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Abstract: Background: Pulmonary artery stenosis endangers people’s health. Quantitative pulmonary
pressure ratio (QPPR) is very important for clinicians to quickly diagnose diseases and develop
treatment plans. Objective: Our purpose of this paper is to investigate the effects of different
degrees (50% and 80%) of pulmonary artery stenosis on QPPR. Methods: An idealized model is
established based on the normal size of human pulmonary artery. The hemodynamic governing
equations are solved using fluid-structure interaction. Results: The results show that the QPPR
decreases with the increase of stenosis degree, and it is closely related to the pressure drop at both ends
of stenosis. Blood flow velocity and wall shear stress are sensitive to the stenosis degree. When the
degree of stenosis is 80%, the amplitude of changes of blood flow velocity and wall shear stress at
both ends of stenosis is lower. Conclusions: The results suggest that the degree of pulmonary artery
stenosis has a significant impact on QPPR and hemodynamic changes. This study lays a theoretical
foundation for further study of QPPR.
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1. Introduction

Pulmonary artery stenosis may be caused by a variety of conditions, such as autoimmune diseases,
that lead to stenosis or occlusion due to vasculitis of large arteries and branch arteries and stenosis of
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adventitia diameter of vascular wall itself or tumor formation, etc. [1]. Understanding the mechanical
properties of the physiological structure and blood flow of pulmonary artery stenosis is of great
significance for the guidance of clinical diagnosis and treatment. It is well known that fractional flow
reserve (FFR) measurement has been widely used clinically in coronary artery diseases. It can be used
as an effective supplement to determine whether coronary artery stenosis will cause myocardial
ischemia and other symptoms, and to evaluate the blood supply function of the vessels [2,3]. However,
FFR is invasive. Particularly, the use of pressure wire and contrast agent is not conducive to patients
with low physical fitness. The clinical procedure takes a long time, which is risky and expensive. Mock
circulatory loops are very useful to test ex vivo arteries by mimicking physiological pulsatile blood
pressure and flow. With respect to in-vivo experiments, which are invasive, they offer the advantage
of the simultaneous, accurate and direct measurement of the flow parameters and deformation of the
arterial wall [4]. Quantitative flow ratio (QFR), as a new technology for rapid calculation of FFR, is
gradually applied to clinical diagnosis and treatment. According to the three-dimensional model of
coronary artery, the ratio of distal stenosis pressure to proximal stenosis pressure is calculated
noninvasively using numerical simulation [5,6]. QFR does not need to use guide wire and vasodilator,
and has the advantages of short calculation time. In addition, in clinical practice, QFR could be used
for patients who are allergic to vasodilators and cannot undergo invasive FFR measurement and its
effect is superior to FFR. At present, the clinical diagnosis of pulmonary hypertension and other
diseases depends mainly on the insertion of pressure guide wire from femoral vein/carotid artery and
multiple perfusions of contrast agent to capture physiological information such as stenosis location,
degree and morphology [7]. Therefore, more researchers are committed to applying the diagnosis and
treatment methods of coronary artery diseases to pulmonary artery diseases, building a three-
dimensional model of pulmonary artery, non-invasive diagnosis and treatment, improving the cure rate
of pulmonary vascular disease and achieving better clinical results in the treatment of pulmonary artery
stenosis. Previous studies established pulmonary artery models through numerical simulation to study
hemodynamic changes. These results are consistent with physiological facts, which confirms the
feasibility of the modeling study in vitro [8,9]. They show that the geometric configuration, degree
and length of stenosis affect coronary hemodynamics and FFR [10-12].

At present, great progress has been made in numerical simulation of pulmonary hemodynamics.
The hemodynamic characteristics of pulmonary circulation could be accurately simulated by
computational fluid dynamics [13]. In the study of pulmonary artery stenosis, the distributions of blood
flow velocity, pressure and wall shear stress are investigated, which play important roles in judging
the condition of different degrees of stenosis [ 14]. However, few studies have focused on the numerical
modeling of FFR in pulmonary artery stenosis. In this paper, FFR in pulmonary artery is denoted by
quantitative pulmonary pressure ratio (QPPR), which is very important for clinicians to quickly
diagnose diseases and develop treatment plans. The purpose of this paper is to explore the influences
of stenosis degree on pulmonary artery hemodynamics and QPPR.

2. Numerical methods
2.1. Geometric model
The pulmonary artery is divided into left pulmonary artery (LPA), right pulmonary artery (RPA)

and their branches. The model used in this paper includes left and right pulmonary arteries, left truncus
anterior (LTA) and right truncus anterior (RTA). Figure 1 shows the model geometry. It is an idealized
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model based on the range of the physiological size of normal human pulmonary artery [15]. The inner
diameter of the anterior trunk of the left lung apex is reduced to different degrees, and then the models
with different degrees of stenosis are obtained. The formula of stenosis severity could be calculated as

the follows [16]:

S, = o=Rmin 10 (1)
Ro
where, S, indicates stenosis severity, R, represents the radius of the uniform part of the pipe, Rpin
represents the minimum radius of the narrow area of the pipe. This paper mainly focuses on the changes
of pulmonary artery hemodynamics under 50% and 80% stenosis severity. The lower right corner of
Figure 1 is the inlet velocity diagram during three cycles, and the boundary conditions at the outlets
are constant pressures.

0.0
(Unit:mm) 00 03 06 08 12 15 1B 21
time (s)

s
e * " Inlet

Figure 1. The model geometry.

In this study, six sections S1-S6 are selected, and then their hemodynamic changes are analyzed.
Section S1 is 25 mm away from the inlet, sections S2, S3 and S4 are 60, 40 and 20 mm away from
each outlet and sections S5 and S6 are 30 mm away from the narrow center. The transient pressures
of the distal and proximal to the stenosis are required when calculating QPPR. The proximal pressure
is taken from the entrance to the trunk of a pulmonary artery model and the distal pressure is taken
from the exit with the stenotic trunk. The calculation formula of QPPR is defined.

QPPR = -4 )

a

where, Py is the maximum systolic pressure at the distal end of the diseased vessel, P, represents the
maximum systolic pressure of the proximal end of the diseased vessel.
The relationship between Py and P, could be expressed.

AP = fV + sV? 3)
where A P is the pressure loss, f is the coefficient of pressure loss due to viscous friction, V is flow
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velocity and s is the coefficient of pressure loss due to flow separation or localized turbulence
downstream from the stenosis. The detailed explanation of Eq (3) can be found in Gould’s work [17].

2.2. Material properties

It is assumed that the vascular wall is a linear elastic and isotropic material. The elastic modulus
is E =2 Mpa[18], Poisson’sratiois v =0.49 [13] and solid density is pg = 1120 kg/m?[19]. Strictly
speaking, blood is composed of a variety of tangible elements (such as red blood cells) and plasma.
The influence of visible elements in blood on macro flow could be ignored, and blood is regarded as
Newtonian fluid in large blood vessels [20]. Blood flow is set to be laminar, incompressible. Blood
density is ps = 1060 kg/m? [21], and dynamic viscosity is p = 0.004 Pa-s [21].

2.3. Numerical model

In the calculation process, the coupling between fluid and solid is very important. In the same time
step, the computational fluid dynamics equations and the computational solid governing equations are
solved, respectively, and the solution convergence is achieved by exchanging the data of solid and fluid
domains at the fluid-solid coupling interface. The blood flow governing equations are as follows [22].

(7]
pe |2 + ((u — uy) - Vyu| = —Vp; + pv2u )

V-u=0 ®)]

where u is blood flow velocity, u,, is grid velocity, ps is blood flow pressure. The governing
equations of vessel wall are:

Gi]' = 7\81]-51]- + ZGSi]' (6)
1
g = 5 (dij +dj) (7)
1
&j = (%) Oij — %o_kksij )]

where, A, G are called lame elastic constants, oy is the stress component, &; is the strain
component, &;; is kronecker delta, d; and d; represent the displacements in the i and j directions
respectively and -, i and -,j represent the derivatives of the i and j variables, respectively.

The pressure and deformation data generated by fluid and solid domains are exchanged. When
the fluid-solid coupling is carried out, the fluid velocity on the interface is the same as the solid velocity,
and their moving displacements are also the same. The fluid surface force acts on the interface as the
solid surface load, which could be expressed by the following mathematical expressions.

u=U (€))
d; = d¢ (10)
05 "Ns = O¢ " N¢ (11)
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where U is the solid boundary velocity, dg and d; represent the displacements of solid and fluid
respectively, o5 and oy are solid and fluid stress tensors and ng and n¢ denote solid and fluid
boundary normal unit vectors, respectively.

2.4. Grid division

In this paper, the established geometric models are imported into the transient structure and fluid
analysis modules of the finite element software ANSYS to mesh the solid and fluid domains,
respectively. When hexahedral mesh is selected for division, the results show that the mesh is highly
distorted at the arterial bend and bifurcation, and the calculation is forced to terminate. Therefore,
tetrahedral mesh is used. The grid numbers will affect the accuracy of results. Therefore, we analyze
the sensitivity. The quantity is increased from about 20,000 to 120,000 for testing. Finally, the quantity
in Table 1 is selected to guarantee the accuracy of calculation. The grid maps of two models are shown
in Figure 2.

Table 1. Grid and node numbers of two models.

Stenosis degree  Fluid Solid

Grid numbers Node numbers Grid numbers Node numbers
50% 97,772 19,551 66,914 132,456
80% 96,324 19,254 65,644 130,084

Figure 2. Grid maps of two models.

2.5. Boundary conditions and solution settings

For the fluid, the inlet velocity is shown in Figure 3 [21]. The outlet conditions are set to be the
constant pressure of 1000 Pa, and the fluid is set at the solid surface without slip and penetration
conditions. For the vessel wall, the freedom degrees of the inlet and outlet end faces are set to be fixed,
and the inner surface of the vessel wall is set as the fluid-wall interface. The solution time is set to 2.1 s.
In this paper, the sensitivity of the time step is tested, and the time steps of 0.005 and 0.01 s are selected
for calculation. There is no significant difference between the calculated results of 0.005 and 0.01 s
time steps. The period is 0.7 s. For each time step, when the iteration error is less than 1 X 1074, the
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solution is considered to be convergent. The system coupling module is used for two-way coupling
solution, and the results of the third cycle are selected for the analysis. We apply an arbitrary
Lagrangian-Eulerian (ALE) finite element method to simulate the flow field with moving structures.
Finite element methods for solving partial differential equations use weighted residual concepts. The
idea behind the finite element method is to break the spatial domain up into a number of simple
geometric elements such as triangles or quadrilaterals. The weighted residual concept is then used to
approximate the solution function over each finite element domain. Partial differential equations are
therefore transformed into sets of ordinary differential equations in time.

0.6

0.5

velocity(m/s)
= =,
w S

(=4
[N}

01

Ys)

Figure 3. The inlet velocity.

3. Results

In this work, we perform numerical calculation of hemodynamics under 50% and 80% degrees
of stenosis. Due to different degrees, grid numbers in the two models are different. Except for these,
the experimental environment for modeling (such as boundary conditions, etc.) and other parameters
are the same. Through numerical simulation, pressures at different sections could be obtained,
including Py and P, in Eq (2). Thus, QPPR could be calculated accordingly, as shown in Table 2. It
could be seen that the greater the degree of stenosis, the lower the QPPR.

Table 2. QPPR under different degrees of stenosis.

Stenosis degree 50% 80%
QPPR 0.8738 0.7281

When the degrees of stenosis are 50% and 80%, the pressure distributions at different sections
are shown in Figure 4. The sensitivity of pressures at sections S1-S4 to the change of stenosis degree
is low. The pressure range of section S1 is between 300 and 1800 Pa, and that of sections S2—S4 is
between 800 and 1300 Pa. Overall, it could be seen that the pressure under 80% stenosis is slightly
lower than that under 50% stenosis. The pressure change at both ends of the stenosis is very important
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for the analysis of hemodynamic characteristics. The QPPR is also directly related to the pressure drop
at both ends of the stenosis. It is obvious from Figure 4 that no matter the degree of stenosis is 50%
or 80%, the pressure drop is high. During systole, the pressure at section S5 near the stenosis
fluctuates greatly, and gradually tends to be stable in diastole. The pressure at section S6 at the distal
end of the stenosis is close to the outlet pressure, especially when the degree of stenosis is 80%.

Four moments, namely 0.10, 0.23, 0.40 and 0.60 s, are selected, which represent pre-systolic, mid-
systolic, pre-diastolic and late diastolic, respectively. Figure 5 shows the pressure contours at these four
moments, which clearly present that there is the low pressure at the throat of the stenosis, and there is
pressure drop at both ends of the stenosis. When the stenosis is 50%, the artery is in a high-pressure
state in the late diastole. However, it is in a low-pressure state when the stenosis is 80%.

—=— S1(50%) —=— S5(50%)
1800 o— S2(50%) 1600 —o— S6(50%)
4+— S3(50%) —A— S5(80%)
1600 + —v— S4(50%) —v— S6(80%)
—o— S1(80%) 1400
1400 + —<— S2(80%)
- S3(80%)
5 1200 —e— S4(80%) 1200 -
9:-,’ 1000
@
g 800 1000
600
800
400 ~
200 T T T T T 1 600 T T T T T T 1
0.0 01 03 04 05 06 0.7 0.0 0.1 0.2 03 0.4 0.5 0.6 0.7
t(s) t(s)
Figure 4. Pressure distributions at different sections in two models.
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Figure 5. Pressure contours at different moments in two models.

Due to the interaction between the pressure and the wall deformation, it has a certain impact on
the blood flow velocity. Figure 6 shows the blood flow velocity at different sections under 50%
and 80% stenosis. The velocity distributions at sections S1-S4 are almost the same, which are
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consistent with the distribution of the inlet velocity. At 0.23 s, the peak value at section S1 is more
than 0.65 m/s, and the peak values at sections S2—S4 are between 0.4 and 0.45 m/s. However, in
diastole, the velocities at sections S2 and S3 on the left and right pulmonary arteries are higher than
those at sections S1 and S4. When the degree of stenosis is 50%, the velocity begins to decrease rapidly.
The maximum velocity at section S6 in systole is higher than that at section S5. The peak value at
section S6 (50%) 1s about 0.325 m/s, and that at section S5 (50%) is about 0.25 m/s. The opposite
situation occurs in diastole, and the peak value is about 0.17 m/s. After 0.45 s, there is a gradual
downward trend. However, when the degree of stenosis is 80%, the velocities at 0.15 s reach the peak
rapidly, and the peaks at sections S5 (80%) and S6 (80%) are about 0.07 m/s. At 0.34 s, there are the
second peaks, about 0.05 m/s. After that, the velocities gradually tend to be stable.

Figure 7 shows the velocity streamlines under different stenosis degrees. In contrast, the flow
velocity is high at the throat of the stenosis. In diastole, the blood flow appears vortex, especially in
the area of arterial bifurcation. In addition, the blood flow velocity at both ends of the stenosis is low.
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Figure 6. Velocity distributions at different sections in two models
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Figure 7. Velocity streamlines at different moments in two models.
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The wall shear stress distributions are described in Figure 8. When the degree of stenosis is 50%,
the wall shear stresses at sections S5 and S6 reach the peaks at 0.23 s, about 1.2 and 0.8 Pa, respectively,
and there are multiple peaks in cardiac diastole. Being similar to the blood flow velocity, when the degree
of stenosis is 80%, the wall shear stresses at sections S5 and S6 reach the peaks at 0.15 and 0.34 s.
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Figure 8. Wall shear stress distributions at different sections in two models.
4. Discussion

In order to more accurately and quantitatively analyze the influences of stenosis degree on QPPR
and hemodynamics, only the stenosis degree in the two models is changed. The results are consistent
with previous studies and clinical diagnosis results [23,24]. With the reference to the evaluation
standard of FFR, we believe that when the stenosis degree is 80%, the patient’s myocardial ischemia
is serious, thus it may be necessary to conduct interventional treatment. When the stenosis degree
is 50%, the treatment plan with drugs could be taken according to the actual situation of the patient. In
addition, with the increase of stenosis degree, the blood flow resistance increases, resulting in a higher
pressure drop. Hence, AP in Eq (3) is higher. According to Eqs (2) and (3), QPPR is inversely
proportional to A P, and thus QPPR decreases. Therefore, QPPR is closely related to A P. The
higher the pressure drop, the lower the QPPR. Furthermore, the QPPR value may be an indicator of
stenosis degree.

Compared with pressure, blood flow velocity and wall shear stress are more sensitive to the degree
of stenosis, especially at the branch of stenosis. From the numerical results, it is obvious that the
variation trends of blood flow velocity and wall shear stress are related to the degree of stenosis. The
velocity streamlines show that under the condition of arterial stenosis, low speed vortex occurs, the
elasticity of blood vessels decreases and blood viscosity increases, which lead to insufficient blood
supply to the human body. In addition, there is resistance reflection at both ends of the stenosis,
resulting in peak superposition. Previous studies have found that wall shear stress could be used as an
important marker for disease prediction [25]. Wall shear stress affects the normal physiological activity
of endothelial cells. High or low wall shear stress indicates that pulmonary artery stenosis is developing
along a negative direction. Therefore, the changes of hemodynamic parameters of pulmonary artery
stenosis could be used as the important information for clinical diagnosis and treatment. Therefore, the
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contributions of this work are to introduce the concept of QPPR, and determine the relationship between
stenosis degree and QPPR. Similar to the coronary QFR, QPPR is noninvasive and could be obtained
by numerical calculation. It may be very important for clinicians to quickly diagnose the patient’s
condition and give treatment plans. As is well known, when the coronary FFR is lower than 0.75, the
ability of the coronary artery to supply blood is blocked, resulting in myocardial ischemia and requiring
interventional procedures. When FFR is between 0.75 and 0.8, which belongs to the “grey zone”,
clinicians could select the appropriate treatment through the patient’s current situation. When FFR is
higher than 0.8, conservative treatment with drugs could be taken. Thus, according to similar criteria
of FFR, QPPR may be used to determine therapy of pulmonary artery stenosis.

In this study, the construction of the idealized model of pulmonary artery stenosis deviates from
the real shape. In the condition setting of hemodynamic simulation, Newtonian blood and the isotropic
linear elastic model of arterial wall are adopted, ignoring the complexity of blood and arterial wall.
According to arterial experimental data, the artery should be a hyperelastic and viscoelastic anisotripic
material [26-28]. In addition, there are residual stresses in arteries. Residual stresses have an
important influence on the aorta wall mechanics and, in particular, on the stress-strain distribution
through the wall [29]. In a future study, three-dimensional reconstruction will be performed according
to the stenosis branch of specific patients, which improves the accuracy of modeling, optimizes the
stenosis model and makes it more similar to the real physiological environment. As for numerical
simulations, SOFNN-HPS [30], GK-ARFNN [31] and AQPSO-SOFNN [32] methods could have
higher predictions.

5. Conclusions

We focus on QPPR studies based on 50% and 80% stenosis. The results suggest that the degree
of pulmonary artery stenosis has a significant impact on QPPR and hemodynamic changes. The QPPR
value is closely related to the pressure drop. Blood flow velocity and wall shear stress are highly
sensitive to the degree of stenosis. The QPPR in the 80% stenosis model is lower. This study lays a
theoretical foundation for the further study of QPPR.
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