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Research of Hemodynamics Behaviors
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Abstract
The purpose of the present study is to investigate the effects of stenoses on the
flow vector and vascular wall stress using angiographic examination and threedimensional (3-D) computer-aided analysis. Nine volunteers with stenoses
in hearts and arms were enrolled, and three volunteers were enrolled as the
control group. In total, nine 3-D artery models were reconstructed from magnetic
resonance images to simulate blood hemodynamic behaviors. Several studies have
employed 3-D finite element artery models, but few have examined the effects
of hemodynamic behavior in arteries with the stenoses. The results showed that
stenoses decreased the blood flow velocity by approximately 40% and confirmed
that stenoses also induce abnormal stress where the vessel wall is thinnest. The
results of the computer-aided model flow vectors are similar to, but smaller than,
those from the angiographic examination. As described above, the present study
provides information regarding stenoses for clinical diagnosis and treatment.
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Introduction
Angiography has been an acceptable method to understand
blood vessels of the human body and has been important for the
study of flow phenomenon and stress fields of the cardiovascular
system [1]. The purpose of the present research is to calculate the
blood flow variations on a vascular stenoses through angiographic
image analysis and to detect vascular abnormalities and lesions.
Furthermore, it serves as an important reference for doctors during
diagnosis and treatment [2-5]. Non-invasive three-dimensional (3-D)
blood pressure and flow data can indicate disease outcomes [6,7].
In recent years, remarkable progress has been made in simulating
blood flow using realistic anatomical models constructed from 3-D
medical imaging data. Arguably, accurate anatomical models are
the primary method for simulating blood flow. However, realistic
boundary conditions are equally important for computing velocity
and pressure fields. In this study, significant progress has been made
in devising outflow boundary conditions for solving the equations of
blood flow in elastic vessels.
Vascular disease is a major cause of death for human beings. A
stent is a common choice for treating a stenoses in the vascular
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artery. To prevent restenoses, various surface treatments have
been applied to the stents [8,9]. Circulatory disease remains
the main factor, even if the medical technology has been
developed for a long time. While William Harvey developed
the cycle theory in the early 17th century, various scientists
have continued this research [10]. The 3-D reserved simulation
models of cardiovascular circulation were published 300 years
ago. Because each model is based on different assumptions, it
remains difficult to validate results compared with real subjects.
In 1896, Poiseuille was one early individual to detail the steadystate relationship between flow and pressure in a cylindrical
tube [11]. He considered that pressure is maintained during
blood flow through the arterial system. Poiseuille's law describes
the relationship of pressure, blood flow, and blood vessel size.
The results of the current study utilize this law to describe the
pressure, flow, fluid properties, and relationship between a
blood vessel and stenoses sizes. Therefore, the aim of this study
is to demonstrate stenotic properties using angiographic and
computer-aided models. Arterial blood flow velocities in hearts
and arms were compared, and we further investigated the stress
distributions in models with different stenoses thicknesses.

Materials and Methods
Angiographic tests
Angiography is a biomedical imaging technique used to visualize
blood vessels of the human body, such as arteries, veins, and
heart chambers. The blood vessels can be observed using contrast
media, as shown in Figure 1. Nine volunteers were enrolled, and
three cases were selected in each of the heart and arm groups.
The remaining three volunteers without stenoses were selected
for the control group. After angiographic test, the special range
of gray scale was adopted for capturing the blood to calculate the
blood flow velocity.

which denotes the x-, y-, and z-directions, respectively), P is the
pressure, fi is the body force, ρ is the density, μ is the viscosity,
and δij is the Kronecker delta.
The 3-D image models were constructed using the ANSYS
Workbench 12.1 (ANSYS, Inc.) finite element program. The
vascular stents and arteries were regarded as continuous
integers. An artery model (outer diameter of 4.5 mm and thickness
of 0.5 mm) was created with stenoses (thickness: 0, 0.5, and 1 mm).
The hyperelastic material rule, which describes the biomechanical
properties of soft tissues according to the hyperelasticity theory,
was adopted to predict the initial response of the stress–strain
relationship. Two important processes are the converging and
reinforcing of the mesh, which allow the model to approximate
the actual object more accurately. Because of the deformation
requirement, three types of elements were used in the present
models. 8-node hyperelastic elements (Hyper58) were adopted in
the artery and stenoses. The numbers of nodes and elements were
32,212-34,570 and 18,321-19,411, respectively. The biomechanical
properties of the artery and plaque have been described previously
in the literature [13,14]. A pulse function was chosen to simulate
the heartbeat. When the heart beats, the force driving the blood
flow maintains the blood circulatory system.
For this study, the parameters were categorized into two groups on
the basis of the angiographic tests and 3-D reversed model analyses.
The thicknesses of these stenoses varied from 0 (control group) to 1
mm, and we examined the blood flow velocity and vascular stress of
the artery in al.

(a)

Three-dimensional model analysis

(b)

Finite element methods can be easily used in a variety of projects.
It is important to define boundary conditions in the model and
incorporate these parameters into the program. Blood flow in the
artery is considered incompressible and can be described by the
Navier-Stokes continuity equations. The governing equations are
written as follows for a computational domain [12]:

(c)

(∂υ _ i ) / (∂ x −i ) =
0

(d)



ρ (∂υ −i ) / ∂ t +


(∂υ i ) 
∂P
µ (∂ 2 µ i )
+
+ fi
 =−
(∂ xi ) 
(∂ xi )δ ij (∂ xiδ ij )

where ui is the velocity in the ith direction (i = 1, 2, and 3,

Figure 1 Angiography images of arteries in the (a) heart
and (b) arm.
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Figure 2 Velocity vector distributions of blood flow at (a)
t = 0.002 s, (b) t = 0.004 s, (c) t = 0.006 s, (d) t
= 0.008 s and (e) t = 0.010 s in the vessel with
stenoses and velocity vector distributions of
blood flow at (f) t = 0.002 s, (g) t = 0.004 s, (h) t
= 0.006 s, (i) t = 0.008 s and (j) t = 0.010 s in the
vessel without stenoses.
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Results
Velocity decreased significantly in arteries with a stenoses in the
3-D blood flow models. Figure 2 shows the velocity distributions
for the vascular model with 0 and 1 mm stenoses from 0 to
0.01 seconds. The highest velocity of blood flow in the control
group was 0.207 m/s, and the velocities in the stenoses group
varied from 0.115 to 0.169 m/s (Figure 3a). On the other hand,
the velocity vector distributions were more uniform among
the arteries with thinner stenoses. Remarkably, the maximum
velocity was decreased by approximately 43.96% for the 1
mm stenoses group, relative to the control group. The stress
distributions showed significant concentration of stress in the
1 mm stenoses group. Stenotic structures had the potential to
increase the abnormal stress concentration for the arteries. Of
all the arteries, the maximum stress was observed at the stenotic
structure’s contact area, and the highest stress in the artery was
2.5 times higher in the 1 mm stenoses group than in the control
group (Figure 3b). Therefore, the data analysis indicated that the
stenoses stressed the arteries and increased the velocity of the
blood flow.
Figure 4 describes the results of the angiographic test and pixel
analysis using the computer-aided method in the arm of one of
the three patients with stenoses. The velocity decreased in the
stenoses. The blood velocity decreased significantly compared
to the initial velocity, which indicates blood flow was blocked by
the stenoses in the arm. This result was similar to that from the
computer-aided simulation. On the other hand, the pixel images
obtained while the heart was beating are shown in Figure 5. There
were significant differences in the maximum velocities of the heart
artery with stenoses, and the velocity tended to be less than the one
without the stenoses. Stenoses decreased the velocity in the arteries
for both the arm and heart.
We found that a stenoses decreased the blood flow velocity and induced
abnormal stress in the artery, which provides information for clinical
diagnosis and treatment as stress is a strong biological trigger that
directs atherosclerosis protection. This parameter may also provide a
predictive value for pinpointing regions at risk of restenoses.
© Under License of Creative Commons Attribution 3.0 License
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Figure 4 Angiographic test in the artery with stenoses
(arrow) (a) t = 0.0025 s, (b) t = 0.0050 s, (c) t
= 0.0075 s, (d) t = 0.0100 s and (e) blood flow
pixel analysis in the arm.
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Data were expressed as mean ± standard error of the mean and
were analyzed using analysis of variance (ANOVA). All statistical
analyses were performed using SPSS version 12.0 (SPSS, Inc.,
Chicago, IL, USA). Values of p < 0.05 were considered significant.
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Figure 3 (a) Highest velocity of blood flow and (b) von
Mises stress in different thicknesses of stenoses
during 0.010 s.
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Figure 5 Angiographic test in the artery with stenoses
(arrow) (a) t = 0.0025 s, (b) t = 0.0050 s, (c) t
= 0.0075 s, (d) t = 0.0100 s and (e) blood flow
pixel analysis in the heart.

Discussion
It is imperative to incorporate mechanical properties of a diseased
vessel segment into treatment planning. Vascular wall stress has
been successfully adopted to predict injury imposed by stent
deployment [15]. We propose an image algorithm to estimate
the flow vector field around a stenotic vascular segment and to
derive the vascular wall stress based on a routine angiography.
The results correlated well with measured blood flow and,
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therefore, indicate the feasibility for use in tissue characterization
with routine angiography. With this technique, severely calcified
lesions, such as those seen in older patients or patients with endstage renal disease, can be characterized in detail. In particular,
the boundaries of non-continuous stenotic segments can be
objectively identified and add to the visual estimation of narrowed
lumen for interventional decision-making. Furthermore, stress
along the vascular wall also contributes to the derived stress
estimate. As stress is a strong biological trigger that directs
atherosclerosis protection, this parameter may also provide a
predictive value for pinpointing regions at risk of restenoses.
Angiography image analysis uses many kinds of processing
methods, such as gray-scale discriminations, Sobel Filtering,
background subtraction, and time difference between frames,
to track and detect contours of objectives [5,16,17]. The present
study has rebuilt the vascular structure using a similar method.
All of the gray-scale images were processed to detect contours
and to eliminate noise by combining a background subtraction
method with a time difference between frames method.
Stents have been used in clinical practice to treat stenoses, and
many clinical studies have shown that different restenoses rates
occur in vascular and other stents. A restenoses rate of about 2050% was previously reported [18,19]. Overloading may provoke a
greater response to injury of the vessel wall, ultimately inducing
restenoses. Prendergast compared two different vascular stent
designs, the S7 (Medtronic AVE) and the NIR (Boston Scientific)
[15]. The results of the vessel wall stresses in the stented arteries
indicated that the S7 stent design caused a lower stress to stenotic
vessels compared to the NIR stent. These results showed higher
restenoses rates in the NIR design compared with the S7 design.
However, the influences of angioplasty balloon configurations
were also studied in previous research [20,21]. A variety of
typical angioplasty balloons were determined to influence of
the deployment of a stent. The results of this study indicated
that balloon configuration has not only a significant influence
on the transient behavior of the vascular stent, but also on the
mechanical environment of the artery. The function of a vascular
stent in curved and straight vessels were compared in 2006 [22].
The results show that the curved vessel model was straightened
by the stent, and a hinge effect could be observed at the stent.
The maximum tissue prolapse of the curved vessel model was
more severe than that of the straight one. The minimum lumen
area of the curved vessel was decreased compared to that of the
straight vessel model. The highest stresses in the vessel were
concentrated in the inner curvature of the curved vessel model,
and the stress distribution of the curved vessel is similar to the
present results.
Finite element models are used in mechanical engineering
analysis and design to evaluate potential decay. They have been
successfully applied in biological applications and in various
medical devices. In the biomedical field, models have been
used to determine stresses in different biological structures,
such as facial skeletons, dental implants, and vascular stents.
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Most of these finite element analyses were used to assess the
biomechanical behavior of individual structures or materials.
However, biomechanical, finite element models of the blood flow
of the artery are not perfect. On the whole, they are based on
a number of assumptions and simplifications [23]. It is difficult
to accurately compare our results with those obtained using
finite element models in previous studies because of the various
differences in the material properties, mesh structure, and
constrained conditions employed in these models. In this study,
two main materials were considered: blood and vessel tissue.
Although the maximum stress of the artery was in a reasonable
range for the vessel tissue material, consideration of fatigue
damage was necessary because many vascular clinical problems
are caused by fatigue destruction induced by blood flow. The
stresses of all elements were increased by the stenotic effects.
The stenoses not only induced biomechanical tissue, but also
exhibited severe biological symptoms, as described previously
in the literature [24]. Our study has provided useful information
on the stress distributions in arteries and the velocities of blood
flow in a stenoses. The limitations of our study are as follows: (1)
we adopted a uniform type of heartbeat input, (2) the biological
properties of the artery were not taken into account, and (3) the
model did not include the influence of a real vessel structure.
It is important to incorporate biomechanical properties of a
stenotic vessel segment into clinical research. We will continue
investigating the vascular wall stress, specifically related to the
topic of predicting injury imposed by stent deployment. Stress
along the vascular wall is considered to contribute to the risk of
restenoses.

Conclusion
Although many previous studies have used angiographic tests
and computer-aided models to examine stenoses, few models
have illustrated the effects of the vascular artery with stenoses.
Overloading may provoke a greater response to injury on the
vessel wall, ultimately resulting in complex symptoms. Therefore,
the stress of the artery with stenoses is considered to be an
important issue. Our results confirm that stenoses decreases
blood flow velocities and induces abnormal stresses in the
vascular wall, which provides information for clinical diagnosis
and treatment. Stress is a strong biological trigger that directs
atherosclerosis protection. This parameter may also provide a
predictive value for pinpointing regions at risk of restenoses after
treatment. As described above, the present data shows that this
could be potentially beneficial for understanding the properties
of vascular arteries with stenoses.
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