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ABSTRACT: Pathological studies have shown that coronary atherosclerotic plaques are more prone
to rupture under physical exercise. In this paper, using a fully coupled fluid-structure interaction
(FSI) analysis based on arbitrary Lagrangian-Eulerian (ALE) finite element method, the effect of the
coronary blood flow rate increase during physical exercise on the plaque rupture risk is investigated
for different plaque types. It is proved that the increase in coronary blood flow rate during physical
exercise considerably increases the maximum stress in the plaque fibrous cap which can potentially
lead to the plaque rupture. The issue is investigated for different plaque shapes and their vulnerability
to exercise condition is compared. It is observed that the diffused plaque type which experiences the
maximum stress of 187.9 kPa at rest and 544 kPa at exercise is the most critical plaque type. Because it is
subjected to the highest stress in both of these conditions. However, the descending plaque type exhibits
the highest susceptibility to physical activity, since its maximum stress increases from 68.9 kPa at rest to
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280.5 kPa at exercise which means an increase of about 308%.

Plaque shape

1- Introduction

The rupture of the atherosclerotic plaque is one of the leading
causes of death and severe disability worldwide [1-3]. The
atheromatous plaque resulting from the gradual deposition
of cholesterol and other lipids, calcium minerals and large
inflammatory cells in the vascular wall, narrows the lumen of
the arteries and reduces the blood flow through the vessels.
However, the most dangerous damage may occur when the
plaque becomes vulnerable to rupture (vulnerable plaque) [4].
Covering the plaque’s core is the fibrous cap, a protective
layer of connective tissue that prevents the core’s highly
thrombogenic contents from being in contact with blood. The
rupture of the fibrous cap may lead to thrombus formation.
This event could potentially occlude the vessel and stop the
blood perfusion downstream, resulting in an acute coronary
syndrome such as sudden cardiac death, heart attack, acute
myocardial infarction or unstable angina.

Plaque rupture is believed to occur when a local maximum
stress exceeds the strength of the fibrous cap [5-7]. There are
numerous studies that have considered the effect of physical
factors such as the fibrous cap thickness [8, 9], stenosis severity
[10, 11], the size of plaque core [10, 12], its composition [5,
12], plaque morphology [13, 14], plaque length [15], vessel
remodeling [6, 16], arterial luminal curvature and irregularity
[8, 17], inflammation [18], hemodynamics [19, 20] and
residual stresses [6, 21] on the mechanical stress distribution
in the fibrous cap tissue.

Vulnerable plaques are also known to be more prone to rupture
under physical exercise [22-24]. Exercise is considered to
be the most important physiological factor that increases
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myocardial oxygen demand [25]. This increased oxygen
demand is principally fulfilled by augmenting coronary blood
flow because, unlike skeletal muscles, oxygen extraction
level by the myocardium during resting conditions is already
high [25-28]. Consequently, due to the increase of coronary
blood flow during exercise, the plaque is subjected to new
loading conditions that change the stress field in the plaque
fibrous cap.

Despite a considerable amount of research dealing with
the impact of different physiological parameters on
the atheromatous plaques stress condition, few (if any)
computational studies regarding the effect of exercise on the
plaque vulnerability are presented in the literature. While
many biomechanical and biochemical factors of the circulation
system change during physical exercise, it is not feasible to
deal with all of them in a single study. Consequently, one of
the most important factors, i.e., the increase of coronary blood
flow rate is considered in the comparative study of this paper.
It is hoped that this study may encourage more research to
explore the physical exercise impact on the vulnerability of
atherosclerotic plaques.

In order to examine the mechanical stress developed in
different plaque types in rest and exercise conditions, an
axisymmetric fully coupled fluid-structure interaction (FSI)
model of pulsatile blood flow through a compliant stenotic
artery is developed using the finite element method. A
verified in-house developed finite element code, previously
used e.g. in [29, 30], based on arbitrary Lagrangian-Eulerian
(ALE) formulation is employed for this purpose. In this
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code, The SUPG' and Galerkin methods are used for spatial
discretization of fluid and solid domains, respectively.
Furthermore, the first order backward Euler method is
employed for integration in time. The blood is assumed to be a
non-Newtonian fluid and its viscous behavior is described by
the Carreau model. The plaque is modeled as a homogeneous
hyperelastic solid composed of the arterial wall, the lipid
core, and the fibrous cap.

2- Methods

2- 1- Stenosis geometry

Having studied a group of 42 patients with a coronary
stenosis in [31], Beaumont et al. concluded that the stenosis
shape can be categorized into four general types — type |
(protruding), type II (ascending), type III (descending), and
type IV (diffused). These four general types are considered
in the morphological studies of this paper and their outer
profile is sketched in Fig. 1. A schematic of the simulated
protruding stenosis type is also presented in Fig. 2. It is to
be noted that while there is a wide variation in the plaque
components, models consisting of the artery wall, lipid core,
and the fibrous cap has been widely used in many articles to
study the plaque behavior with acceptable accuracy [5, 6].
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Fig. 1. Sketch of different plaque shapes
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Fig. 2. The geometry of the protruding stenosis model

The arterial geometry is considered axisymmetric. The
typical dimensions of the proximal third of coronary arteries
where most plaque ruptures occur were selected to create the
computational models [32]. These dimensions were set to be
R=3 mm for the internal diameter of the artery, z =0.5 mm
for the artery wall thickness, £, =100 um for the wall thickness
behind the core and 7,=60 um for the fibrous cap thickness.
This value of 7 has been reported in some previous studies
as the typical thickness at which fibrous caps fail [33]. The
length of the stenosis is L=4R and the stenosis severity in
percent of cross-sectional area is 90%.

2- 2- The blood flow governing equations

In this study, the fluid-structure interaction analysis is
performed using an arbitrary Lagrangian-Eulerian approach
in the framework of the finite element method. The law of
conservation of momentum and the continuity equation for a
viscous, incompressible flow are the Navier-Stokes equations
which along with appropriate initial and boundary conditions
can be written in the ALE description as [30]:

1 Streamlined upwind Petrov-Galerkin
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ov ,
pr—| 2, VV'v+p (v-V")Vv+Vp =
f ot P A /( ) (1-.’:1)
pb in Q' x(0,T)
V=0 in Q' x(0,T) (1-b)

Where p, , M5 V and p represent the fluid density, Vlscos1ty
(both constant) velocity and pressure, respectively. v™ is the
mesh velocity and b’ denotes the body force vector. The fluid
domain is specified by €/ while the time interval of interest
is between (0,7). X denotes the referential domain and V*v
represents the symmetric part of the velocity gradient.

Blood was modeled as an incompressible (p=1050Kg/
m®) non-Newtonian Carreau fluid with shear rate (p;1/s)
dependent viscosity:

2\(n-1)/2
ty =+ (g = ) (14(27) )( ) ®)

where 1,=0.056 Pa.s ,
A=3.313 s [11, 34].

1,=0.00345 Pa.s , n=0.3568 and

2- 3- The tissue governing equations
The law of conservation of linear momentum for a solid
continuum may be expressed as:

2
Cl_V.o' +pb in 2 x(0T)

Py (3)

where p_is the solid density, u represents its displacement
field, whereas the body forces, like gravity or centrifugal
forces, are given by vector b* . The symmetric second-order
tensor ¢* denotes the Cauchy stress tensor and the solid
domain is represented by £2°.

Assuming an elastic behavior for artery and plaque
components is a common approach in the literature [5, 13].
In order to account for the nonlinear stress/strain dependency
of the atherosclerotic plaques, the Neo-Hookian hyper-elastic
model is considered to be an appropriate option [35, 36]. In
this model the Cauchy stress tensor is defined by [37]:

' :§F(/1S (trE)I+24'E)F 4)

In this equation, F=I+Vu® is the deformation gradient tensor,
J is the Jacobian of F, and £=(1/2)(FF - I) is the Green-St.
Venant strain tensor. A* and g are Lame coefficients which
can be obtained from Young modulus £ and Poisson’s ratio
v using following relations:

_E
2(1+v) ’

vk
(1+v)(1-2v)

s

Ho= )

A wide range of values for elastic properties of the human
tissue is reported in the literature. Some studies proposed
a very stiff behavior for the tissue, e.g. E=1500 kPa in [38],
while some others reported a very soft behavior, e.g. £=33
kPa in [35]. Here, an intermediate value of E=500 kPa is
employed for the elastic modulus of the artery and fibrous
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cap material. The lipid core is modeled as very soft tissue, i.e.
E=1 kPa [5, 13]. The artery, cap, and lipid core are assumed
to be nearly incompressible and a Poisson’s ratio of v=0.495
is defined [5, 36, 38]. Since the artery wall is simulated as a
deformable body, the developed coupled FSI model is capable
of taking into account the change of the artery diameter due to
the increased blood flow during exercise.

2- 4- The Fluid-structure interface conditions

The fluid-solid interface conditions consist of kinematic and
dynamic constraints specified as follows on the FSI interface
0925129, 30]:

ou’
ot

(6-2)

=v' on 802" x(0,T)

o'.n+o’ n=0 on 002" x(0,T) (6-b)

with n being the outer normal at the solid boundary.

2- 5- Mesh Motion Algorithm

In the arbitrary Lagrangian-Eulerian (ALE) approach to the
fluid-structure interaction problems, a technique is needed to
move the fluid mesh so that it can track the structure motion at
the FSI interface. Different techniques of ALE mesh motion
are presented in the literature. Here, we use an approach that
is based on solving the linear elasticity equation [39]. In this
approach, the equation governing the displacement of fluid
mesh nodes can be written as [39]:

V.o =0in Q x(0,T) (7)
where ¢ is the Cauchy stress tensor. For each boundary 7 a
Dirichlet boundary condition

u =u’

i i

®)

may be given. u® is the boundary displacement vector that
is either given a priori or computed by the solid structure
equations.

2- 6- The fluid-structure coupling method

Inthiswork, apartitionedstrong couplingapproachisemployed
that uses a sequential iterative algorithm as illustrated in Fig.
3. This iterative scheme for the coupled system of fluid and
structure is repeated in each time step until the convergence
is reached, i.e., after the norms of relative change in the field
variables between two consecutive iterations are smaller than
the specified convergence tolerance. Field variables are the
fluid pressure and velocity and the solid displacement, and
the convergence tolerance was selected equal to 10,

FSI traction
at 28

Solid disp.
at $O°

Navier-Stokes
Solver

Structural-Dynamics
Solver

Mesh-Update
Solver

Mesh velocity v™

Fig. 3. The sequential fluid—structure coupling algorithm.
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2- 7- Inflow boundary condition

Presented in Fig. 4 is the realistic blood flow pattern of a
left anterior descending coronary artery used in this study
to simulate the inflow boundary condition of the numerical
models [40].

100 -~
80 -
E 60 -
= A0
=
20 ~
Systole Diastole
D T T T T T T T
0o 01 02 03 04 05 06 0.7
Time (s)
Fig. 4. Flow pattern of a left anterior descending coronary
artery [40]

As indicated earlier in this paper, increases in myocardial
oxygen demand during exercise are met by the increases in
coronary artery blood flow. Previous studies reported that
the resting coronary flow velocity at 71 beats/min heart rate
increases progressively during pacing to 122+16% of control
value at 100 beats/min and 1394+16% of control value at 120
beats/min [27]. In order to investigate the rupture risk of the
atheromatous plaque, in this study, the exercise-induced flow
velocity increase was applied to the inflow boundary condition
of the coronary artery and the resulted maximum Von-Mises
stress in the plaque was compared to its counterpart at rest.

2- 8- Mesh convergence test

An example of the employed mesh is presented in Fig. 5.
Four-node quadrilateral axisymmetric elements were used to
mesh the fluid and solid parts. The mesh size sensitivity was
examined by conducting the mesh convergence test in each
case by increasing the mesh density. For instance, the results
of this test are presented in Fig. 6 for the protruding plaque
type. The element number of 6990 seems to be an appropriate
selection in this case.

2- 9- Model verification

In order to evaluate the accuracy of the developed
methodology, a test case is considered that deals with wave
propagation in a straight elastic artery due to the blood flow.
In this example, the artery length is L=10 cm, its inner radius

T I

AT T

Fig. 5. A portion of the mesh used in the finite element model
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Fig. 6. The results of the mesh convergence test

is R =1 cm and its outer radius is R =1.2 cm . At =0 a step,
pressure p=5 kPa is applied at the artery inlet and wave
propagation is initiated. Figure 7 compares the results of this
study for outer wall displacement with results presented in
[41, 42]. It can be seen that results are in a good agreement
with the reference computations, such that the maximum
difference between the results of this work and Refs. [40,41]
is about 0.5% and 8%, respectively.
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40
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Fig. 7. Wave propagation in an elastic artery.

3- Results and Discussion

The exercise effect on the maximum stress induced in the
protruding plaque is shown in the diagram of Fig. 8. The
horizontal axis of this diagram represents the number of
heartbeats which increases during exercising.

According to this figure, the stress induced in the protruding
plaque increases during physical exercise. A similar behavior
was also observed in other plaque shapes. It should be
remarked that the stress values presented in Fig. 8 correspond
to the beginning of diastole when the blood flow rate is
maximum in the coronary artery. This point of time was
chosen as it was observed that the highest stress occurs during
the peak diastolic flow.
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Fig. 8. The exercise effect on the maximum stress produced in
the protruding plaque

In order to better understand the physical exercise impact
on the loading condition of stenotic plaques, the numerical
results of the fluid domain in different values of heart rate
are presented in Figs. 9 to 11 for protruding stenosis type. It
can be seen that the maximum pressure drops and hence the
loss of energy occurs at the highest heart rate where the blood
flow is maximum.

The blood energy loss translates partly into the mechanical
deformation of the plaque components, particularly the
fibrous cap. Consequently, at a higher heart rate, greater
energy loss contributes to a higher plaque deformation and
accordingly, higher strain and stress values are expected
within the plaque.

The maximum stress induced in different plaque shapes at
rest and exercise condition are compared in Figs. 12 and 13.

According to these figures, the diffused and ascending
plaques are subjected to the maximum and minimum stresses,
respectively, both at resting and exercising conditions.
Considering the plaque profiles shown in Fig. 1, it can be
said that the highest stress develops in plaques that have a less
streamlined form.
The percentage

(A
exercise

of stress increase, defined as
%100, in different plaque shapes is

O-re.\'ting)/o-resting

0.8-

0.07-

-0.9

D (kPa) V (m/s)

Fig. 9. Flow solution at 71 beats/min heart rate
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Fig. 10. Flow solution at 100 beats/min heart rate
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Fig. 11. Flow solution at 120 beats/min heart rate
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Fig. 12. Maximum stress in different plaque types in resting
condition

compared in the diagram of Fig. 14. This diagram indicates
that the stress increase is especially notable in the descending
plaque type which experiences more than 300% stress
increase in the exercise condition. The diffused plaque type
which undergoes the highest stresses both in resting and
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Fig. 13. Maximum stress in different plaque types in exercising
condition
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Fig. 14. Percentage of stress increase in different plaque shapes

exercising conditions, ranks second in terms of susceptibility
to the flow rate increase due to physical activity, while the
protruding stenosis is the least sensitive plaque type in this
respect.

Figures 15 and 16 display the stress field of the most and
least sensitive plaques in resting and exercising conditions.
According to these figures, the highest Von-Mises stress
occurs in the proximal shoulder zone of plaques and the
site of the maximum stress is not influenced by the physical
exercise. The same finding was also observed for ascending
and diffused plaque types. Since in both resting and exercise
conditions pressure gradient forces act directly on the
proximal side of the plaque, when the plaque is displaced,
the proximal shoulder areas suffer the greatest strains and
consequently mechanical stresses.

The stress distribution in the ascending and diffused plaque
types are also shown in Figs. (17) and (18).
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Fig. 15. Stress in the protruding plaque fibrous cap at rest (left) and exercise (right) conditions
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Fig. 17. Stress in the ascending plaque fibrous cap at rest (left) and exercise (right) conditions
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Fig. 18. Stress in the diffused plaque fibrous cap at rest (left) and exercise (right) conditions

4- Conclusion

The effect of coronary flow rate increase during physical
exercise on the stress induced in different coronary plaque
types was investigated using a fully-coupled fluid-structure
interactionanalysis based on the arbitrary Lagrangian-Eulerian
finite element method. It was shown that the increase of blood
flow rate and pressure during physical exercise imposes new
loading conditions on the stenotic plaque causing higher
deformations and accordingly higher strains and stresses in
the plaque fibrous cap. The vulnerability of different plaque
shapes to exercise condition was compared. It was observed
that the maximum stress increase occurs in the descending
plaque type, from 68.9 kPa at rest to 280.5 kPa at exercise,
more than 300% stress increase in the exercise condition. The
diffused plaque type which undergoes the highest stresses
both in resting and exercising conditions ranks second in
terms of susceptibility to physical activity. The maximum
stress is 187.9 kPa at rest and 544 kPa at exercise for this
plaque type. The protruding stenosis which experiences the
stress of 34.5 kPa and 80.6 kPa at rest and exercise is the least
sensitive plaque type. The site of the plaque maximum stress
was found not to be influenced by physical exercise.
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Nomenclature
E Modulus of Elasticity, N/m?
L Stenosis length, mm
n Outer normal
P Pressure, Pa
R Internal diameter of the artery, mm
t Thickness, mm
v Velocity, m/s
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Greek symbols
u Viscosity, Pa.s
p Density, kg/m?
Q Problem domain, m?
) Poisson’s ratio
Subscript
a artery wall
b wall behind the core
c fibrous cap
f Fluid
S Solid
fs Fluid-solid interface
Subscript
f Fluid
m mesh
S Solid
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