system. The
deformation was determined from the transformation of the material particle point X (R, 0, Z)
in reference configuration Q, to x(r,6,z) in deformed configuration . The deformation

gradient F is given by

ox
F=-2 (eq. 4)
The rotation-independent deformation tensor was applied to measure the shape
change in the deformed body. The Eulerian-Almansi finite strain tensor & referenced to the

deformed configuration can be written as follow.
g=-(I—-B™) (eq. 5)

where I denotes identity tensor, B~ denotes inverse of the left Cauchy-Green deformation

tensor and is given in term of the deformation gradient F which is
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Bl =FTF1 (eq. 6)

where superscript T is transpose of matrix.
The stress measure of the force acting on area element in the deformed configuration
is known as the Cauchy stress tensor @, which can be written as the derivative of strain

energy function 1) with respect to the Eulerian-Almansi finite strain tensor &, i.e.,

o= ";_lf’ (eq. 7)

The Hooke’s law relationship between stress and strain, i.e., ¢ = Eg, was used to

describe the response of aortic wall. Therefore, the strain energy function was ¥ = %as.

For isotropic material, the Hooke’s law can be expressed in terms of Young’s

modulus E and Poisson’s ratio v by

_ (1+v)

0 — %tr(a)l (eq. 8)

where tr is trace of the matrix.
The Cauchy stress tensor can be furthermore transformed onto the von Mises stress a,, by

following equation.

o, = /3], (eq. 9)

where J, is the second deviatoric stress invariant, which is

I, = %[tr(az) — %tr(a)z] (eq. 10)

2.1.2.2 Lumen

The luminal pressure profile was assigned at the tube inlet. The pulsatile pressure was
represented as an axisymmetric flow varied along the longitudinal direction. The pressure at
the tube outlet and extravascular pressure were assumed to be null. The displacements of the

inlet and outlet ends were fixed in three dimensions. The fluid structure interface was defined
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as frictionless. The blood flow was modeled as Newtonian. The fluid density p; = 1,000
kg/m®, reference speed of sound ¢, = 1,483 m/s and fluid viscosity x = 0.0001 Ns/m> were
applied in the model. Since the flow was assumed to be Newtonian, axisymmetric flow and

not affected by the gravitational force, the Navier-Stokes equation can be described as

ap _

or 0

d

=0 (eq. 11)
ou, du, _ 9p 0%u, 0%uy,

Prge T, =5, TG T H G,

where u, denotes the velocity component in longitudinal direction, p is the luminal pressure,
t is time, r, 6 and z are the radial, circumferential and longitudinal positions in deformed
configuration, respectively.
2.2 Finite element method

The time dependent pressure and velocity variables can be approximated by the form

expansion, given by

P(x) = Xn-1$n(x)P, = ®"P (eq. 12)
u(x) = Xn=1 Y (u, = ¥u (eq. 13)

where & and W denote the shape function vectors of pressure and velocity,
respectively. P is the nodal pressure and u is the nodal velocity vector.

The weighted residual method was used to establish the finite element equations
(Mitra and Sinhamahapatra, 2008). The weak forms of governing equations were developed
over the element domain Q.. By substituting the shape function forms of variables into the
weak forms, the finite element equations were obtained. The finite element equations and
boundary conditions were applied to estimate the deformations of the aortic wall. The
equations of discretized finite elements for each element were solved and interconnected to
be the system by the nodal points.

The input parameters for aortic wall and lumen domains were summarized in Table 2
and the numerical procedure is illustrated in Fig. 3.

2.3 Fluid-structure interaction
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The finite element method was applied to solve the mathematical formulations
concerning the mechanical models of the lumen and aortic wall. The three-dimensional
hexagonal elements were used to mesh the fluid and solid domains (Figs. 4(a) and (b)). The
non-aneurysmal aortic arch model contained 107,110 elements. The numbers of elements and
nodes of the aneurysmal aortic arch models were changed between 135,240 to 226,936
elements. The calculations were performed and the coupled models were simulated to
visualize the responses of the aortic wall to the pulsatile blood flow. The wall stress was
estimated under VVon Mises criterion. The nodal points along the longitudinal length of the
tube were selected to determine the radial displacement of the aortic wall with respect to
time.

2.4 Pulse wave velocity (PWV) and propagation determination

The wave propagations were characterized by mapping on a two-dimensional plane
with the x-axis of time and the y-axis of longitudinal location along the tube. The wave peaks
of the wall displacement at each time increment were then tracked. The pulse wave velocities
were determined by fitting the wave peaks, which were the slopes of the longitudinal location

and time relation.

3. Results

The pulse wave velocity (PWV) including its propagation and wall stress of the arch-
shape aortic wall were assessed in the non-aneurysmal and aneurysmal aortic arch models.
The aneurysmal aortic arch model can be separated into the homogeneous and non-
homogeneous models, which denoted the wall containing the same and different values of the
Young’s modulus, respectively. For the non-homogeneous aneurysmal aortic arch model, the
aneurysm was assumed to be stiffer than the aortic wall with non-aneurysm.

Figs. 5-9 illustrate the 2D spatial-temporal plot of the normalized wall displacement
of the non-aneurysmal (E = 2.56 MPa) and aneurysmal aortic walls with different aneurysm
numbers, aneurysm lengths, modulus ratios and aneurysm locations. The void circles are
wave peaks. The wave peaks on the relationship between the distance and time were fitted
using linear regression model to yield the PWV and its propagation.

Fig. 5 shows the 2D spatial-temporal plot of the normalized wall displacement of the
non-aneurysmal (E = 2.56 MPa) (Fig. 5(a)) and aneurysmal aortic walls with representative
conditions of the modulus ratio, aneurysm length, and aneurysm numbers (Figs. 5(b)-(d)),
respectively. The forward wave on the ascending aortic wall was traveled toward the arch and

separated into two portions, which were the reflected and forward waves unless the standing
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wave can be observed at the arch aneurysm. When the forward wave on the descending aortic
wall was traveled toward the aneurysm, the wave was reflected at the inlet aneurysm site and
then continued forward traveling when time increased.

For the 2D spatial-temporal plot of the normalized wall displacement of the non-
aneurysmal aortic walls with E = 2.56 MPa (Fig. 5(a)), the forward waves were found at the
ascending and descending parts of the aortic wall. The pulse wave velocities of the forward
waves on the ascending and descending parts were found to be equal to 11.29 and 13.53 m/s,
respectively. At the aortic arch, the wave was minor traveled backward with the reflected
wave velocity of 0.99 m/s.

The pulse wave velocities of the aortic wall containing one aneurysm (at descending
part) with the length of aneurysm L, = 25 mm and modulus ratio MR = 2 were tracked from
the 2D spatial-temporal plot of the normalized wall displacement (Fig. 5(b)). The reflected
wave of the aneurysmal aortic wall was higher in velocity than that of the non-aneurysmal
aortic wall, which was found to be equal to 1.46 m/s. The forward wave velocity of the
aneurysmal wall region was found to be equal to 22.40 m/s.

Fig. 5(c) shows the normalized wall displacement when the aneurysm length L, and
modulus ratio MR were increased up to 50 mm and 4, respectively. It was found that, the
wave was standing and strongly reflected at the arch with reflected wave velocity of 19.04
m/s. The fluctuation of reflected wave pattern was also found to increase with the aneurysm
length. The higher forward wave velocity of the aneurysmal wall region was found up to
38.94 m/s. Furthermore, the standing wave distinctly increased with the aneurysm number
and was found at the inlet and outlet arch aneurysm sites (Fig. 5(d)).

The effect of the aneurysm number on the PWV is shown in Fig. 6. Figs. 6(b) and (c)
illustrate the aortic wall containing one aneurysm at descending part and aortic arch,
respectively. The results showed that the reflected wave velocity at arch increased when the
aneurysm occurred at the aortic arch. The aneurysm at aortic arch made the higher about 6
times in reflected wave velocity than that at descending part. The increasing aneurysm
number also increased the reflected wave velocity at arch (Fig. 6(d)).

The effect of the aneurysm length on the PWV is shown in Fig. 7. The aortic wall
containing one aneurysm (at descending part) was simulated with the length of aneurysm L,
= 25, 37.5, and 50 mm (Figs. 7(b), (c), and (d)), respectively. The reflected wave velocity at
arch and its fluctuation increased with the aneurysm length. The standing wave was also

found to increase with the aneurysm length.
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The effect of the modulus ratio on the PWV is demonstrated in Figs. 8 and 9. For the
aortic wall containing one aneurysm at descending part (Fig. 8), the modulus ratio MR was
shown to have a non-significant effect on the velocities of the forward and reflected waves
and theirs pattern. However, the forward wave velocity of the aneurysmal wall region was
found to increase with the modulus ratio MR. For the aortic wall containing one aneurysm at
aortic arch (Fig. 9), the standing waves were clearly observed at the inlet and outlet arch
aneurysm sites when modulus ratio MR increased. The velocities of the forward and reflected
waves also did not change with the increasing of MR.

The pulse wave velocities of the reflected wave at arch and forward waves on the
ascending and descending aortic walls obtained from the linear fits of the 2D spatial-temporal
plots are shown in Table 3.

The stress and derivative of regional stress was investigated on the non-aneurysmal
and aneurysmal aortic arch models. Figs. 10-14 illustrate the stress and derivative of regional
stress corresponding to the simulated conditions in Figs. 5-9. The derivative of stress with
respect to longitudinal position in deformed configuration was plotted to determine the
magnitude of regional stress variation along the aortic wall. The aneurysm located at
descending part provided the higher in magnitude of regional stress variation than that
located at aortic arch (Fig. 11). The aneurysm length was shown to have a non-significant
effect on the derivative of regional stress (Fig. 12). The increasing modulus ratio resulted in
the increasing magnitude of regional stress variation (Figs. 13 and 14) and was found to have

more effect on the stress wave when the aneurysm located at descending part.

4. Discussion

The aorta plays an important role in delivery the blood containing oxygen and
nutrients to all cells in the body. The aneurysm presented at aortic wall has been reported to
be the leading cause of death in worldwide. To understand the sophisticated mechanics of
aneurysmal aortic wall, the simulation was used as the powerful tool to visualize the
phenomenon. Fluid structure interaction (FSI) simulation based on finite element method was
performed to solve the numerical models. The results from these numerical models have been
validated experimentally and numerically in other aneurysmal aortic wall models. It should
be noted that, the results have been carefully interpreted under the model assumptions. The
mechanical parameters, i.e. wall deformation, strain, and stress, under pressure variations

were investigated on the aneurysmal aortic models. The non-homogeneity geometry, size,
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distribution, and wall properties have been reported to affect the mechanical parameters
(Khamdaeng et al., 2016; Li et al., 2016; Scotti et al., 2008; Shahmirzadi and Konofagou,
2012, 2014). In this study, the pulse wave propagation and velocity of arch-shaped
aneurysmal aortic models were characterized under different conditions of the different
aneurysm size, number of aneurysm, and modulus ratio (aneurysm to aortic wall modulus).
The regional wave pattern, velocity and the presence of the aneurysm on the aortic wall can
be captured on the 2D spatial-temporal plot of the normalized wall displacement versus time.
The main wave patterns, i.e. forward, reflected, and standing waves, were found as same as
previous studies on both non-aneurysm and aneurysm models. The feasibility studies of pulse
wave propagation and velocity were served as a guide for experimental phantom and pulse
wave imaging in vivo (Shahmirzadi et al., 2012; Shahmirzadi et al., 2013). In this study, the
descending forward and arch reflected PWVs of aneurysmal aortic arch models were found
up to 9.7% and 122.8%, respectively, different from the PWV of non-aneurysmal aortic arch
model. However, it should be again noted that, the values of PWV were different due to the
assumptions of the wall properties, geometry, and boundary of aorta and the geometry, size,
and distribution of aneurysm. Higher PWV were always found at the aneurysm wall
boundary due to its higher wall stiffness. The increase in wall stiffness increased the PWV.
The other multi-layered and sophisticated aortic arch models were previously simulated using
numerical methods and resulted in the different outputs (Gao et al., 2011; Gao et al., 2013;
Nardi and Avrahami, in press). In this study, since the vessel branches at the arch and distal
abdominal aorta were not included, the reflected wave at the junctions was not found. The
main reflected wave was found to be occurred due to the arch of the aorta. The characteristics
of regional aortic wall can be therefore determined by the wave patterns and amplitudes. The
wave reflection affected the coupled fluid and structural dynamics such as pressure and flow
waveforms. The pressure and flow waveforms in the arterial system were not equal result
from the wave reflection (Fung, 1997). The reflected wave also affected the ejection
dynamics of the left ventricle. The pressure ejected from the left ventricle was reduced by the
reflected wave. The progressive stiffness altered the pressure by increasing not only the
velocity magnitudes of forward wave but also the reflected wave, causing the pressure boost
of the left ventricle in late systole (Nichols and O'Rourke, 2005). The ventricular load
therefore increased with the increasing the velocity magnitudes of reflected wave.

The higher pressure gradient inside the aneurysm has been reported to be a cause of
higher magnitude of wall deformation (Li et al., 2016). In this study, the stress was found to

be dramatically increased, approximately up to 30% higher, at the connection boundaries of
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aortic wall and aneurysm regions. The change of modulus ratio caused the change in regional
stress variation. This discontinuity of the stress can be indicated the relevant lesion such as
the onset and progression of aneurysm (Danpinid et al., 2012). Therefore, the increase in
heterogeneity of a longitudinal aortic wall also increased the risk of aortic rupture, in addition
to the high pressure level resulting from the wall stiffening (Khamdaengyodtai et al., 2012).
The studies of aneurysmal aortic models for rupture and risk predictions have been developed
(see, e.g., (Humphrey and Holzapfel, 2012) and references therein). The advantages of this
study are that the PWV and propagation estimated from the numerical models of non-
aneurysmal and aneurysmal aortic walls were investigated, incorporating the consideration of
the effects of the number of aneurysm, aneurysm size and the modulus ratio (aneurysm to
wall modulus). The influences of arch-shaped geometry of aorta and location of aneurysm
were furthermore included in this study. The magnitudes of the stress and derivative of stress
along the arch-shaped aortic walls were additionally determined to describe the attributes of
the aneurysm. However, the numerical models must be further developed to assess the more

realistic solid-fluid mechanics in order to apply as a practical tool in clinical diagnosis.

5. Conclusion

The aneurysmal and aneurysmal aortic arch models with boundary conditions under
consideration were successfully established to estimate the pulse wave velocity propagation
and velocity using the fluid structure interaction (FSI) simulation. The 2D spatial-temporal
plot of the normalized wall displacement provided clearly information on the regional pulse
wave propagation. The effects of the number of aneurysm, aneurysm size and the modulus
ratio (aneurysm to wall modulus) on the pulse wave propagation and velocity were examined.
The changes of the number of aneurysm, aneurysm size and the modulus ratio were
quantitatively and qualitatively identified by the velocity and traveling of the pulse wave,
respectively. The magnitudes of stress and derivative of regional stress in the aneurysmal
aortic walls were determined based on the pressure waveform result from the luminal blood
flow. In addition, the arch-shaped geometry of aorta was included in this study and found to

be the one of the relevant parameters in the pulsatile aortic characterization.
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Figure captions

Figure 1
Schematic illustration of the non-aneurysmal aortic arch model and specified boundary

conditions.

Figure 2

Schematic illustration of the aneurysmal aortic arch models and specified boundary
conditions. The aortic wall containing one aneurysm (at descending part) with the length of
aneurysm L, of (a) 25, (b) 37.5, (c) 50 mm, and (d) the aortic wall containing two aneurysms

(one at descending part and one at aortic arch) with the length of aneurysm L, of 25 mm.

Figure 3
Mesh domains of (a) Lumen and (b) aortic wall.

Figure 4
The schematic diagram of numerical scheme.

Figure 5

The 2D spatial-temporal plot of the normalized wall displacement (void circles are wave
peaks) of (a) the non-aneurysmal wall (E = 2.56 MPa); (b) the aortic wall containing one
aneurysm (at descending part) with the length of aneurysm L, = 25 mm and modulus ratio
MR = 2; (c) the aortic wall containing one aneurysm (at descending part) with the length of
aneurysm L, = 50 mm and modulus ratio MR = 4; and (d) the aortic wall containing two
aneurysms (one at descending part and one at aortic arch) with the length of aneurysm L, =

25 mm and modulus ratio MR = 4.

Figure 6

The 2D spatial-temporal plot of the normalized wall displacement (void circles are wave
peaks) of (a) the non-aneurysmal wall (E = 2.56 MPa); the aortic wall containing (b) one
aneurysm at descending part, (c) one aneurysm at aortic arch, and (d) two aneurysms (one at
descending part and one at aortic arch) of the length of aneurysm L, = 25 mm and modulus
ratio MR = 4.
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Figure 7

The 2D spatial-temporal plot of the normalized wall displacement (void circles are wave
peaks) of (a) the non-aneurysmal wall (E = 2.56 MPa); the aortic wall containing one
aneurysm (at descending part) with the length of aneurysm L, = (b) 25 mm, (c) 37.5 mm, and
(d) 50 mm of the modulus ratio MR = 4.

Figure 8
The 2D spatial-temporal plot of the normalized wall displacement (void circles are wave

peaks) of the aortic wall containing one aneurysm (at descending part) with the modulus ratio

MR =(a) 1, (b) 2, (c) 3, and (d) 4 of the length of aneurysm L, = 25 mm.

Figure 9
The 2D spatial-temporal plot of the normalized wall displacement (void circles are wave

peaks) of the aortic wall containing one aneurysm (at aortic arch) with the modulus ratio MR

=(a) 1, (b) 2, (c) 3, and (d) 4 of the length of aneurysm L, = 25 mm.

Figure 10

Stress and derivative of regional stress of (a) the non-aneurysmal wall (E = 2.56 MPa); (b)
the aortic wall containing one aneurysm (at descending part) with the length of aneurysm L,
= 25 mm and modulus ratio MR = 2; (c) the aortic wall containing one aneurysm (at
descending part) with the length of aneurysm L, = 50 mm and modulus ratio MR = 4; and (d)
the aortic wall containing two aneurysms (one at descending part and one at aortic arch) with

the length of aneurysm L, = 25 mm and modulus ratio MR = 4.

Figure 11

Stress and derivative of regional stress of (a) the non-aneurysmal wall (E = 2.56 MPa); the
aortic wall containing (b) one aneurysm at descending part, (c) one aneurysm at aortic arch,
and (d) two aneurysms (one at descending part and one at aortic arch) of the length of

aneurysm L, = 25 mm and modulus ratio MR = 4.
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Figure 12

Stress and derivative of regional stress of (a) the non-aneurysmal wall (E = 2.56 MPa); the
aortic wall containing one aneurysm (at descending part) with the length of aneurysm L, =
(b) 25 mm, (c) 37.5 mm, and (d) 50 mm of the modulus ratio MR = 4.

Figure 13
Stress and derivative of regional stress of the aortic wall containing one aneurysm (at
descending part) with the modulus ratio MR = (a) 1 (b) 2 (c) 3, and (d) 4 of the length of

aneurysm L, = 25 mm.

Figure 14
Stress and derivative of regional stress of the aortic wall containing one aneurysm (at aortic
arch) with the modulus ratio MR = (a) 1 (b) 2 (c) 3, and (d) 4 of the length of aneurysm L, =

25 mm.

Table captions

Table 1
Young’s moduli and aneurysm lengths at any location of the aortic arch models.

Table 2

Input parameters for aortic wall and lumen domains.

Table 3
Pulse wave velocity (PWV) and propagation pattern of the non-aneurysmal and aneurysmal

aortic arch models with different Young’s moduli, aneurysm lengths and aneurysm locations.
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Figure 3
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Figure 10
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Figure 11
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Figure 12
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Figure 13
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Figure 14
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Table 1
Young’s Modulus Aneurysm Length
Aortic Arch (MPa) (mm)
Model Aortic Aneurysm _
Wall Descending Arch Descending Aren
Non-aneurysm 2.56 - - - -
Aneurysm 2.56 - 25 -
(Homogeneous) 28 - 2.56 - 25
5.12 - 25 -
7.68 - 25 -
10.24 - 25 -
Aneurysm - 5.12 - 25
(Non- 2.56 - 7.68 - 25
homogeneous) - 10.24 - 25
10.24 - 37.5
10.24 - 50
10.24 10.24 25 25
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Table 2

Domain Parameters Values

Ds 1,050 kg/m’
Aortic Wall 0.48

E 2.56-10.24 MPa
oy 1,000 kg/m’

Lumen I 0.0001 Ns/m?
Co 1,483 m/s
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Table 3
Young’s Modulus Aneurysm Length PWV
Aortic Arch (MPa) (mm) (m/s)
Model Aortic Aneurysm ) Forward Forward
Wall  Descending Arch Descending  Arch (Ascending) (Descending) Reflected

Non-aneurysm  2.56 - - - - 11.29 13.53 0.99
Aneurysm 2 56 2.56 - 25 - 10.43 13.62 1.43
(Homogeneous) - 2.56 - 25 10.83 14.12 19.37
5.12 - 25 - 10.46 13.53 1.46
7.68 - 25 - 10.46 13.53 1.48
10.24 - 25 - 10.46 1351 1.43
Aneurysm - 5.12 - 25 941 14.44 22.46
(Non- 2.56 - 7.68 - 25 9.74 14.50 22.44
homogeneous) - 10.24 - 25 11.02 14.39 19.09
10.24 - 375 - 11.34 11.08 22.14
10.24 - 50 - 12.61 12.76 19.04
10.24 10.24 25 25 10.58 12.79 25.65
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Abstract

Pulse wave velocity (PWV) is the most widespread noninvasive method for aortic
stiffmess measurement. The pulse wave propagation and velocity are related to the
properties of blood vessel and a cardiovascular risk fackor such as aneurvsm or
atherosclerosis. Regarding a global measurement of the PWV used in conventional
clinical diagnosis, the regional aortic wall abnormalities may not be detected. In this
studv, a fluid structure interaction (FSI) analysis was applied on arch<shaped aortas
aimed at determining the effects of regional shffness changes on pulse wave
propagation and velocity. The characterization for each stage of aneuryvsmal aortic
arch was simulated by progressively increasing aortic stiffness. Inhomogensous
arch=shaped aortas with different hard inclusion levels and locabions were performed.
While the aortic walls were subjected to luminal pressure, the PWVs were estimated
from the spatial wall displacements based on elastic deformation. In conclusion, PWV
increases with increasing the aortic shiffness in homogeneous aorta. On the aneuryamal
aortic arch, the aortic wall is, however, inhomogeneous and the reflected and
standing waves occurred. Therefore, the regional aneurysmal aortic arch can be
detected via the formation of the reflected and standing waves as well as the speed
of the forward wave using the 3D aortic arch model.

Keywords : Aortic wall stiffness; Distension wave; Heterogeneous aortic wall
Introduction

The arterial stiffness is worldwide used as an indicator associated with onset and
progression of cardiovascular diseases such as aortic aneurysms, thrombosis, stenosis,
atherosclerosis, coronary events, etc. The pulse wave velocity (PWV) is one of the
most widespread invivo noninvasive methods to determane the arterial shffness.
The pulse wave profiles of arterial wall pressure can be continuously measured by
using applanation tonometry at two distant locations, eg., carobid and femoral arteries.
To obtain the PWYV, the distance between the bwo measurement locations is divided
by the traveling time of the same point on the pressure waveform. Using modified
Moens-Korteweg equation, PWV can be related to the arterial stiffness (Nichols W.
and (YRourke, M. 2005; Khamdaeng, T. et al, 2012). Although the applanation
tonometry has been used in routine clinical studies, it is limited by the PWV assumptions,
uncertainty of the path traveled by PWV, movements of the subject or user during

the measurement, etc., and this method provides a global measurement of the
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averaged PWV. The abnormalities, changing in mechanical properties, of regional
arterial wall cannot be identified and localized. Observing the regional abnormalities
of the arterial wall via the propagation speed and patterns of PWWV 15 therefore
important to detect the early onset and stages of focal arterial diseases (Baquet, [.I°. et al.,
2003 Willlams, K. et al, 2007; Shahmirzadi, D, et al, 2012). However, there are
a few regional noninvasive measurements of PWV using  imaging  techniques
including magnetic resonance imaging (MEI) and ultrasound-based method (Fujikura, K.
et al, 2007; Markl, M. et al, 2000; Li, RX. et al, 2011). The regional PWV of normal
and aneurysmal aortas were investgated in canine and human using pulse wave
imaging (PWI) method as well as in expenmental phantoms (Luo, J. et al, 2008;
Vappou, ]. et al, 2011; Shahmirzadi, D. et al., 2013). However, the arterial stiffness
based on the regional PWV has mainly been presented in the straightsseometry aorta
with accessible ultrasound, not locate behind bone or aircontained organs, such
as abdominal aorta. The effect of geometry on propagation speed and patterns of PWWV
remains to be investigated. A reliable three-dimensional (3D) aortic model of regional
pulse wave propagation in both normal and pathological aortas is therefore required
to visualize and measure the local PWV as a powerful tool and gudeline for clinical
detection. The objective of this study is to compare the PWVs obtained from the
aortic model with global stiffness changes to those obtained from the aortic model with
regional stiffness changes and to investigate the effect of the arch<shaped geometry

on pulse wave propagation and velodty using finite element analysis.
Methods

Fluid structure interaction model

The aortic wall was assumed to exhibit a purely elastic behavior with elastic
material properties of Young's modulus E__ equal to 256 MPa, E_ equal to 512 MPa,
7.68 MPa, 10.24 MPa (Shahmirzadi, D. and Konofagou, EE., 2012), wall density 2, equal
to 1050 I:.g,."rna, and Prdsson’s ratio v equal to 048 (Humphrey, ], 2002). The extravascular
pressure was assumed to be null. The fluid was modeled as Newtonian with material
properties of fluid density 2 equal to 1000 Rg.fml, reference sound speed o, equal
to 1483 m/s, and fluid viscosity 5 equal to 00001 Ns/m’ (Kanvanta, V. et al., 2009).
The arch=shaped tube was set as geometry with the inner and outer diameter of
d; equal to 12 mm and d, equal to 164 mm, respectively, wall thickness t equal to
2.2 mm, and straight length before and after arch equal to 20 mm and 200 mm, respectively
(Figure 1). The boundary conditions were applied in the simulation as follows.
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Both inlet and outlet ends were fully constrained in three dimensions. A time dependent
fully developed fluid velocity was applied on the tube inlet with inital velocty
of 0.1 m/fs. The fluid structure interface was defined as frictionless. The hexagonal
3D elements were meshed with a seeding size of 4 mm. 1360 and 1485 elements were
respectively  generated on aortic wall and fluid parts. The initial time increment
was 375x10% 5. The 3D coupled simulations were performed. Four homogeneous
merdels were respectively simulated with E___, equal to 2.56 MPa, 5.12 MTPa, 7.68 MPa
and 10.24 MPa. For inclusion case, the stiff wall was assumed as E __ equal to 512 MPa,
768 MPa and 1024 MPa. Other ten nonhomogeneous models were respectively
construcked with 1 inclusion located at either arch or straight section and with 2 inclusions
located at arch and straight sections (Table. 1). The inclusion length was 5 mm.
Modes along the axial length of the tube were selected to determine the displacement
in the radial direction at each tme increment. The wave propagation was mapped
on 20 plane, time and axial location as x and v axis, respectivelv. The wave peak at
each time increment can be visnalized and tracked. Therefore, the pulse wave velocty
can be determined as the slope of the axial locations of wave peak and Hime relabion.

Table 1 The 14 aortic arch models with homogeneous and non<homogeneous models

Aortic arch model Young's modulus (MPa)
Aortic Inclusion (E )
wall(E__ ) Straight section Arch section
256 - -
Homogeneous 512 = -
7.68 - -
1024 - -
512 -
7.68 -
1024 -
- 512
MNon-homogeneous 256 - 768
- 10.24
512 512
10.24 10.24
512 10.24
10.24 512
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2.2 mm
12 mm I_f
200 mm 20mm

ia)

Inchiswon

pres

k) 70 mm

Figure 1 The 2D schematic of the aortic arch geometry with (a) homogeneous wall and (b)

non=homogeneous wall
Regional stiffness estimation

In an infinitely long, isolate, circular, cylindrical elastic tube filled with an incompressible
and nonviscous fluid, the PWV is directly related to the aortic stiffness, Young's modulus,
E, by the modified Moens-Korteweg equation:

oz
Pl Ul T e i1
‘

where £ and v respectively denote the wall density and Poisson’s ratio, ris the lumen
radius, and #is the wall thickness.

The PWV determined from the slope of the axal locations of wave peak and
time relations on 2D plane map were applied in Eq. (1) to verify the Young's modulus.
The relationship between the PWV-squared and the Young's modulus was established.

Results

Homogeneous model

Figures 2{a) - 2(b) illustrate the 2D spatialtemporal plot of the normalized
wall displacement of the homogeneous aortic wall with E__ | equal to 2.56 MPa and
10.24 MPa, respectively. The relationship between the axial location and tme was
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fitted using linear regression model to vield the PWV. For all four homogeneous models,
the PWVs were found to be equal to 160 m/fs, 219 m/s, 258 m/s and 278 m/fs
on the models with Eru.r.vrru.l' L":.lL:I&I o 256 MPa, 512 MPa, 768 MPa and 1024 MFa,
respectively. The PWV increased with the wall stiffness.

As qualitative observation, the 2D spatial4emporal plot shows a forward wave
on the aortic wall with E___ equal to 2.56 MPa and shows the existence of a standing
wave on the aortic wall with E___, equal to 5.12 MFa, 7.68 MPa and 10.24 MPa.

0

200, ST
=
_ 150 g 150 0.2 Ez
E i f |
; 100, g % 100, v %
.i i3 i =
4 4 2 <. .u:§
i
% % s 1o 85 @20 35 M
Time (mx)
{a) (k)
Pl 1 1
LL! 3 :f [’ e g
I A | g
g : P L -
£ g 9
I a1 z b
o E 2 o i
L=y W I
Time (mn)
{c) d)

Figure 2 (Continued to the next page)
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Figure 2 The 2D spatial4emporal plot of the normalized wall displacement (shown are
wave peaks) of the homogeneous and non-homogeneous aortic walls.
The fitting vields the PWV. Asxdal location at {0 and 200 mm respectively

represents the proximal and distal ends of aorta.

The existence of a standing wave was furthermore found to increase with the
aortc wall stiffness. The relationship between the PWWsquared and the Young's

maordulus obtained from four homogeneous models is shown in Figure 3.

Mon=homogeneous model

Figures 2{c) - 2(d) illustrate the 2D spatial4emporal plot of the normalized
wall displacement of the non-homogeneous aortic wall with E . at straight seckion
equal to 512 MPa and 1024 MPa, respectively. As gualitative observation of all
three non-homogeneous models with mclusion at straight section, the 2D spahal<temporal

plot shows a reflected wave at the inclusion site and the wave continued to travel
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forward when time increased. The forward PWV values obtained from the linear
regression fit were 1.76 m/s, 1.54 m/s and 1.52 m/s with E__ at straight section equal
to 512 MPa, 768 MPa and 1024 MPa, respectively. The PWV was found to decrease
when the stiffness of inclusion increased, while the existence of a standing wave was
found to increase with the stiffness of inclusion.

Figures 2(e) - 2(f) illustrate the 2D spatial4temporal plot of the normalized
wall displacement of the nonhomogeneous aortic wall with E, at arch section equal
to 512 MPa and 10.24 MPa, respectively. The existence of a standing wave was found
in all three non-homogenous models with inclusion at arch section. The major
reflected wave does not show along the axial location. The PWV values of the
non-homogeneous aortic wall with E_ at arch section were found to be higher
than those with E  at straight section, ie, equal to LE7 m/s, 1.85 m/s and 1.65 m/s
with E__at arch section equal to 5.12 MPa, 7.68 MPa and 10.24 MPa, respectively.

Figures 2{g) = 2(h) illustrate the 2D spabaltemporal plot of the normalized
wall displacement of the non-homogeneous aortic wall with inclusion at straight and
arch sections. The E, of two inclusions was equal to 512 MPa and 1024 MPa
as shown in Table. 1. Three wave types were observed in this non-homogeneous
merdel, ie, forward wave, reflected wave and standing wave. The combination wave
patterns were oblained. This increasing the inclusion number showed the similar
wave pattern to both the non<homogeneous aortic wall with inclusion at straight
sectiom and inclusion at arch section. The inclusion at straight section provided the
strong reflected wave while the inclusion at arch section rather provided the
standing wave. The PWV values of all fourteen aortic arch models with homogeneous

and non-homogeneous models were summarized in Table. 2.
Discussion

The fluid structure interaction (FSI) analysis was wsed in this study to estimate the
regional pulse wave welocity of arch=shaped aorta. The four homogeneous models
with increasing stiffness and ten models with inclusions were examined.

Previously works on FSI model shown reasonable indicabion of regional
pulse wave propagation along the homogeneous (Shahmarzadi, D and Konofagou,
EE, 2012; Shahmirzadi, D. et al, 2012), showing the linear relationship between
the PWVsquared and the Young's modulus (Figure 3), as well as the non<homogeneous
aortic walls (Shahmirzadi and Konofagou, 20014). The observation of the reflected

and standing waves on the aortic wall can be wsed as the guideline for clinical
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detection since the wave propagation was related to the regional changes of mechanical

properties and the inclusion locations.

Table 2 The PWV values of the 14 aortic arch models with homogeneous and non=

homogeneous models

Aorte arch model Young's modulus (MPa)
Aortic Inclusion (E_) PWV (m/'s)
wall (E__ ) Straight Arch
section sechon

256 - - Led
Homaogeneous 512 - - 219
768 - - 258
1024 - - 278
512 - 176
768 - 1.54
10.24 - 152
- 5.12 187
- 768 185
Mon<homogenaous 250 - 10.24 Las
512 5.12 Lot
10.24 10.24 161
512 10.24 178
10.24 5.12 1.55

Table 2 illustrates that the forward PWV walues of the homogeneous
increased with the wall stiffness. For non-homogeneous models with inclusion at
straight section, when the forward wave traveled through the inclusions, the PWV
E . equal to 512 MPa. On the other hand, the PWV
values increased when the inclusions located at arch section. The PWY was affected

values decreased, unless

by the locatiom of inclusion as well as the stiffness of inclusion, increasing stiffness

of inclusion resulting in decreased PWV.
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Figure 3 The relationship between the PWV-squared and the Young's modulus obtained

from four homogeneous models

The change of forward PWY value was therefore one of the evident markers
to detect the location of inclusions, decreasing in comrelation coeffident of linear
regression resulting from the existence of reflected and for standing waves (Shahmirzadi,
D. and Konofagou, E. E., 2014). The width of the standing wave was found to increase
with the aortic wall stiffness in the homogeneous cases and also found to increase
with both the number and stiffness of inclusions in the non-homogeneous cases.

For the quantitative results, the PWVs were lower in this study since the
initial velocty was assumed to be egual to 0.1 m/s, smaller than previous study one
order of magnitude (Shahmirzadi, D0 and Konofagou, EE, 2012; Shahmirzads, D
and Konofagou, E.E, 2014). However, trend of PWY wvalues obtained from the
homogeneous model was in agreement with previous reports (Vappou, J. et al, 2000;
Shahmirzadi, D. and Konofagou, EE., 2012; Shahmirzadi, D. et al., 2012). The homogensous
model can furthermore be approved by the linear correlation coefficient obtained from
the relationship between the PWV-squared and the Young's modulus, corresponding
to the modified Moens-Korteweg equabion (Eq. (1)), The limitation of this study is
the assumptions which the realistic material properties of aortic wall and surrounding
constraints were ignored in the models. The clinical application will be carefully
interpreted. Although the present quantitative results were not represented the realistic
values oocurred in in-vivo physiological conditions and configurations, the qualitative
results revealed the effects of the aortic stiffness, geometry as well as stiffness and
location of nclusions on pulse wave propagation. Furthermore, the present regional PWWV

assessment is not only useful for early detection of disease onset via travelling wave pat-
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tern but also provides us the understanding of the geometric and physiological mecha-

NISITS.
Conclusion

The arch=shaped aorta was established to estimate the pulse wave velocty (PWV)
and propagation using a fluid structure interaction (FSI) simulation. The stffness and
location of inclusions were found to affect the pulse wave propagation. The aortic
wall with inclusions can be characterized by the existence of reflected and standing waves.
The forward PWV was found to increase with aortic wall stiffness. The inclusion at
arch section vielded higher in forward PWV than that at straight section.
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Abstract - The pulse wave velocity (FWV) has been shown to be associated with the properties of
hlood vessels and a cardiovascular risk factor, such s an aneurysm. The global PWV estimation is
applied in conventional clinical diagnosis. However, the geometry of the blood vessel changes along
the wave traveling path and the global FW V estimation may not always detect regional wall changes
resulting from cardiovascular diseases. In this study, a Huid structure interaction (F51) analysis was
applied on straight-shaped aoras with and without an aneurysm with the aim of determining the effects
aof the ancurysm size and the ratio of the ancurysm to wall modulus on the pulse wave propagation and
velocity. The chamcterization for each stage of the ancurysmal sorta was simulated by progressively
increasing aortic stiffness and ancurysm size. The pulse wave propagations and velocities were
estimated from a two-dimensional spatial-temporal plot of the normalized wall displacement based on
clastic deformation. The supra- and infra-ancurysm PWY's of ancurysmal sortic walls were found o
be up to 58+14% and 13£10%, respectively, which were different from the PWYV of a normal aortic
wall. The combined quantitative and qualitative parameters. i ... PWV, magnitude of wall displacement
on the wave, width of the standing wave and wave propagations, were used o distinguish the
characterization of the normal and ancurysmal sortic walls and shown to be relevant regional markers

that can be utilized in clinical diagnosis.

Keywords: Aneurysm, heterogeneous aortic wall, pressure wave, stiffness

L. Intreduction

Arterial stiffness is used worldwide as an indicator associated
with the onsct and progression of cardiovascular discascs,
such as sortic aneurysms, thrombosis. stenosis. athemsclernsis
and coronary cvenis, cic. Scveral in vive noninvasive
methods have been proposed to assess the arterial stiffness,
such as pulse wave imaging (PW1) (Shahmirzadi er al..
2013; Vappou er al., 2010), pressure-diameter (Nichols
and O’ Rourke, 205) or stress-strain relationship ( Danpinid
et al., 20010; Khamdaeng et al., 2012}, based ultrasound.
The conventional in vive noninvasive method is the global
measurement of the pulse wave velocity (PWY). The pulse
wave profiles of arterial wall pressure can be continuously
measurcd by using applanation tonometry at two distant
Iocations, ¢ g_, carotid and femoral aneries. To obtain the
pulse wave velocity, the distance betwoen the two different
locations is divided by the traveling time delay. Using a
modified Mocns-Korieweg equation, the pulse wave velocity
can be related to the arterial stiffness (Nichols and
(Rourke, 2005). Although applanation tonometry has
been wsed in routine clinical studies. it is limited by the
unceriainty of the path raveled by the pulse wave velocity.
ie., the arterial wall geometry changes between the two

*Author far comespondence: tipapon @ mju.ac th

measurement points, thus, the discases may not always be
located along the travel line of the pulse wave (Loo er al_,
2009} There arc a few regional noninvasive measurements
using ultrasound and MRI-based methods (Markl er al.,
2010; Fujikura i al., 2007; Li eral., 201 1} to locally detect
the changes in stiffness. The pulse wave velocity is not
only quantitatively deiermined but also the pulsc wave
propagation can be qualitatively visualized. The abnor-
malities, changes in mechanical properties., of the regional
arterial wall can be identified and localized. The changes
in the propagation speed and pattemns of the pulse wave
velocity were found to be clear markers to detect the
regional abnormalities (Baguet, 2003; Williams, 2007).
Methods involving assessments of regional acrtic stiffncss
have been proposed and developed to be applied in clinical
detection. The regional pulse wave propagation and velocity
of normal and ancurysmal aortas were investigated in mice
and humans using pulsc wave imaging validated by
simulation and phantom findings (Vappou er ol 201 1; Luo
etal., 2008; Shahmirzadi et al., 2012). The Auid-structure
mteraction (F51) finite-clement simulation was shown to
be a reliable tool to obiain the pulse wave propagation on
sorta with homogeneous and non-homogeneous walls and
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to serve as a guide for pulse wave imaging in vivo (Khamdseng
et al_, 2015; Shahmirzadi and Konofagow, 2012; Shahmirzadi
and Konofagou, 2004). Due to the complexity of blood
flow in arteries, the model of the luminal pressure variations
with altered hemodynamics is utilized to rcalistically
simulate the fluid-solid arterial responses. A reliable
three-dimensional sortic model with normal and
pathological aortas is thercfore required to visualize and
measure the regional pulse wave propagation and velocity.
Therefore. the ohjective of this study was to investigate the
pulse wave propagation and velocity in straight-shaped
aortas with and without aneurysm using a coupled
dynamic F51 model.

2. Fluid structure interaction {F51) model

The aortic wall was assumed to be onc axisymmeiric
layer that exhibited nonlinear elastic behavior. The aortic
geometry and boundary conditions under consideration are

R& K

shown in Figure 1. The luminal diameter, d . was equal to
16 mm along with the longitudinal length, L., of 300 mm.
The wall thickness, r, was equal to 2.2 mm (Fig. la). The
aortic wall was modeled with wall density o, = 1050 kg/
', Poisson’s ratio v = 048 and Young’s modulus £
=256 MPa, representing a normal wall (Humphrey , 2002).
The non-homogencous models were assumed 1o have the
ancurysm size of axial lengths L = 25, 375 and 50 mum
(Fig. 1b, 1c and 1d}). which was located st 50 mm from the
tube inlet. Young's moduli of £ = 2.56, 5.12, 7.68 and
1024 MPa (Shahmirzadi and Konofagou., 2001 2) were used
o represent the aneurysmal stiffness. The extravascular
pressure was assumed to be null. The Huid was modeled
15 Newtonian with material properties of fluid density o,
equal to 1000 kg/m’, reference speed of sound, ¢, was
equal o 1483 mis and fluid viscosity 5 = 00001 Ns/m®
(Kanyanta, er al., 20009).

£
8

@::::L“’“ S

! Py = il 1) w P =1

.

id)

Figure 1. Schematic illustration of sortic models and specified boundary conditions with (a) homogeneous model.
Non-homogeneous model with ancurysm size of axial ]:ngﬂ'l.L,.nf (b 25, (c) 375 and (d) 50 mm.

Both inlet and outlet ends were fully constrained in
three dimensions. A time dependent fully developed fluid
pulse pressure was applied on the tube inlet. The fuid
structure interface was defined as frictionless. The
hexagonal 3D clements were meshed with a sceding size
of 1 mm. 34300 and 48900 elements were respectively
generated on the sortic wall and fluid parts fior the normal
homogeneous model. The number of elements was changed
between 33900 to 34226 and 49063 1o 49500 on the aomtic
wall and fluid parts. respectively, across the non-homoge-

neous models. The initial time increment was 6.743x107
5. 3D coupled simulations were performed. Nodes along
the axial length of the tube were selected to determine the
displacement in the radial direction at each time increment
{Fig. 2). The wave propagation was mapped on a 20 planc,
with time and axial location as the x and y axes,
respectively. The wave peak at each time increment could
be visualized and tracked. Therefore, the pulse wave
velocity could be determined as the slope of the axial
locations of the wave peak and time relation.

1=1403 ms

Figure 2. Example of pulse pressure wave induced wall displacement in radial direction at any time increment along the
tube. The amrows denote the magnitude of the wall displacement.
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3. Results and Discussion

3.1 Pulse wave propagation and velocity

The pulse wave propagation and velocity of the acrtic wall
with and without aneurysm were investigated in this study .
The coupled fluid structure interaction model was used to
describe the compliant aortic wall phenomenon induced
by pulsatile blood pressure.

Figure 3{a) illustrates the 2D spatial-temporal plot
of the normalized wall displacement of the homogeneous
gortic wall with £__ equal to 2.56 MPa. The relationship
between the axial location and time was fittied using a
lincar regression model to yicld the pulse wave velocity.
The forward pulse wave velocity was found to be equal o
2.380 ms.

The non-homogeneous walls with aneurysm size L
=25,37 5 and 50 mm of aneurysmal stiffness £ _ = 1024
MFa and walls with ancurysmal stiffness £, =2.56.5.12,
7.68 and 10.24 MPa of aneurysm size L =215 mm are
shown in Figure 3{b}-3(d) and Figure 3{c}-3(h). respectively.
The reflected, supra-, infra- and within-aneurysm waves
were observed. The supra-ancurysm wave traveled towand
the ancurysm and separated into three portions. The first
portion was reflected at the inlet aneurysm site and traveled
backward. The other portions, i.e., within- and infra-ancurysm
waves, were maintained forward traveling. The pulse wave
velocities of the reflected, supra-_ infra-_ and within-anenrysm
waves obtained from the lincar fits are shown in Table 1.

The fusd structure interaction framework was previously
used to investigate the pulse wave propagation and velocity
on the aortic walls with and without inclusions. The present
study reports the effects of the ancurysm size and the ratio
of aneurysm to wall modulus on the pulse wave propagation
and velocity o serve a5 a guide for pulse wave imaging in
vive. The forward wave was only observed on the homogeneous
masdel, unlike the case of the non-homogeneous models.
The hard-stiff ancurysms caused the reflected wave, but
they did not cause remarkable changes in the pulse wave
velocity , which was the same as the within-ancurysm wave.
The changes in the ratio of the ancurysm to wall modulus
and the aneurysm size cansed the changes in the pulse wave
velocity of the supra- and infra-ancurysm waves, respectively,
which are better shown as evident markers.

3.2Effect of anenrysm size

To investigate the effect of the ancurvsm size on the pulse
wave propagation and velocity, the 2D spatial-temporal
plots of the nommalized wall displacement of the non-ho-
mogencous gortic wall with ancurysm size L = 25, 375,
and 50 mm of aneurysmal stiffness £ = 1024 MPa
(Figure 3{b)-3(d}) were demonstrated. Figure 4 a) illustrates
the effiect of the aneurysm size on the pulse wave propagation
and velocity. The pulse wave velocity of the infra-ancurysm
and reflected waves decreased when the aneurysm size
imcreased. The supra- and within-aneurysm waves were
found to slightly increase in pulse wave velocity with the
aneurysm size. The standing wave was found to occur at
the inlet ancurysm siic, with its widih increasing with an
mcrease in the aneurysm size. A small aneurysm size with
hard stiffness showed a nonlinearity for the infra-aneurysm
pulse wave velocity . and there was a better it with two
linear correlations. The change in pulse wave velocity of
the infra-ancurysm wave was found up to 70%, which
imdicated the highest sensitivity to change in the aneurysm
size.

3.3Effect of ratio of aneurysm to wall modulus

The 20 spatiak-temporal plots of the normalized wall
displacement of the non-homogeneous acrtic wall with
aneurysmal stiffness £, =256, 512 768 _and 1024 MPa
of ancurysm size L, =25 mm are shown in Figure 3(e)-3(h).
Figure 4(b) illustrates the effect of the ratio of the aneurysm
to the wall modulus on the pulse wave propagation and
velocity. The change in the ratio of the aneurysm to wall
modulus was found to be the least likely to be detecied by
the pulse wave velocity of the reflected, infra-, and
within-aneurysm waves. However, the nonlinearity of the
mfra-ancurysm pulse wave velocity was found to increase
with an increase in the ratio of the aneurysm to wall
modulus, which can be better fitted with two lincar
correlations. The magnitude of wall displacement on the
reflected wave also increased with the ratio of aneurysm
to wall modulus. The pulse wave velocity of the
supra-aneurysm wave decreased up o 100% when the
ratio of the ancurysm to wall modulus increased and its
change indicated the highest sensitivity to change in the
ratio of the ancurysm to the wall modulus.
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Table 1. Pulse wave propagation and velocity (FWV) of seven sontic models with homogeneous and non-homogensous

models.
; Young's modulus _ . , PWY
Aortic model MPa) Aneurysm size (mm) Wave type (mis)
Aunirti Il
Homogencous )jﬂ:: wE - Forward 2380
Supra-aneurysm:
Aanrtic wall: Forward 1.631
156 25 ‘Within-ancurysm:
Ancurysm: - Forward 0239
256 Infra-ancurysm:
Forward 1532
Supra -ancury sm:
. Forward 1.250
Aortic wall: Reflected 1675
256 :
A - 15 ‘Within-ancurysm:
512 e Forward 0241
) Infra-ancurysm:
Forward 2494
Supra -ancury sm:
. Forward 1.046
Avortic wall: Reflected 1640
ijﬂ - 25 Within-ancurysm:
7468 e Forward 0.353
) Infra-ancurysm:
Forward 1535
Nnn-hnmﬂg:n:mﬂ with Su‘pm ~AMCUrysm:
aneurysm . Forward 0602
Avortic wall: Refi i 1635
ijﬂ } 25 Within-ancurysm:
] ﬂ“;‘f’m‘ Forward 0352
’ Infra-ancurysm:
Forward 1595
Supra -aneurysm-
. Forward 0922
Avrtic wall: Reflected 1135
ijﬂ } 315 Within-ancurysm:
] ﬂ";‘: L Forward 0.552
: Infra-ancurysm:
Forward 1.989
]};uprnm-.:[lrurysm: 01,945
Aortic wall: R‘:ﬂ‘:md 1176
236 . 50 Within-aneurysm:
Aneurysm: Forward - 0900
10.24 Infra-ancurysm: 1524
Forward
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Figure 3. 20 spatial-temporal plot of normalized wall displacement (wave peaks are shown) of () homogenesous wall
(E, =256 MPa): walls with £_equal to (b) 25, () 37.5. and (d) 50 mm of E_,= 1024 MPa: and walls with £_; equal
to (&) 256, () 5.12, (g) 768, and (h) 1024 MPa of L =35 mm. The fitting yields the pulse wave velocity.
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Figure 4. Effects of (1) aneurysm size and (b) ratio of aneurysm to wall modulus on pulse wave velocity.

4. Conclusion

MNormal homogencous and ancurysmal non-homogencous
aortic models were successfully established to estimate
the pulse wave velocity propagation and velocity using
a Humid structure interaction (F51) simulation. The 2D
spatial-temporal plot of the normalized wall displacement
provided clear information on the regional pulse wave
propagation. The effects of the aneurysm size and the ratio
of the ancarysm to the wall modulus on the pulse wave
propagation and velocity were examined. The changes of
the aneurysm size and the ratio of ancurysm to wall
modulus were qualitatively identificd by the reflected wave
and standing wave propagations. The quantitative results,
such as,pulsrwa\-t \rl:lucil}',maguinlir of wall displx::m:nl
on the wave, and width of the standing wave, were
determined. The interpretations from both gualitative and
quantitative results were found to be able to differentiate
between the homogeneous and non-homogensous models.
The distinction between the ancurysm size and the ratio of
the aneurysm to the wall modulus was characterized.
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