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This paper aims to explore the construction of an individualized pulmonary artery stenosis model based on computed tomography
(CT) images. The stenosis model is simulated using a porous medium, and the numerical simulation is carried out by computa-
tional fluid dynamics (CFD) method to discuss non-Newtonian effects on hemodynamics. The hemodynamic parameters and
quantitative pulmonary pressure ratio (QPPR) of the right pulmonary artery stenosis are obtained. The change curves of hemo-
dynamic parameters show that the effects of non-Newtonian fluid are more significant than those of Newtonian fluid. Under the
non-Newtonian condition, pressure and velocity drop more and faster when blood flow enters into the stenosis region. There is a
high wall shear stress in the stenosis downstream. The margin of error between the QPPR value of the non-Newtonian fluid
simulation and the clinical measurement value is not more than 10%. This work provides the evidence that the simulation of non-
Newtonian fluid is closer to the reality when a porous medium model is used in a stenosis model. This contributes to assessing the
severity of pulmonary stenosis behavior and is essential to guide disease treatment.

1. Introduction

Chronic thromboembolic pulmonary hypertension is a long-
term result of in situ pulmonary artery thrombosis or acute
pulmonary embolism. Many reasons lead to thrombolysis,
which has been existing through organization and fibrosis
[1, 2]. Insoluble substances such as thrombus accumulate on
the surface of the blood vessel wall, causing blockage of
pulmonary artery branches. In clinical practice, the general
diagnosis and treatment method are to evaluate the degree of
blockage through pulmonary angiography observation and
pulmonary vascular classification, which are divided into
four levels: 0–3. The lower the level, the worse the pulmonary
artery blood flow imaging, and the more serious the degree of
blockage, and then different treatment methods are used [3].
In the previous simulation of arterial stenosis, most of the
stenosis models ignored the internal structure of the stenosis
[4, 5]. However, the angiographic characteristics of pulmo-
nary artery occlusion can be divided into five types, including

reticular and banded lesions, sudden narrowing lesions,
complete occlusion lesions, cystic lesions, and intimal irreg-
ularities. Therefore, the internal structure model of the ste-
nosis is worth studying. With the continuous combination
and development of medical images and computers, nonin-
vasive simulations of fractional flow reserve (FFR) of coronary
artery have been prevalent [6–9]. In this paper, quantitative
pulmonary pressure ratio (QPPR) is introduced, which is
similar to FFR. It is defined as the ratio of the maximum
systolic pressure at the distal end to the proximal end of
stenosis. At present, clinical diagnosis of pulmonary hyper-
tension and other diseases is mainly through the insertion of
pressure guide wire from femoral vein/carotid artery, multiple
perfusions of contrast agent, and to capture physiological
information such as the location, degree, and morphology
of stenosis [10]. Similar to the coronary FFR, this diagnostic
method is invasive, expensive, and had a long diagnostic cycle
for patients. It is easy to miss the best treatment time and
is not conducive to the improvement of prognosis [11].
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Previous studies on the hemodynamics of pulmonary artery
in zero-/one-dimensional, three-dimensional (3D), and mul-
tiscale models used computational fluid dynamics (CFD) to
understand the pulmonary blood flow environment, wall
deformation, and other conditions. Under the conditions of
stability and blood flow, researchers established three differ-
ent geometric models of the human pulmonary vascular sys-
tem to conduct the coupling simulation of blood flow and
drug particles [12–15]. A lot of work claimed that the blood
flow problem had dual behavior, namely, Newtonian and
non-Newtonian. Under different fluid models, the effects of
vessel wall elasticity, fluid flow and heat transfer, and blood
pulsation on particle transport and deposition were studied
[16–19]. As well known, blood is composed of blood cells and
plasma, which is usually approximate to Newtonian fluid.
However, under some conditions, such as stenosis vessels,
the non-Newtonian characteristics of blood should be consid-
ered [20]. Therefore, this work discusses the differences
between the two fluid models.

According to the clinical anatomy, most of the pulmo-
nary artery blockages are like “lotus root” or “honeycomb.”
In this work, a porous medium model is used to simulate the
stenosis, taking the solid as the skeleton, filling the pores, and
using the porosity to adjust the degree of blockage. The 3D
model of pulmonary artery is constructed according to the
computed tomography (CT) images of a patient, and the
stenotic branches and their surrounding branches are con-
structed. The hemodynamics and QPPR are numerically
simulated by using the method of CFD, in order to study
the effects of Newtonian and non-Newtonian fluids on their
blood flow characteristics and to compare the hemodynamic
changes under the two models.

2. Materials and Methods

2.1. Case Selection. The information collection and data
source of pulmonary artery CT images are from a 50-year-
old female patient in Fuwai Hospital, Chinese Academy of
Medical Sciences. She suffers from chronic thromboembolic
pulmonary hypertension. By placing the Terumo 5F pigtail
catheter on the right pulmonary arteriography, it is found
that the anterior basal segment of the right lower pulmonary
artery and the outer basal end of pulmonary artery are ste-
nosed and occluded, and the pulmonary venous reflux is
significantly slowed down.

2.2. 3D Reconstruction of Vascular Model. The region of
interest is obtained through image segmentation, surface
smoothing, and other operations to generate a 3D pulmo-
nary artery model. In order to ensure the feasibility of
numerical calculation, the obtained 3D model is edited,
and is finally imported into numerical simulation. The model
is divided into wall, fluid, and porous media regions, with a
wall thickness of 0.8mm, as shown in Figure 1.

In the simulation, the model is identified and analyzed.
The inlet and outlet planes are fixed. We set the grid proper-
ties (grid division method and size) and reduce the grid size
in order to improve the calculation accuracy of stenosis
region. After the grid independence test, the number of solid

grids is 24,223, the number of nodes is 48,146, the number of
fluid domain grids is 43,667, and the number of nodes is
9,190. Seven sections are intercepted on the model for hemo-
dynamic analysis. These sections are located in each branch
of the model to facilitate the next step of analysis and proces-
sing, as shown in Figure 2.

2.3. Numerical Simulation. Blood is modeled to be non-
Newtonian and Newtonian fluids, respectively. The flow is
incompressible and turbulent. The Carreau–Yasuda model is
used when the non-Newtonian behavior of blood is consid-
ered, and the formula is as follows:

μ ¼ μ1 þ μ0 − μ1ð Þ 1þ λγð Þ2½ � n−1ð Þ=2; ð1Þ

where μ is dynamic viscosity, λ is a time constant, γ is the
shear rate, n is the power law exponent, μ0 = 0.0560 Pa·s,
μ∞= 0.00345 Pa·s, λ= 3.313 s, and n= 0.3568 [21]. When
it embodies Newtonian fluid behavior, μ= 0.004 Pa·s [22].
The governing equations are Navier–Stokes and continuous
equations.

∂u
∂t

þ u − umð Þ ⋅rð Þu ¼ −
1
ρf
rpd þr ⋅ ν ruþ ruð ÞTð Þð Þ:

ð2Þ

r ⋅ u ¼ 0; ð3Þ

where u is the fluid velocity, um is the mesh velocity of the
fluid, pd is the fluid flow pressure, ρf = 1,060 kg/m

3 [23], and
ν represents the kinematic viscosity coefficient, ν ¼ μð Þ= ρfð Þ.
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FIGURE 1: Pulmonary artery stenosis model.
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FIGURE 2: Sectional view of pulmonary artery stenosis.
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The arterial wall is assumed to be isotropic, incompress-
ible, and linear elastic. The governing equation is as follows
[24]:

ρs as ¼ r ⋅ σs; ð4Þ

where the density ρs = 1,120 kg/m
3 [25], as represents the

acceleration of the particle on the vessel wall, and σs repre-
sents the stress tensor of the blood vessel wall, with elastic
modulus E= 5MPa [24] and Poisson’s ratio v= 0.499 [17]. It
is worth noting that in the porous media domain, the wall is
set to be rigid with a porosity of 0.5 [26].

The important feature of fluid–solid coupling is the inter-
action between fluid and solid structure. That is, the defor-
mation of vessel wall under the action of blood flow is
caused, and then it further affects blood flow [27]. On the
interface of fluid–solid coupling, it is assumed that the
motions of the fluid and wall are the same and there is no
sliding.

u ¼ U;
Ls ¼ Lf ;

σs ⋅ ns ¼ σf ⋅ nf ;
ð5Þ

where the velocity of the solid boundary is U, σf is the fluid
stress tensor, Ls and Lf represent the displacements of solid
and fluid, respectively, and ns and nf are the solid and the
fluid boundary normal unit vectors, respectively.

The inlet velocity is shown in Figure 3, which shows the
blood flow velocity in a cardiac cycle, and the outlets are set
to be 2,267 Pa (about 17mm Hg). The initial conditions of
the whole flow field are 0. The total calculation time is 2.4 s,
and the period is 0.8 s. In the process of this study, the
sensitivity analysis of the time step is carried out. The time
step is set to 0.01 s, and the third cycle can reach the periodic
stable state. The results of the third cycle are selected for the
next analysis. The fluid and porous media regions are con-
nected through the interface to ensure the continuity of mass
and pressure and the conservation of mass and momentum.

3. Results

3.1. Quantitative Pulmonary Pressure Ratio. The calculation
formula of QPPR in this paper is as follows:

QPPR ¼ Pd
Pa

; ð6Þ

where Pd and Pa, respectively, represent the maximum sys-
tolic pressure at the distal and proximal ends of the diseased
vessel. The clinical measurement value of QPPR of this
patient is 0.41.

The pressures at both ends of the stenosis are obtained
through numerical simulation. Figure 4 describes the pres-
sures at both ends of the stenosis with the Newtonian fluid
model. During systole, the pressures at the distal and proxi-
mal ends are 2,313.15 and 4,258.09 Pa, respectively. Figure 5
shows the pressures at both ends of the stenosis with the
non-Newtonian fluid model. During systole, the pressures
at the distal and proximal ends are 2,327.21 and 5,328.99Pa,
respectively. It can be seen from the results that the distal
pressure of the stenosis with the non-Newtonian fluid model
is much higher than that with the Newtonian fluid model, but
the pressure change trend is similar with the two models.

According to Equation (6), the results are obtained, as
shown in Table 1. Compared with the actual measured value
of 0.41, the margin of error between the measured and sim-
ulated values with the non-Newtonian fluid model is within
10%. It is concluded that the simulation effect of non-
Newtonian fluid is better than that of Newtonian fluid.

3.2. Maximum Pressures. Figure 6 shows the pressure change
curves of four sections (S1, S2, S3, S4) on the branches of
normal artery. Whether Newtonian fluid or non-Newtonian
fluid, the pressure distribution curves of all sections are sim-
ilar. The pressure peak of section S1 (non-Newtonian) is the
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FIGURE 3: The inlet velocity.
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FIGURE 4: Pressures at both ends of the stenosis with the Newtonian
fluid model.

Applied Bionics and Biomechanics 3



highest during two periods (systolic and diastolic), both
exceeding 4,500 Pa. The pressure value of section S1
(Newtonian) is lower than 4,500 Pa. The peak pressures of
section S2 (Newtonian and non-Newtonian) are about
2,600 Pa. Compared with section S4 (whether Newtonian
or non-Newtonian), section S3 (whether Newtonian or
non-Newtonian) has a higher pressure value. It is found

that the pressure values of non-Newtonian fluid are higher
than those of Newtonian fluid. The pressure curves at both
ends of the stenosis are shown in Figure 7. The pressure
difference between section S5 (non-Newtonian) and S5
(Newtonian) is high. However, the pressure difference between
section S6 (non-Newtonian) and S6 (Newtonian) may be
almost ignored.

3.3. Maximum Velocities. As shown in Figure 8, the velocity
distribution trends of sections S1, S2, S3, and S4 are the same
as that of the inlet velocity. The velocities of section S1
(whether Newtonian or non-Newtonian) are lower than
the inlet velocity, and the peak velocities of other sections
are higher than the inlet peak velocity. Section S2 (whether
Newtonian or non-Newtonian) is close to one of the outlets,
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FIGURE 5: Pressures at both ends of the stenosis with the non-
Newtonian fluid model.

TABLE 1: QPPR with different fluid models.

Newtonian fluid Non-Newtonian fluid

QPPR 0.5432 0.4367
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FIGURE 6: Maximum pressures on normal branches.
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and the velocities reach the maximum, with the peak velocities
of 2.15 and 2.25m/s, respectively. Regardless of Newtonian
or non-Newtonian fluids, the peak velocity of section S4 is
higher than that of section S3. As shown in Figure 9, com-
pared with the inlet velocity, the flow velocity at both ends
of the stenosis is high. The peak velocity of section S5
(non-Newtonian) is nearly 2.5m/s, and that of section S5
(Newtonian) is about 2m/s. During systole, it can be seen
that the peak velocities of section S6 (Newtonian) and S6
(non-Newtonian) are equal.

3.4. Maximum Wall Shear Stresses. As shown in Figure 10,
the wall shear stresses of section S1 (whether Newtonian or
non-Newtonian)are the lowest,andthepeakvalueof sectionS1
(non-Newtonian) is about 5 Pa, which is not different from

that of section S3 (Newtonian). It is obvious that the peak
wall shear stress of section S2 (non-Newtonian) is about
45 Pa, and the peak value of section S2 (Newtonian) is about
20 Pa.Thewall shear stress curvesof sectionsS3andS4with the
two models are located in the middle of the curves of all sec-
tions. Figure 11 shows that the wall shear stress at the distal
end is higher than that at the proximal end of the stenosis, and
the peak values of section S6 (whether Newtonian or non-
Newtonian) are above 20Pa. The fluctuation range of the
wall shear stress of section S5 (Newtonian) is higher than
that of section S5 (non-Newtonian).

4. Discussion

According to the diagnostic report, it is clear that the local
segment of the patient’s right pulmonary artery is severely
blocked; therefore, the hemodynamics in the artery must be
affected by the stenosis. By comparing with previous studies,
the change trend of hemodynamics in the nonstenosis region
is in good agreement [28–30]. The influence factors of QPPR
play an important role in clinical diagnosis and prediction.
QPPR value shows that non-Newtonian fluid can better
simulate the rheological properties of blood. When non-
Newtonian fluid is used to simulate blood, the peak pressure
at the proximal end of the stenosis is higher than that of
Newtonian fluid, which indicates that the simulation effect
of non-Newtonian fluid can more objectively reflect the
severity of patient’s blockage. In addition, there is a strong
correlation between pulmonary vascular classification and
the pressure ratio [3]. According to the classification standard,
the simulation result of non-Newtonian fluid in this paper
QPPR= 0.4367 is between pulmonary vascular classification
levels 1 and 2, and interventional treatment is needed in clinic.
Arterial stenosis limits the blood supply of tissues and signifi-
cantly affects the development and formation of cardiovascu-
lar diseases. Due to arterial stenosis, the flow resistance of the
right pulmonary artery will rise, resulting in a reduction in the
distribution of arterial blood flow. There is a large pressure
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FIGURE 9: Maximum velocities at both ends of the stenosis.
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drop in the pressure curves at both ends of the stenosis. The
higher the pressure drop, the lower the QPPR. Due to block-
age, the velocity of the proximal end of the stenosis is lower
than that of the distal end. The unstable blood flow velocity
will reduce effective blood flow and increase kinetic energy
loss, and affect the physiological processes of vascular endo-
thelial cells, such as promoting the proliferation and apoptosis
of vascular endothelial cells and the uptake of lipids by endo-
thelial cells, and strengthening the inflammatory response
[31]. The change of blood flow velocity leads to the change
of wall shear stress. High velocity leads to high wall shear
stress. The range of normal arterial wall shear stress in
human body is between 0.5 and 4 Pa [32]. According to
the pressure results of simulation, it exceeds the normal
physiological range of human body. These factors increase
the risk of plaque rupture and have certain damage to human
endothelial cells. According to the literature [33], high stress
in the stenosis can promote megaphagocytes to produce
matrix ferriprotease, cause matrix degradation, weaken the
fibrous cap of plaque, and gradually evolve into thrombus
and other diseases.

In recent years, with the development of computer tech-
nology and medical imaging, based on CT images of patients’
pulmonary arteries, CFD is used to more accurately and
intuitively simulate the blood flow state of real patients’ pul-
monary arteries and obtain QPPR and hemodynamic param-
eters, taking into account the impact of cardiac cycle on blood
flow. However, there are still limitations in the current sim-
ulation. The real human blood vessels have the character-
istics of viscoelasticity. The linear elastic wall model is used
for the simplified simulation, and, thus, the result may devi-
ate from the fact. In this study, only one stenosis pulmonary
artery model is constructed, and the conditions will be
continuously optimized in the future work. If the patient
has multiple pulmonary artery blockages, multiple stenosis
models will be constructed to simulate QPPR and hemody-
namic changes.

5. Conclusion

Based on the real CT images of a patient with chronic throm-
boembolic pulmonary hypertension, the specific 3D model is
constructed. Newtonian and non-Newtonian fluids are,
respectively, used to simulate blood, and the effects of the
two models on QPPR and hemodynamic characteristics are
discussed using fluid–solid interaction. The results show that
pressure and velocity decrease more and faster when blood
flow enters into the stenosis region. There is a high wall
shear stress in the stenosis downstream. The QPPR value of
non-Newtonian fluid simulation is closer to the clinical
measurement value. Therefore, the simulation effect of non-
Newtonian fluid is more significant than that of Newtonian
fluid. The analysis of this study confirms that the stenosis
model simulated by a porous medium is of clinical signifi-
cance, and non-Newtonian fluid simulation of blood flow is
more convincing, which provides a quantitative analysis basis
for clinical diagnosis and treatment.
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