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Abstract

Computer simulations of the blood flow in right coronary artery with two stenoses in the
same arterial segment are carried out to investigate the interactions of serial stenoses,
especially the effect of the distal stenosis. Various mathematical models are developed by
varying the location of the distal stenosis. The numerical results show that the variation of the
distal stenosis has si(?nificant impact on coronary hemodynamics, such as the pressure drop,
the flow shifting, and the flow separation. Our simulations demonstrate that the distal stenosis
has insignificant effect on the disturbed flow pattern in the upstream and across the proximal
stenosis regions. In a curved artery segment with two moderate stenoses of the same size, the
distal stenosis causes a larger pressure drop and a more disturbed flow field in post stenotic
region than the proximal stenosis does. A distal stenosis located at a further downstream
position causes a larger pressure drop and a stronger reverse flow.
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1. Introduction

Atherosclerosis, a disease of large- and medium-size arteries, involves complex interactions
between the artery wall and the blood flow. Hemodynamics plays an important role in the
pathogenesis of atherosclerosis [1]-[5]. Vascular geometry is one of the risk factors strongly
influencing the flow patterns and generating a pre-existing atherogenic hemodynamic
environment [1][3]. Both clinical observations and experiment results show that there is a
strong correlation between the sites of flow disturbance and preferential areas for the
development of atherosclerotic diseases [2][4]. Atherosclerotic lesions originate preferably at
the vessel branches, bifurcations and bends, where the blood vessel curvature creates dynamic
environments of disturbed flow.

The obstruction presented by a moderate to severe stenosis can lead to a highly disturbed flow
region at the downstream of the stenosis. The influence of an arterial stenosis in local blood
flow is of considerable clinical importance. Many experimental and mathematical researches
on hemodynamics in stenotic arteries have been reported to investigate the influence of the
stenosis on the flow field downstream [6]-[9]. The presence of a moderate to severe stenosis
significantly affects the downstream blood flow pattern, such as flow separation, secondary
flow, low wall shear stress, and large pressure drop. These characteristic changes of the flow
downstream may lead to the formation of a second stenosis [9]-[12]. In many clinical
situations, the patient is found to have multiple stenoses in the same arterial segment.

The fluid dynamic interaction of multiple stenoses in coronary arteries is complex and cannot
be adequately assessed by visual interpretation on the coronary angiogram [10]. The effect of
serial stenoses on coronary hemodynamics has drawn much attention. Many researchers have



conducted the experimental and clinical investigations [13]-[16] and the numerical
simulations [11][18]-[24].The existence of multiple stenoses can cause a decrease in blood
flow at each stenosis, and then the pressure gradient at each stenosis can be lower than that at
the stenosis if it were a single lesion in a vessel [17]. The study of De Bruyne et al.
demonstrated that for multiple stenoses in the same vessel, the hemodynamic assessment of a
stenosis and the potential benefit of angioplasty is significantly influenced by the presence of
the second stenosis [25]. Talukder et al. showed that the total pressure drop across a series of
mild stenoses increases linearly as the number of stenoses increases [16]. Using in-vitro
experiments, D’Souza et al. found that the pressure drop coefficient of the upstream stenosis
varies insignificantly in the presence of a downstream stenosis with a varying degree of
severity [13]. Lee et al. performed numerical simulations of turbulent flow through tubes with
double stenoses. They found that the maximum centerline velocity and disturbance intensity
at the second stenosis are higher than those at the first stenosis when both stenoses have a
50% area reduction. The downstream stenosis usually does not have perceptible influences on
the upstream flow fields [19][20].

In literature all of the numerical simulations examining the effect of multiple stenoses with
varying size/location were performed using 2D models of axisymmetric straight tube.
However, not much work has been reported on the effect of multiple stenoses on blood flow
in curved arteries. No systematic study of the fluid dynamics of multiple stenoses in a
segment of curved artery has been reported previously in the literature. It is expected that the
curvature of the artery may intensify the complex of the blood flow in arteries with serial
stenoses. In the present study, the blood flows in right coronary arteries with two stenoses are
numerically examined. The coronary artery models are constructed based on the angiographic
image of a patient with altered location of the stenoses.

2. Mathematical Models and Method

In the present study, the blood is assumed to be a laminar, incompressible, and non-
Newtonian viscous fluid obeying the Carreau model [26][27]. The blood density p is assumed
to be a constant at 1050 kg/m?. The geometries of the models are constructed based on the
inlet and outlet diameters and the center-line curve of the angiographic image of the coronary
segment of a patient (see [28]), with varying locations of two moderate stenoses. The stenotic
artery segments are 5.25cm in length with a diameter of 0.3256cm and 0.2954cm at the inlet
and the outlet, respectively. In the computer simulation, to reduce the influence of the
boundary conditions in the region of interest each coronary artery segment is extended at the
inlet and the outlet by 0.6cm and 0.8cm, respectively. Including the extended inlet and outlet,
the total length of coronary artery segment is 6.65cm in each model. At the inlet boundary, a
time dependent pressure with waveform Pin (see Fig. 1) and a no-viscous-stress condition are
applied. At the outlet boundary, a fully developed velocity profile with pulse waveform (see
Vout in Fig. 1) is imposed as a normal outflow velocity. The pressure and the velocity
waveforms in Fig.1 were extracted from the on-site blood pressure and flow velocity data of
the patient [27][28]. A normalized time length t/t, = 1 is used for simplicity. On the artery
wall a non-slip boundary condition is imposed.
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Figure 1. velocity and pressure waveforms

Unsteady Navier-Stokes equations are solved numerically with the finite element method over
unstructured tetrahedral elements. The computations are performed using COMSOL 5.2a. To
confirm that the numerical solutions are independent of the spatial mesh, the computations are
repeated over the refined meshes till the maximum relative errors of the blood pressure over
two consecutive refined meshes is less than 0.5%. Computations are performed over four
consecutive cardiac cycles to ensure a truly periodic flow. The maximum relative error of the
blood pressure between the third and the forth cycles is 0.53%. All numerical results
presented in this paper are obtained over the meshes with about 2760000 elements.

0.5
(m/s)

model 3 |, model 4

Figure 2. Magnitude of velocity at the center plane when t = 0.3 for four models

3. Numerical Results and Discussions

The shape of the stenotic coronary arteries and the location of stenoses are clearly shown in
Fig. 2, including the extended inlet and outlet. The location of the proximal stenosis is the
same in all four coronary models while the location of the distal stenosis is different in each
model. The inter-stenotic distance between the necks of the proximal and the distal stenoses is
1.22cm (~3.9D), 1.96cm (~6.3D), 2.32cm (~7.5D), and 2.69cm (~8.7D) for model 1 through
model 4, respectively. Here D is the average diameter of the artery. Both proximal and distal
stenoses have the same length of 0.98cm, and a cross-section area reduction of 75% at the
neck.
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Figure 3. Temporal mean velocity magnitude along the center line of artery

Figure 2 plots the contour of velocity magnitude along the center plane for each coronary
model at t = 0.3. Figure 3 plots the temporal mean velocity magnitude along the center line of
the artery for each model. The horizontal axis is the axial length with z = Ocm and 5.25cm as
the real inlet and outlet, respectively (The extended inlet and outlet are not included in Fig. 3).
The neck of the proximal stenosis is at z = 0.86¢m for all four models. The neck of the distal
stenosis is at z = 2.08cm, 2.81cm, 3.18cm and 3.54cm for model 1, model 2, model 3 and
model 4, respectively. Figure 4 includes the velocity field in the center plane of the artery at t
= 0.8 for each model, including the extended inlet and outlet. Figure 5 is the plot of the slice-
averaged PDmean from the inlet to the outlet of the artery. Here PDmean is the temporal mean
pressure drop. A total of 128 points are picked evenly spaced on the lumen boundary of each
cross-section. The PDmean is averaged on the picked points of each slice.
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Figure 4. Plots of velocity field along the center plane at t = 0.8.

Flow Shifting

The contour plot of the velocity magnitude along the center plane for each model in Fig. 2
shows the pattern of flow shifting in right coronary artery with two moderate stenoses of the



same size. For models 2-4, the flow shifting in the stenotic area and post-stenotic area of the
proximal stenosis is identical. This indicates that the location of the distal stenosis has no
effect on the flow shifting pattern of the proximal stenosis when the inter-stenotic distance is
six times the diameter of the artery or greater. In addition, we can also see that the flow
shifting in the post stenotic region of the distal stenosis is stronger than that in the proximal
stenosis even though both stenoses have the same severity. This observation can also be
confirmed quantitatively by Fig. 3. The velocity magnitude along the center line is the same
between z = Ocm (the inlet) and z = 2.32cm (the front edge of the distal stenosis of model 2)
for models 2-4. The peak value at the neck of the distal stenosis is higher than that at the neck
of the proximal stenosis for models 2-4. The further down the location of the distal stenosis,
the higher of the velocity at the neck of the distal stenosis. The above discussed behaviors do
not apply to model 1, where the flow shifting following the distal stenosis is weaker. This is
probably due to the fact that the existence of the proximal stenosis will affect the flow
disturbance of the stenosis in downstream when two stenosis are too close.
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Figure 5. Slice averaged temporal mean pressure drop along the artery

Flow Separation

The formation and progression of a flow separation zone is one of the most important flow
phenomena in the post stenosis region. Stenosis severity is strongly associated with the
recirculation zone. The response of vascular endothelium to disturbed flow and its role in the
pathogenesis of atherosclerosis have been studied extensively [29][30]. A net migration is
directed away from the region of high shear gradient in a disturbed flow field. Following the
reverse flow within the recirculation zone, the particle is exposed to low shear stress levels for
a relative prolonged duration [30][31]. Figure 4 demonstrates the flow separation patterns in
coronary arteries with two stenoses. In the post-stenosis area of each stenosis there is a region
of flow separation near the inner wall of the bend. Comparing these two regions in each of the
model plotted in Fig. 4, we can see that the distal stenosis results in a larger area of the flow
separation and a stronger reverse flow near the inner wall. The further downstream the distal
stenosis locates, the larger the area of the flow separation it results. It is evident that having
the same area reduction the distal stenosis is more hemodynamically significant than the
proximal stenosis in a right coronary artery segment with two stenoses.



Pressure Drop

The blood pressure difference along the coronary arterial length is one of the important
initiating factors for atherosclerosis and intimal hyperplasia development [32]. The magnitude
of the pressure drop has been clinically used to judge severity of the lesion. Several popularly
used diagnostic parameters assessing the functionally significance of a stenosis are related to
the pressure drop across the stenosis, such as the fractional flow reserve (FFR) and the
pressure drop coefficient (CDP). Therefore it is of practical interest to examine the pressure
drop pattern in coronary arteries with serial stenoses when investigating the effect of the distal
stenosis. The curves of the slice averaged temporal mean pressure drop along the axial artery
length plotted in Fig. 5 demonstrate that the distal stenosis does not affect the pressure drop
across the proximal stenosis. On the other hand, the pressure drop across the distal stenosis
could be influenced by the proximal stenosis if two stenoses are too close. When the inter-
stenotic distance is six times the diameter of the artery or greater the pressure drop across the
distal stenosis is larger than that across the proximal stenosis even though both stenoses have
the same size of area reduction. A distal stenosis located in a further downstream position
causes a larger pressure drop.

4. Conclusions

In this study coronary models are developed to investigate the hemodynamics of blood flows
in right coronary artery segments with serial stenoses and to examine the effect of the distal
stenosis. The center line of the artery segment and the location of the proximal stenosis are
based on the angiographic image of the coronary segment of a patient, while the location of
the distal stenosis varies in different models. Both stenoses are moderate with a 75%
reduction in cross section area. Our simulations show that when the inter-stenotic distance is
greater than or equal to six times the diameter of the artery the distal stenosis has insignificant
effect on blood flow behavior from the inlet to the post-stenotic region of the proximal
stenosis, such as the flow shifting pattern, the magnitude of velocity along the center line, the
pressure drop, the area of flow recirculation and the strength of the reverse flow. In a right
coronary artery segment with two moderate stenoses of the same size, the distal stenosis
causes a more disturbed flow in the post stenotic region. Compared with those of the proximal
stenosis, the flow shifting in the post stenotic region of the distal stenosis is stronger, the flow
separation area downstream of the distal stenosis is larger, and the pressure drop across the
distal stenosis is larger. The further downstream the distal stenosis locates, the more disturbed
flow it creates in the post stenotic region. In summary, when two stenoses have the same size,
the distal stenosis is more hemodynamically significant.
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