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Abstract

Cardiovascular diseases remain the major cause of myprtalit
worldwide. Pathologies of the vasculature such as athkerosc
rosis are often related to biochemical and genetic facters a
well as mechanical effects that strongly change the functio
and shape of arteries. The present work is part of a general
research project which aims to better understand the mechan
ical mechanisms responsible for atherosclerotic plaguade
tion and rupture. The chosen approach is to use humericdl flui
structure interaction (FSI) methods to study the relativfiu
ence of hemodynamic parameters on the structural stresees g
erated on plaques. To this aim, a numerical study of a siraglifi
straight vessel exposed to lumen pressure was investigated
der quiescent and steady flow conditions. As the internal-pre
sure or the steady velocity increases, the vessel bucldes le
ing to a non-linear large deformation behaviour. The rasult
have been validated using theoretical predictions for thekb
ling thresholds. Further studies on idealised cardioVascon-
ditions such as stenosis (i.e., lumen constriction) or grsen

like (i.e., arterial wall expansion) formation have alseb@er-
formed.

Introduction

Atherosclerosis occurs due to the build-up and infiltratidn
lipid streaks in artery walls, leading to plaques. It is difaim-
matory disease characterized by a succession of biochiemica
and biomechanical complex processes [3, 12]. In plaques, th
lipid core is separated from the circulating blood by a filsrou
cap of variable thickness. As plagues develop, they induce a
remodelling of the arteries [15]. Plaques can be divided int
two distinct types: those that rupture (vulnerable) andétbat

are less likely to rupture (stable), a characteristic thasisoci-
ated in some papers to the respective aneurysm-like anotisten
shapes [5]. While it is accepted that plague vulnerabibitini
fluenced by fibrous cap thickness and the size of the lipid core
[1], it also depends on artery remodelling, the loads appbie

the solid and the forces induced by the fluid for which no gen-
eral agreement has been found.

The complexity of the present problem comes from the cogplin
of biological, chemical and mechanical effects. In thedof

ing, the literature review will be restricted to the influenaf
mechanical effects on plaque rupture. Most of the numerical
studies in real arteries performed until now focus on the cal
culation of the flow around plaques, considering the aea®
rigid walls [2, 6]. These papers indicate that the high wiadlar
stress (WSS) found on plaques could be responsible for plaqu
rupture; however, Sadat et al. [13] showed recently thatstr
tural stresses are thought to play a more important rolegbei
several orders of magnitude higher than the WSS induced by
blood flow. To calculate the structural stresses, a comp&ix F
approach taking into account large deformations is redquife
three-dimensional (3D) fluid structure interaction modss he-

vealed an association between regions of high plaque alritic
stress and fibrous cap disruption in human carotid [16].Heurt
more, maximum principal stresses were identified on shoulde
regions of the fibrous caps of carotid plaques according to 2D
FSI simulations [9]. An histology based finite element as@ly
was used to investigate the peak circumferential stressmsrt

tic and brachiocephalic plaques of ApoE -/- mice [19]. Their
results showed the aortic plaque stresses only slightlgmip
on the cap thickness whereas for the brachiocephalic deery
sions, it is shown that there is an exponential growth of peak
cap stress with decreasing cap thickness. Altogethere ttees
cent papers underline the multiplicity of the origins of quia
rupture and the complexity of finding a general agreement of
the main parameters that engender this event. In additany, v
few computational studies have considered the elasticeprop
ties of arteries or have investigated the hemodynamic param
ters and mechanical forces induced in realistic vessel gggm
by a blood flow past plaque. Therefore, developing simplified
FSI models under those requirements is a starting pointrttsva
further understanding of atherosclerotic development.

The complexity of the task comes from the large number of
influential parameters involved in the mechanical modeb{ge
metrical parameters, transmural pressure (externahialtpres-
sure), oscillating flow rate, variable elasticity and dgnprop-
erties of the tissues, non-Newtonian effects). In the prese
work, the geometries considered are restricted to straigs
sels and straight vessels with stenosis (stable shapejditian

to the physical parameters, a large number of numericahpara
eters must be checked in order to insure the convergence of th
numerical methods as large deformations are involved.edde
in the physiological range of parameters, it has been shajvn [
that straight vessels buckle when a critical transmuradqanes

is reached. In addition, whilst the general dynamics of fluid
conveying systems have been already studied for “rigid” ma-
terials [11], in the present study, materials with weak Ygsn
modulus are considered, as well as the coupling of flow and
high transmural pressure, effects which together haveidaypl
tions on the mechanical stability of the system. Hence,iwith
physiological range, vessels are readily prone to largerdef-
tion.

In the following, after the presentation of the model, thenew-
ical approach will be described and compared to linear theor
In addition, a description of the method used to extract the-e
tic properties from the experiments will be presented. Skeye
results will be presented at the end of the article.

Model

Geometry

The model used in the present study follows the work of Young
and Tsai [21] who developed an axisymmetric model to repre-
sent the stenosis:



)

wherer (z) represents the radius of the ves§gjthe stenosis di-
ameter at the maximum constriction locatian<0), Zs half of

the stenosis length ar@i the stenosis heighlis = (D — Ds)/2.
This geometry is represented figure 1. Most of the paper will
concern straight vessel for whidy = 0.
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Figure 1: Model geometry of an idealised axisymmetric stieno
vessel.

Model equations

The fluid and solid behaviour are described by the following
coupled equations:

Pf(%—LtJ"‘(U'D)U) = Doy, @
ou = 0 (3)
ps(Dun—fs) = 00, @

wherep; is the fluid densitylJ the 3D velocity field and¢ the
fluid stress tensor:

Gt = —PI +u(DU+DUT), )
with | the unit tensorP the pressure angthe dynamic viscosity
of the fluid. In the solid equatioms represents the material den-
sity, Dy the material derivativen the 3D structure displacement,
fs the body force ands the structural stress tensor. Concern-
ing the boundary conditions: a Poiseuille velocity profdém-
posed at the inlet when flow is considered whe @38z = 0 at
the outlet. At the fluid solid interface, the boundary coiadis
are:
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In addition, a contant atmospheric pressure is appliedyaion
external surface of the solid. The remaining term to be deter
mined isas which depends on the material properties of the
solid and on the straire]. The calculation of this term will

be detailed in the next section. For the numerical calautati
the dynamic viscosity, fluid and solid densities remain tamts
with u=4.10"3Pas[18], p; = ps = 106Gg/m" [4]. As a con-
sequence, the fluid is considered Newtonian, a reasonable as
sumption provided the shear rate is greater thars15(20],
which is the case in the range of parameters considered for
the present study. The density of the solid has been consid-
ered equal to the fluid in order to prevent the influence of the
gravity effects. This approximation is acceptable conide
that in a recent study [14], Shinohara et al. showed that the
density parameter range for the plaque and the artery vealls i
1010— 108Gkg/m®.

Stuctural stress tensor and theoretical divergence model

Structural stress tensor

The arterial walls are hyperelastic material for which these
ticity properties, the Young’s modulus, depends non-lityean

the load applied on the vessel; however, in the present study
only orthotropic (linear) material will be considered irder to
validate our FSI model. The method described in the follgwin
indicates how to extract the constant axial and circumfgetn
Young’s modulus from experiments.

Following the work of Liu and Han [10], free inflation test has
been performed. The method consists of imposing an internal
pressure, the vessel being plugged at one extremity (figure 2
The expansion of the vessel in the axial and longitudinal di-
rections is recorded by a camera on the top. The pressure is in
creased to measure its influence on the deformation of tiseles
(stretch). From the obtained stretch versus pressure suive
structural stresseass can be calculated using Lame’s equations.
As the Young's modulug is a function of the straip, the rela-

tion between stress and strairois= E(¢)e. Figure 3 indicates
the stress as a function of the strain for a rat carotid. A tons
Young’s modulus is then extracted by calculating the slope o
the lines indicated on figure 3. Thoses lines are obtained by
imposing the following equality using energy arguments.
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wheregy, is chosen accordingto a pressure of interest.

Figure 2: View of the experimental inflation test in rat cédot
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Figure 3: Stress-strain relation obtained from the stretch
pressure curves in [10] using the method described in the
present section. The blue curve corresponds to axial sireks
the red curve to the circumferencial stress. The lines pome

to the linear approximation defined equation 8.

Further information on the procedure can be found in [8]. The
other parameter, the Poisson ratio, necessary to destribe t
elastic properties of the tissue, is fixedue= 0.49 (nearly in-
compressible material).



Theoretical buckling model

To validate the numerical results, a comparison with therghe
has been performed. In [11], the author indicates that the dy
namics of buckling of cylindrical structures can be modeted
first approximation by the following one dimensional eqoati

a*w s = - 0°w
EEZ+{WJ—T+pN1—W&}Ez
02w 2w

whereE corresponds to the Young’s modulus in the axial di-
rection ), | to the area moment of inertiay to the lateral
deflection, T to the externally applied tensionp,to the mean
pressurey to the Poisson ratio antlddepends on boundary con-
dition (in our case, closed pressure vesse! 0). In addition,

M is the mass of the fluid flow per unit length andthe mass
of the pipe per unit length.

As divergence is a static rather than a dynamic form of insta-
bility, one needs to consider only the time-independemb$eof
equation [11] to analyse the dynamics of the system. Hehee, t
critical buckling pressure can be obtained following a phae
similar to [17] and is given by:

+T —MU?

; (10)
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whereLy represents the buckling length, which depends on the
length of the vessel, and on the boundary conditions (in the
present casky = L/2).

Numerical approach and validation

The software codes used to solve the equation are Ansys CFX

for the fluid and Ansys Mechanical APDL for the structure.
ANSYS CFX is an element-based finite-volume method with
second-order accurate discretization schemes in spadémand
Ansys Mechanical APDL uses a finite element based structural
solver. In this study, hexahedral quadratic elements aré fos

the spatial discretisation of both fluid and solid domainke T
coupling between the fluid and the structural solver is acte
using Ansys Multi-field solver capabilities for which fieldn-

and numerical approach is around 5% when the length and the
thickness of the vessels are varied. The post buckling hetav
will be discussed in the next section.

Figure 4: Typical mesh slice representing the fluid domain (i
ner disk - light grey filling) and the solid domain (outer disk
dark grey filling). The monitor points represented by cresae
used to track the system evolution.

Results

In this paragraph, few results will be presented and digzliss
Figure 5 shows a comparison between experimental and numer-
ical results for an internal pressure of 95mmHg (post-bagkl
regime). A good qualitative agreement is obtained betwken t
experimental and numerical approach, the deformatiorgbain

the same order as the internal pressure increased from 0 to 95
mmHg. Additional improvements are needed to obtain a quanti
tative matching, including taking into account the hypkasgc
properties of the vessel wall. A steady flow state with a flow

Figure 5: Comparison between experimental (upper framz) an

ables (displacement and forces) are exchanged between both humerical (lower frame) buckled mode shape at a lumen pres-

solvers through the fluid-structure interface in an itemtro-
cess. For the mesh, attention has been paid to define theehara
teristic size of the grid cells in the fluid near the interfatais

size must be compatible with the capture of the boundaryr laye
(the first computational cell is located within the viscoubs
layer) but it must prevent the folding of the mesh due to large
deformations(large cells). A compromise has been foundlto f

fill these two requirements (figure 4) and to optimize theahdi
mesh distribution. The method used to define the mesh in the
fluid part is an O-grid method.

A numerical parameter sensitivity study, not presented, s
been performed on the vessel studied by [10]. [Fer 45mm

D = 3.38mmandh = 1mm the optimal mesh distribution is 36
nodes in the circumferential direction and 100 in the axi@.o
The time step is 0.005s. The pressure is increased linaarly i
time to reach 100mmHg (physiological pressure). The Yoang’
modulus calculated from [10] and used for the present calcul
tion areE; = 45.5KPa andE; = 3086KPa. The code has been
validated comparing the buckling_critical pressure inigtra
vessels to the theory by settihg= T = 0 in equation 10. The
numerical buckling critical pressure is defined as the ttms
between the axisymetric expansion and the sinusoidal sitape
servation. The mean variation between theoretical priedict

sure of 95mmHg.

rate of 16@nl/min [10] has been added to the previous configu-
ration. Its destabilising effect induces a reduction inctigical
buckling pressure. Again, the results have been compared to
the linear theory and an acceptable mean error of 6% has been
obtained. For the model vessel whose dimensions have been de
scribed in the previous section, the numerical criticabpuee

is 24.8mmHg compared to 25.303 in theory.

Finally, numerical simulations were conducted on stenartid
aneurysm-like vessels. Results are only presented hera for
stenotic configuration. Figure 6 shows the Von Mises steesse
for a vessel with 60% stenosis (percentage of fluid domain nar
rowing) for an internal pressure of 60mmHg. The maximal
stress on the plaque is located along the fluid solid interftie
fibrous cap ), location at which the stenosis is the mostcteet

and compressed by the buckling phenomenon. A close exami-
nation of figure reveals that local maxima are observed on the
inner side of the buckling at the shoulder of the stenosiarfde

ary between the stenosis and the healthy wall), a result com-
patible with the 2D simulation of [9]. In addition, it has lee
found that the maximum of the structural stress increasesnwh
the pressure increases (not presented here [8]), a resugtée-



ment with the fact that people with hypertension (highegiinél
pressure) suffer more cardivascular conditions.
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Figure 6: Von Mises stresses in a buckled axisymmetric sisno
at 6dnmHg

Conclusion and discussion

An FSI model has been developed for simplified axisymmetric
geometries. Characteristic vessel dimensions found ititdre
ature [10] as well as experimental samples of rat carotithaor
were used to calculate realistic Young’s modulus and talesdi

an FSl approach. The FSI model was able to predict the buck-
ling threshold within a range of physiological parametearder
both quiescent and steady state flow. Furthermore ideatsed
diovascular conditions were modelled by axisymmetric Gten
sis. The stability analysis permitted to highlight zoneslem
traction or compression and the resulting stresses actirijeo
vessel wall. The results showed that the maximum structural
stresses were located near the thin cap, a condition faeorab
for plaque rupture.
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