Amirkabir Journal of Mechanical Engineering

Amirkabir J. Mech. Eng., 52(7) (2020) 463-466
DOIL: 10.22060/mej.2019.14941.6000

An Image-Based Computational Simulation of Pulmonary Embolism Using
Radiological Images

F. Mirakhorli!, B. Vahidi'* and M. Pazoki>

'Faculty of New Sciences and Technologies, University of Tehran, Tehran, Iran.
“Department of Pulmonary Medicine, Tehran University of Medical Sciences, Tehran, Iran.

ABSTRACT: Pulmonary embolism is one of the most prevalent diseases amid hospitalized Review History:

patients. However, this phenomenon has not been investigated in the field of biomechanics so far Received: 22/09/2018

and insufficient information is available about hemodynamic factors affecting this phenomenon. In  Revised: 23/02/2019

this research, a patient-specific anatomical model of pulmonary arteries has been constructed from  Accepted: 14/04/2019
computed tomography images. Navier-Stokes equations, as the governing equations, have been solved  Available Online: 24/04/2019
in an arbitrary Lagrangian-Eulerian formulation, and the fluid-structure interactions method was used.
Viscoelastic parameters were adopted in accordance with the red blood clot (stemmed from deep veins)
properties for the structure model (emboli). Results revealed that the maximum shear stress magnitude
applied on the embolus was about 957 Pa that was occurred when the clot plow into the wall of the artery.
In addition, the average shear stress of the arterial wall was reduced about 42 percent due to the presence
of the embolus. This reduction may lead to such phenomena as high pulmonary arterial resistance, low
pulmonary arterial compliance, endothelial dysfunction, and consequently cause right heart dysfunction ~Blood clot
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and pulmonary arterial hypertension if different clots repeatedly pass through the arteries.

1. INTRODUCTION

embolus mostly is a blood clot resulted from three certain
conditions, called Virchow’s triad, including abnormal blood
flow (stasis, turbulence), hypercoagulability, and endothelial
injury or dysfunction [1]. In 2012, Vahidi and Fatouraee [2]
investigated the motion of a blood clot through a stenotic
common carotid artery so as to analyze effects of embolus
size and stenosis severity on arterial hemodynamics, using
Fluid-Structure Interactions (FSI) model. In another study,
Abolfazli et al. [3] studied the trajectory of emboli in the
carotid bifurcation, using the same approach as Vahidi and
Fatouraee, and the effects of size and density of emboli on
its movements. Furthermore, other simulations have been
performed in the carotid artery [4, 5] and cerebral arteries [6]
in which thromboembolic phenomenon is simulated. Khodaee
et al. [6] simulated the motion of rigid and deformable emboli
with different properties and size through circle of Willis to
examine hemodynamics changes. The results revealed that
clots with higher rigidity tend to enter to the larger arteries.
Regarding literature review, what remains unclear, however,
is how the blood clot moves through the pulmonary artery
interact with the wall vessel, and affect hemodynamic
factors. In the present study, we have utilized computed
tomography pictures of a male patient to construct an image-
based geometry of pulmonary artery, and simulate hitherto
not-investigated Pulmonary Embolism (PE) phenomenon.
Using fluid-structure interactions computational algorithm,
different material properties for the emboli and a realistic
model of pulmonary artery enabled us to track emboli
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movements through the artery and investigate hemodynamic
changes in the presence of blood clot, with implication of a
large displacement model. Finally, this study was set out to
accomplish this process (thrombus formation in deep veins
and traveling toward lungs) which only the beginning of it
was conceived in previous studies.

2. METHODOLOGY
2.1. Geometry reconstruction.

Mimics Innovation Suite software (Materialise Mimics
Innovation Suite Medical.v 19.0), a computer image
processor, was utilized to convert Digital Imaging and
Communications in Medicine (DICOM) images obtained
from the radiological department of Sina hospital, Tehran,
Iran to a Three-dimensional (3D) model of the pulmonary
artery (shown in Fig. 1).
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Fig. 1: Protocol for conducting image-based FSI analysis.
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Fig. 2: Stress distribution on the wall of the artery and clot

2.2. Fluid-structure interaction.

Governing equations of this phenomenon are mass and
momentum conservation. Using a FSI module, the coupled
fluid and structure model was solved by ADINA software.
Blood was assumed as a Newtonian, laminar, and viscous fluid
with 3.48 cP viscosity and 1050 kg/m? density [7]. Regarding
Schmitt et al. [8], embolus density was assumed to be 1080
kg/m?, and rubber/foam material model (Mooney-Rivlin) was
employed to simulate elastic behavior of clot. viscoelastic
coefficients were derived from the characteristics of elastic
and viscous components in the generalized Maxwell model
to add viscose of the clot [8]. Also, Output pressure pulse
wave of the right heart was applied as the entrance boundary
condition and zero normal traction condition as the outlet
boundary condition.

3. RESULTS AND DISCUSSION

The embolus released at 0.361 s, and finished its pass
along the length of the artery for a duration of 0.1664 s
while total number of steps was 3793. The diameter of the
main pulmonary artery, in this study, was calculated to be
26.67 mm and was compared with previous study [9]. The
average flow rate in main pulmonary artery was estimated
at about 8.19 L/min, which was dependent on miscellaneous
factors and varies from person to person. In this research, the
diameter of the right and left branch was calculated about 3.8
and 7.7 mm, respectively. The results also revealed that clots
tend to enter a larger diameter vessel [10]. According to Fig.
2, with decreasing diameter, the amount of shear stress on the
wall of artery increased. The shear stress also has elevated
on both artery wall and clot with getting the clot closer to the
artery wall.

To investigate changes caused by the clot, results were
compared to another simulation (Computational Fluid
Dynamics (CFD) model of the pulmonary artery) performed
without the presence of the clot. The comparison between the
results of these two models indicated that the distribution of
shear stress in them was significantly different, and it was
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Table 1: Calculated shear stresses for two simulated models in
the present study conclusion

contour stress

‘7 Shear stress Range of shear

Fluid-structure
interaction
simulation of
thromboemboli
phenomenon

Min = 2.5e-3 Pa
Max =15.75 Pa
Mean = 1.0276 Pa

Computational
fluid dynamic
simulation with
the absence of
emboli

Min = 0.0 Pa
Max =7.8 Pa
Mean = 1.7697 Pa

dropped in the FSI model simulated with emboli (shown in
Table 1).

Using the basis of mechanobiology, mechanical behavior
of blood and clot was investigated for a better understanding
of this phenomenon. Once the clot collided with the artery
wall, the maximum stress of 608 Pa was applied to the clot
which can increase the risk of clot rupture through the artery
and lead to pulmonary infarction. In addition, the presence
of emboli has altered the normal distribution of shear stress
on the wall of the pulmonary artery which can eventuate in
pulmonary hypertension and finally right heart malfunction.
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Fig. 1. Protocol for conducting image-based FSI analysis. CT images was processed in Mimics and 3-matic software. In
the next step, the STEP format of model was imported to Hypermesh and the final discrete fluid and solid domains were
imported to ADINA software

S5a)S Sl gy o )y s =S > [VA] ) Ken 5 Lol
ol Gl @lidee Slilgy 53U g 00,5 (giluand (Gamgs 9o 4
2 &S oly (AT g gyl I8 ey 090 1) (SSLEgo
0ol (g S0l Claisl &y 4 0,55 5 e jo 9 Al gbls;
el oad o3ls s 3kl 5 5 s T KT sla e
W8,5 I8 )y L pd gomdn Jae GRegh (nl )0 edleds
39,5 Glrd o 5 6N slasiluans opdlea [Y] ol
oS o 4o 4 wsloas pboul [¥Y] (g3a0 3o,e aSis o [¥Y 5 1)]
IR min 250 Selfe Slate 1 Jomlsins i 0ny 5 lag]
5 a3 OS> gilwand (0 a5 g gl dlex ol a8 5
g GRS egaze a4 (lgiee 0l Jol> ke kg g4y
@ 95,9 slp 4 hles Sl abise slapley jo a5 9)ls
IPF] o o)l ol oo lime Gl b 55,5 Sl
w3l S35 Fymal 5 Jaa jb odsl lp ragh cnl 5o
2 e s e (e el fagh al pbl jl Sas al
gl o8 Gla ol sy 4 45 Coul 005y (Sogilil ol
Bl (Semlunger slaShs b 05> Obr o 1) IS0 65,5
al> ) V S8 50 oS jehailes o5 (ileand ) el 0l S 4

1  Circle of Willis

IAEQ

Er L sy sbas) b s ly wwwss gl oY
Slalllas ol delre (St 308 SlodselS 0oy 5 Somb o
sl Jslo a5 ols oylas 55 [Y0] (o)) Ken § Sila Lawgs ooy plovil
4 S (Shp G5 plp 0 6505 e Jood Glime SN
5 V7] 5en 5 JguSle aima o Lt 095 5l o 3 (sl J5elS
5 o8 Jbd (S8 59y 2 1) (B Ol DSl 35> gy 5
LSl a5 wisls Les by T .aisls )8 o) 2 3,90 LS xas
L oglite Mol (gouilSlo b Ve v 87 51 ol lagihn 25 5
Wgdgo Jud Ve 5Tl Gl B g 0 &5 plag]
S Ojge aney pl o a5 Sl Sl o8 e
@l slolyd o 1) emlsmesy onsy (Swl Sldlas el
Odgl 5l lesls HI3pw) 3550 5 ileand solew rl o
@58 9 s>y Giledned 4 g oe 00l bl sl il o
Sl a3 oS o Saliyogen o] j3 45 5905 o,Lal [YA 4 YVI
L ypme oplite Syt plpd Ko y0 ol o)l lagis
Sligios ool ) Jolo gl a3 )3 )18 (o) 990 (ST So
Sl Gl (KB 5 4 Gl eled oy 3 a8 ol i
Oliet (> 5 (nl 45 295 g0 olom] (S28 5 Jore 5 00 25 jboay

Ol 3l o il se S Sameg s by 9 eSS dattens o0k



VASY B VAFY Gl YA L &V 0)loud @Y 0,93 ¢y puel SeilSo puoigen 4 s

)‘ oolaw! L: 9 AW C‘)M‘ Aw‘ WJB L: qu..m J.:lﬁ 5\‘)1.0.3.3
stz ol Sz oSl oSl 4 > g,p0l8” e ymle l3dle
oals ooy L VS jo Ll U lacol 51 abg,) ol ool (g oS

L]

W g g9 (Sl el V-V

s G el b Jhw Bl ol 0 0
ol Irsl ws a3 s L 5 YIFA P eyl 5 V-0 kg/m"
Oty Slidod 4 axg by 0l 58 p3LeSTs g el Jlw
e i 85 L Son slaglsd 5o ol pom Siss 2
I¥A s YY) el o oo,8 V-0 87

oS bl 5lad (558 e e YIFFY axsd glads o imgh ol o
OLwGO.o.C.\J)s L DMJ&MJ)s...A})J Bowes 33 ‘5]5.\.4;‘ slice
o BB oo 18 S g b ogdle s O] el
baes 3o 8 slaols @oad (il cnl ool 50,8 sla oS
Jriie (O3l plo & s 45 039y p 5 009 b 5l (2L
Aol 0gs oo b 0y S 0 6aSid 4o olid &gt byl
5 oduay ol Syo slbisly o goasin wlibss S [y oo
FI- Y A ] clons pbl asd  Seilse Lolys o o)1 506
DWW LKes 5 coesl GialeT slaosls 51 les ol yo a5 [¥4

S5 bl (Sislen s balyl o s (Sl ol of 0 a5
s JB> ol eolatul (iegh cpl jo cload il aes
(Stlls) ool - sise Jie 5 35 38 )+ A g 55
Syl 40,5 adlal gl cogdleds o oolaswl i (g jlwancds gl y
32 3 el A5 G Gee Joe 4w SIS
ot e 45) ilrass JuSle Jia 3 ) 557 5 S
03,51 (©) Y S5 ) 5 009 0 b b, (gilwans sl @,
zlzl Jow 5l ol a4 bgspe ol g o acwlre (sl o0
03,91 (V) adaly jo SiaVsSun s Calgd oy (35 abasl) aios

LeY] ool oo

ﬂédt' ")

o= _([E‘” {1+ Zﬂ“exp(— t;at'

o

kol by il 595 2 Ol 53959 sl oud patiia (pgo
ol Olyo up Canl 8,5 )18 098 o0 ) ol Gl 1 aS
GBI bl ouls i o g Sl sloasls 4y al> 6 g0 (o
Wit iz lp sy a3 ol b G 5 el (Jue
Olyr Seebudgen 5) » ol U @S o5 > (SSz s
Syge FGSs 1y a8 093 bz blite SIS e
5 Oy A jeas Jdoay Lhp 5l ol I8 ey
397 p pllie jo a3 a0l S)ly (B 5 sty KB Ol

Lol 0dgr (gh (pl 5l ol S (p et 51 Gl 45 o)l

G g lweSI -
eyl 645.'{le Gl g adgl Jow cole 6l casllas (pl jo
S Pyl Jlom iz 4 bgye 5 55ealS (3l S g0 gl
S50 9 Tl (Old i Gl losy S35ds0l, 5 @, i )
2 pgba 51 S o] plos 51 G sl 0 485 13 )
Calo digy g b Ol g)lew 4250 g o uSe CohS sl
S b it G 0l LT T gl p Ly s

A plosl (ol Gl (29,%) 3 OlrS ol 5l 4

dwdsn Sl -Y-)
SN il wSKiane Hldle 5 5l adsl Jaw el 4y
RIS 5 (sudies pole 5l (B 5 (6 FgelS pslal Kl n SO
)JBL.a.» U"‘ A eolawl YJLHJUQ W)S l.» ).)BLAGJ 9 Sl éu).v
‘519.,&1 Ll FF (60,0 dow (gaudd I S axlad AYY Lol
23505 sliieds S9d (s (S g g ek (S5 pDle b g 592,
GhalS iz g o] ol slacleasl g Lol b po jo asd s,
sleoluiil g il slasls gleJas 5l Slaslxs sloas s
3o ooy &l ¢LJ9‘ JJ.A D] ol 00l )Ja.id)@ )4&55
5 oad il Tol b end LS IRl 5 nSaare e
GiRo%y ol 55 oy kel pliyd ShE s oy ol ol avase
Oldllas jo ool (5,155 sae b a5 ol aulre o s PYIVE

ogate Jow el plesl 5l Gw ols callas (YOI iy

4 Patient Specific
5 STEP
6 Hypermesh

1 Materialise Mimics Innovation Suite Medical.v 19.0
2 Digital Imaging and Communications in Medicine (DICOM)
3 3-Matic

VAo



VASY B VAFY Glxies VYRR L &V 0)loud @Y 0553 S ol SeilSlo puoino &y

&l

-

(=]
Strain e 7
'y
” Stress o
/ 6
— 5
o 4 ® Experimental data
é — Mooney-rivlin material medel
0N
0 3
g
- 2
wn
> ‘ «—> | 1
Strain  Strain o ; ; - .
g“ re 0.00 0.05 0.10  0.15 0.20

T T T T T =
0.25 030 0.35 0.40 0.45 0.50 055 060 085 070

Engineering strain

LEY] SS9 Joro goimy S Joloo (o0« [YA] aisd i (gl i 55 9 i gyl yloged (1 ¥ JSCi
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study compared to previous published data.
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published data.
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