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Abstracts−The models of stenosed blood vessel with three different types of stenosis types have been modeled to

investigate blood flow characteristics. The study was performed to investigate various hemodynamics, such as pressure

and wall shear stress (WSS), with the change of stenosis ratio and Reynolds numbers (Re). The results of modeling,

the minimum WSS occurred in different regions according to the stenosis types. The change of the diameter of blood

vessel showed up in the pre-stenotic region by elastic behavior characteristics of blood vessels. Also, when the thickness

of wall of blood vessel is 2 mm, the radius of blood vessel is increased by approximately two-times. As atherosclerosis

progresses, the wall of blood vessels gradually loses elasticity and then the thickness of blood vessels gets thinner.
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INTRODUCTION

Angina pectoris, which is ischemic heart disease, and myocar-

dial infarction caused by atherosclerosis are becoming the main cause

of death in the modern society and phenomena in which blood vessels

are narrowing or clogging due to the atherosclerotic material (plaque).

If the endothelial cells are injured along the wall of blood vessels,

platelets are attached to it. If this injury continues, chunks of blood

clot are accumulated. Thus, it becomes bigger and the blood vessel

is clogged over time. Such atherosclerosis begins with dysfunction

of endothelial cells. Changes in hemodynamic characteristics as

well as biochemical factors are recognized as the important factors

to cause such a failure [1-5].

Ku et al. claim that flow disturbances caused by blood vessels

change the shear stress acting on endothelial cells and pressure dis-

tribution, and the changes in shear stress and pressure caused by

the flow disturbances produce the arterial occlusion [6,7], Fry et al.

claim that endothelial cells of blood vessels are damaged in the re-

gions which have high shear stress in blood vessels, and the forma-

tion of blood clots is facilitated [8]. Thus, stenosis is formed. In add-

ition, Caro, et al. claim that the time in which blood flow stays in

region with low shear stress of blood flow appearing in the blood

vessels is increased so that substances included in blood such as

low-density lipoprotein (LDL) penetrate the wall of blood vessel

and the atherosclerosis progresses [9]. When we adopt an approach

to the occurrence of atherosclerosis in a specific region from a hemo-

dynamic viewpoint, we can find the answer easily. The answer is

that the hemodynamic characteristic becomes unstable. It is caused

by the flow of blood which has the characteristics of turbulent flow

or flow disturbance. The phenomenon of stenosis causes the patho-

logical pains of heart attack and stroke.

An aneurysm is referred to as the abnormal expansion of the aorta.

When it is increased by 1.5-fold over the normal diameter, it is con-

ventionally determined to be an aneurysm [10,11]. If the diameter

of the artery is increased, the pressure acting on the wall of aorta

and the aorta is increased according to the law of Laplace. If the

size of aneurysm is increased over time and reaches a certain limit,

it cannot tolerate the pressure and it bursts. An important determining

factor to predict the rupture of aneurysm is its size. Rupture occurs

in more than 5 cm in the diameter of most aneurysms, but the rupture

can occur in smaller size [12].

The size and distribution of shear stress in the wall of blood vessels

is affected by blood flow determined by shape of the aneurysm. If

blood flow is changed to a turbulent flow, additional stress caused

by formation of turbulent flow acts on it. Because the shape of blood

vessels varies in each person and information on flow is also varied,

the shape of stenosis of blood vessels is shown differently and shape

of the aneurysm is also shown differently based on the shape of ste-
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nosis [13]. Changes in blood flow based on stenosis and subsequent

shear stress, and the distribution of pressure and velocity become

the important data on prediction of growth and rupture of aneu-

rysm [14,15].

Currently, clinical professionals and scholars in the field of hemo-

dynamics have made an effort to identify the causes of incidence

of disease through clinical data on blood vessel diseases and hemo-

dynamic characteristics. In vitro experiments for blood flow char-

acteristics have many technical constraints, because of issues such

as coagulation of blood, opacity and disposition problem of blood

after experiment; the blood vessels have elastic behavior in the verti-

cal direction to blood flow due to unsteady pulsatile flow produced by

diastole and systole of the heart. The method to simulate the phe-

nomenon of blood flow, which is difficult to test through a mathe-

matical model and conduct the numerical analysis, has achieved

many performances and it is being used [16,17].

The purpose of this study is to analyze the changes in the pres-

sure inside blood vessels based on stenosis rate and shape in blood

vessels and the distribution of load delivered into the blood vessels,

and predict the effects on occurrence of aneurysm and rupture of

blood vessels by using the computational fluid dynamics (CFD)

method.

METHODS

A human abdominal aorta with combined stenosis and aneurysm

was collected after surgical removing. Computational fluid dynam-

ics model was constructed from 2D rational angiography images, a

pulsatile flow calculation was performed and hemodynamic char-

acteristics were analyzed. It was applied on the blood flow in abdomi-

nal aortic blood vessels in which stenosis occurred by using com-

mercial finite element software ADINA Ver 8.5 (ADINA R & D,

Inc., Lebanon, MA) fluid-solid interactions.

1. Numerical Model

The geometry of stenosed artery blood vessel shown in Fig. 1

was used in orer to analyze the blood flow of abdominal aortic blood

vessels in which stenosis occurred. Model 1 was used to establish

modeling for structure of symmetric stenosis. Model 2 was used to

establish modeling for structure of stenosis occurring on one side.

Model 3 was used to establish modeling for structure of nonsym-

metric stenosis. The diameter (D) of abdominal aortic blood ves-

sels was 15mm and length (L) was 110mm. The length (Z0) of the

part where stenosis occurred was 15mm and the thickness of the

vessel wall was 2mm. Because the shape of stenosis was quite varied,

there was no stylized shape. Therefore, geometric shape of the ste-

nosed section in the numerical model was assumed as a cosine func-

tion and Eq. (1) was used. The variable (s) to represent the size of

stenosed section was defined as Eq. (2) for stenosis ratio [18]. The

stenosis ratios of 30, 50 and 70% were set depending on the extent

of decrease of cross sectional area of blood vessel in the stenosed

section in the numerical model [15].

(1)

s=(d−δ)/d×100% (2)

2. Boundary Condition

It was assumed that the blood vessel wall was an elastic wall with

a constant thickness. The density of the vessel wall was 2,000 [kg/

m3], Young’s modulus was 0.7×106 [N/m], and Poisson ratio was

0.49. Blood used in this study was assumed as a uniform, incom-

pressible and isothermal Newtonian-fluid and the density was 1,060

[kg/m3] and viscosity was 0.0035 [kg/m·s], respectively [15]. Blood

behaves as a non-Newtonian fluid at shear rates above 100 s−1 [19,

20], which may account for the Newtonian approximation in flow

simulations at larger Reynolds numbers. The paper describes the

calculation of an effective Newtonian viscosity which captures the

non-Newtonian effects for this flow situation. Sud and Sekhon [21]

presented a mathematical model for flow in single arteries subject

to pulsatile pressure gradient as well as the body acceleration. In

their analytical treatment, blood is assumed to be Newtonian fluid

and flow as laminar, onedimensional, and tube wall as rigid and

uniformly circular [22]. Fully developed flow was given as an inlet

condition to analyze the characteristic of blood flow within the blood

vessels in which stenosis occurred and numerical analysis with the

velocity distribution of the Reynolds number (Re) of 500, 800 and

1,200 at the inlet was carried out. In addition, continuous flow and

pulsatile flow, which had the regular shape in the form of a sine func-

tion, were given as an inlet condition. If the flow is pulsatile as an

inlet condition, it was assumed that the velocity distribution changed

with the sine wave form without the occurrence of the reflux of 1Hz.

r z( )
R
---------

 = 

1− 

δ

2
---

 

1+ 

π
 

z

z
0

------
⎝ ⎠
⎛ ⎞cos if z z

0
≤

1 if z z
0

≥⎩
⎪
⎨
⎪
⎧

Fig. 1. Geometry of the stenosed blood vessel.
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The initial velocity based on Re was calculated using Eq. (3) [15].

U(t)=U(1+0.5sin2πt) (3)

Fig. 2 shows the velocity distribution depending on time used in

the inlet condition at the pulsatile flow. The velocity based on time had

the maximal value at t=0.25 s and the minimal value at t=0.75 s.

In case of the pulsatile flow, the blood vessel wall was assumed as

an elastic wall, and systole and diastole are repeated depending on

the fluid flow. No-slip condition was used in blood vessel wall.

In this study, the iteration method was set to repeat it up to 15

times per a step by using the Newton method, and then it was cal-

culated. A direct computing method with good convergence was

used as the method to interpret the fluid-structure interaction (FSI)

model. FCBI (flow condition based interpolation) element was used

for fluid element formulation.

Fig. 3 shows the grid generation model based on structure in which

stenosis occurs. In Models 1 and 2, P1 represents the center point

of the region before stenosis. Ps1 represents the start point of steno-

sis. Ps2 represents the center point of stenosis. Ps3 represents the

end point of stenosis. P2 represents the center point of the area after

stenosis. In model 3, P1 represents the center point of the area before

stenosis. Ps1 represents the start point of the first stenosis. Ps2 repre-

sents the center point of the first stenosis. Ps3 represents the end

point of the first stenosis. Ps4 represents the center point of the second

stenosis. Ps5 represents the end point of the second stenosis. In case

of total elements of generated grid, there are 96 structural models

and 360 fluid models.

RESULTS AND DISCUSSION

Fig. 4 shows the pressure distribution based on changes in the

stenosis rate. Fig. 4(A) shows the pressure distribution in continu-

ous flow. Average pressure is increased linearly from the entrance

region to Ps1, but it is rapidly decreased after Ps1. A minimum value

is shown in Ps2, but the pressure is not changed after Ps3. In model

1, when the stenosis rate is 70% and Reynolds number is 1200, the

maximum velocity is approximately 13 times as high as that when

the stenosis rate is 30%. It is approximately 5.5 times as high as

that in model 2. It is approximately 4.5 times as high as that in model

3. In case of model 1 with symmetric stenosis, as the stenosis rate

is increased, the maximum pressure is shown in the region ahead

of Ps1. As the Reynolds number and stenosis rate is increased, a

significant change in pressure is shown. Fig. 4(B) show the aver-

age pressure based on changes in the stenosis rate during diastole

and systole in pulsatile flow. When the stenosis rate is 30% during

diastole, the average pressure is the lowest in the entrance region

and it is the highest in the exit region. In case of low stenosis rate,

the average pressure generally has a negative value. High pressure

is shown in the region ahead of Ps1 with increasing stenosis rate

and Reynolds number. When the stenosis rate is more than 50%,

the lowest pressure is shown at Ps2 in models 1 and 2, and it is shown

at Ps4 in model 3. When the stenosis rate is more than 70%, the

pressure drop gets bigger with increasing Reynolds number. The

average pressure during systole is similar to the result of a continu-

ous flow and its value is relatively high. The pressure in the blood

vessel gradually increases until it reaches the Ps1, and it is rapidly

decreased at Ps1. The lowest value is shown at Ps2 in models 1 and

2, and at Ps4 in model 3. The maximum pressure is shown at P1 in

models 1 and 2, and at Ps1 in model 3. In the case of low stenosis

rate, the pressure tends to be increasing after Ps3 and then decreas-

ing. We suggest that pressure distribution across the stenosis is more

important for atherosclerotic material (plaque) vulnerability. There

is a pressure drop across the atherosclerotic material because of the

Fig. 2. The pulsatile velocity profile at the inlet with the change of
Reynolds numbers.

Fig. 3. Grid mesh used in the fluid and solid models.
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stenosis. According to the Bernoulli principle, this increased blood

velocity produces a lower lateral blood pressure acting on the athero-

sclerotic material. Thus, a pressure gradient build-up is created across

the atherosclerotic material that could rupture it. Any increase in

systemic pressure or increase in the narrowing of the lumen would

further increase the velocity through the narrowed lumen and in-

crease the pressure drop [23,24].

Fig. 5 shows wall shear stress (WSS) acting on the wall of blood

vessel based on changes in the stenosis rate. Fig. 5(A) shows WSS

in continuous flow. WSS implies the hemodynamic force acting on

the inner wall of blood vessel due to the flow field in blood vessel.

Such WSS is closely associated with growth of stenosis part in a

blood vessel and rupture of the blood vessel. In addition, it has been

known that intimal thickening occurs easily in area with low wall

shear stress. Such intimal thickening progresses as the initial ath-

erosclerotic plague [25]. WSS is rapidly decreased at Ps1 and it is

gradually increased at Ps3. Rapidly reduced WSS is shown at Ps2

and maximum WSS is shown at P1. Model 2 shows the biggest

change in shear stress and model 3 shows the smallest change in

shear stress. In addition, as stenosis and Reynolds number are in-

creased, maximum WSS is increased and minimum WSS is de-

creased. Therefore, it is thought to be highly likely to be exposed

to the atherosclerosis with increasing stenosis rate. Fig. 5(B) shows

the WSS acting on wall of blood vessel during diastole and systole

in pulsatile flow. When the stenosis rate is 30% during diastole, the

minimum shear stress is shown at P1 in models 1 and 3, and it is

shown at Ps2 in model 2. In addition, the minimum shear stress is

moving toward the entrance region with increasing Reynolds number

in model 3. When the stenosis rate is more than 50%, the mini-

mum shear stress is moving toward the entrance region with in-

creasing Reynolds number in models 1 and 2. When the stenosis

rate is 70%, the shear stress is significantly changed in the region

after Ps2 with increasing Reynolds number. The WSS acting on the

wall of blood vessel during systole shows the highest changes in

shear stress in model 1 and the lowest changes in shear stress in

model 3. Changes in shear stress are getting bigger with increasing

Reynolds number. High shear stress is shown in the region ahead of

Ps1 and it has a negative value in the region after Ps1. The maxi-

Fig. 4. The pressure distribution with stenosis ratio in the continuous flow (A) and pulsatile flow (B). (a) Stenosis ratio 30%, (b) Stenosis
ratio 50%, (c) Stenosis ratio 70%.
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mum shear stress is increased with increasing stenosis rate and Rey-

nolds number and the minimum shear stress is decreased. P1 in which

maximum shear stress is formed is predicted to be the region where

structure of wall of blood vessel is likely to be changed. This region

Fig. 5. The shear stress with stenosis ratio in the continuous flow (A) and pulsatile flow (B). (a) Stenosis ratio 30%, (b) Stenosis ratio 50%,
(c) Stenosis ratio 70%.
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is thought to be the stagnation point of blood in which platelets, which

are a blood parameter, begin to be deposited in the internal wall of

the blood vessel and cause blood clots to form. Platelets which receive

high shear stress are stagnant at P1 due to the recirculation vortex,

and more likely to be attached on wall of blood vessels with increas-

ing time. In these regions, blood clots are prone to occur and aneu-

rysms are frequently formed in regions where blood clots are formed

on internal walls of blood vessels [26,27]. In all models, points where

the maximum shear stress is formed are almost same, but the points

where the minimum shear stress is formed are shown differently.

Asymmetry of stenosis shape is found to have a big impact on changes

in shear stress. Atherosclerotic material stress may be a more im-

portant factor when the mechanism of atherosclerotic material rup-

ture is considered [28-32]. The arterial wall continuously interacts

with hemodynamic forces, which include WSS and blood pres-

sure. Atherosclerotic material stress is the result of external hemo-

dynamic forces. Atherosclerotic material rupture itself represents

structural failure of a component of the diseased vessel, and it is

therefore reasonable to propose that the biomechanical properties

of atheromatous lesions may influence their vulnerability to rupture

[23,24].

Fig. 6 shows the distribution of load acting on the wall of blood

vessels based on changes in the stenosis rate. Fig. 6(A) represents

continuous flow. Fig. 6(B) represent the distribution of load acting

on wall of blood vessels in pulsatile flow. In models 1 and 2, P1

and Ps1 get more loads. It is thought that the flow of blood at P1 is

not smooth due to stenosis of blood vessels and the diameter of a

blood vessel is increased and the load of the blood vessels was is

increased by movement load of blood acting on blood vessels. In

addition, since the diameter of blood vessels is increased at P1, many

loads and flow energy of blood are concentrated at Ps1. Thus, it is

expected that load blood vessels wall at Ps1 is shown high. In model

3, however, many loads are applied in the region between P1 and

Ps1, and many loads are concentrated at Ps3. In addition, as shown

Fig. 6. The wall shear stress distribution with stenosis ratio in the continuous flow (A) and pulsatile flow (B). (a) Stenosis ratio 30%, (b)
Stenosis ratio 50%, (c) Stenosis ratio 70%.
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in results of a continuous flow, many loads are concentrated at P1

and Ps1 during diastole. However, many loads are concentrated at

P1, Ps1, Ps3 and the region between P1 and Ps1 during systole. When

the results of modeling are reviewed, the load acting at P1 and the

Fig. 7. The radius change of blood vassel with stenosis ratio in the continuous flow (A) and pulsatile flow (B). (a) Stenosis ratio 30%, (b)
Stenosis ratio 50%, (c) Stenosis ratio 70%.
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region between P1 and Ps1 increases the diameter of blood ves-

sels, but it is expected that it may not have a significant impact on

destruction of blood vessels, if it is not operated over the limits of

elasticity of blood vessels. Because loads concentrated at Ps1 and

Ps3 are relatively higher than those in other regions, if the destruc-

tion of blood vessels occurs, this place is expected to occur. How-

ever, because the results of this study are made by modeling, it is

thought that it may be different from actual clinical cases.

Fig. 7 shows the changes in the radius of blood vessel based on

changes in the stenosis rate. Fig. 7(A) shows the change in the radius

of blood vessel in continuous flow. Radius displacement of blood

vessel is made due to elastic behavior of blood vessel as blood flow

is changed. Due to unstable blood flow in blood vessels where steno-

sis occurs, the phenomena occur in which pressure is increased and

blood vessel is swollen in the region ahead of stenosis. Such expan-

sion of blood vessels may cause an abdominal aortic aneurysm. The

criterion to determine abdominal aortic aneurysm is the increase of

the blood vessel diameter, which is 1.5 times as high as normal diam-

eter. The diameter of blood vessels is increased by more than 1.5

times in all models when the stenosis rate is 50% and Reynolds num-

ber is 1200, and in models 1 and 2 when the stenosis rate is 70%

and Reynolds number is more than 800. In addition, in model 3,

the diameter of blood vessels is increased by more than 1.5 times

when the Reynolds number is more than 1200. Thus, it is thought

that an aneurysm occurs. When the stenosis rate is the same, the

biggest change in radius is shown in model 2 and the smallest change

is shown in model 3. In addition, the bigger changes in radius are

shown with increasing stenosis rate and Reynolds number. Unlike

changes in the radius of blood vessel in region ahead of stenosis,

there are almost no changes in the radius of blood vessel in regions

after stenosis. Therefore, it is thought that shape of stenosis does

not affect the changes in the radius of region after stenosis. Fig. 7(B)

show the change in the radius of blood vessel in pulsatile flow. When

the stenosis rate is low during diastole, the radius of the blood vessel

tends to be decreased in the region ahead of Ps1. However, the vaso-

constriction caused by such reduction of the radius of blood vessel

is restored again by the elastic behavior of blood vessels during sys-

tole. However, the radius of blood vessels is increased and the phe-

nomenon of swelling blood vessels is shown in the region ahead of

Ps1 with increasing stenosis rate and Reynolds number. Due to the

nature of unstable blood flow with increasing stenosis rate, exces-

sive contraction and relaxation of blood vessels are repeated and

then blood vessels lose the elastic property and high pressure is given

in this region. During diastole, the changes in the radius are the biggest

in model 2 and the smallest in model 3. However, changes in the

radius are almost not shown in the region after stenosis. When the

stenosis rate is 30% during systole, the radius of blood vessel tends

to be increased in the region after Ps3 due to the elastic property of

blood vessel as accelerated blood flow goes through Ps2 in region of

stenosis in models 1 and 2. When the stenosis rate is 50% in models

1 and 3, similar changes in the radius are shown. It is the highest in

model 2. When the stenosis rate is 70% in models 1 and 2, similar

changes in the radius are shown. It is the lowest in model 3.

Fig. 8 is the result of previous study showing changes in the radius

of blood vessels based on changes in the stenosis rate when the thick-

ness of wall of blood vessel is 1mm [14,15]. In the result of previous

study, the shape of stenosis part is the same as that in the model 1.

When the stenosis rate is 70% and Reynolds number is 1200 in thick-

ness of wall of blood vessel of 1mm, the radius of blood vessels is

increased by approximately 6.8 times. When the wall thickness of

blood vessels is 2mm, the radius of blood vessels is increased by

approximately 2 times. When compared with results of previous

studies, thickness of the wall of blood vessels affects the changes

in the radius of blood vessels.

Table 1 shows the maximum extended diameter of blood vessels

at pre-stenosed section. Table 1 shows the results when the thick-

ness of wall of blood vessel is 2mm (a) and 1mm (b), respec-

tively. According to clinical statistical data, when the diameter of

blood vessels is more than 4 cm, the aneurysm ruptures. When the

diameter of blood vessels is 4-5 cm, the risk of rupture is about 0.5-

5%. Fluid velocity, atherosclerotic material deformation, and athero-

sclerotic material internal stress were calculated. A stress of 300KPa

was used as the threshold to indicate high risk of atherosclerotic

material rupture. After data analysis, Li et al concluded that there is

a direct correlation between the degree of stenosis and the thick-

ness of the fibrous cap [31]. It is common practice for physicians

to perform surgery for stenosis greater than 70% due to high rupture

risks [33.34]. Li et al., show in the results that there is still a high

risk for rupture of stenosis between 30% and 70% depending on

the thickness of the fibrous cap. The critical thickness for this range

of stenosis was showed to be 0.5mm [31]. However, when the diam-

eter of blood vessels is more than 7 cm, the risk of rupture is in-

creased up to 20-40%. From the result of experiments with thick-

ness of blood vessels of 1mm, when the stenosis rate is more than

50%, the risk of rupture of aneurysm is shown. From experiments

with thickness of blood vessels of 2mm, the risk of rupture of aneu-

rysm is not shown. As the stenosis progresses, the diameter of blood

vessels is increased in all areas of stenosis. The diameter of blood

vessels is significantly increased as the thickness of wall of blood

vessels gets thinner. Increase in such stenosis rate and diameter of

blood vessels in all regions of stenosis is thought to increase the risk

of rupture of blood vessels together with occurrence of aneurysm.

The relationship between diameter and rupture of blood vessels of

abdominal aortic aneurysm is being reported through clinical cases

each year, and a high mortality rate is produced in the abdominal

aortic aneurysm. In addition, as atherosclerosis progresses, the walls

Fig. 8. A radius change of blood vessel (Blood vessel wall thickness
1 mm).
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of blood vessels gradually lose elasticity and then blood vessels get

thinner. Therefore, the change in the diameter of the blood vessels

is helpful to understand the relationship between occurrences of

atherosclerosis and aneurysm, and it is an important determining

factor to predict the rupture of aneurysm.

CONCLUSIONS

Blood flow in blood vessels in which stenosis occurs shows many

differences compared with that in a healthy condition. In addition,

hemodynamic characteristics are various based on the morphologi-

cal characteristics of blood vessels, and the possibility and progress

of aneurysm may vary. If stenosis forms in blood vessels, smooth

flow is disturbed and the pressure drop increases. The pressure drop

is increased and the changes in velocity are also shown significantly

with increasing stenosis rate and the Reynolds number. When the

stenosis rate is the same, the pressure drop in velocity is bigger in

symmetric structure than that in asymmetric structure. Changes in

the WSS show the maximum value in all regions of stenosis and

the minimum value is shown in the part of stenosis. The minimum

shear stress is formed in different locations based on the stenosis

shape model. It is thought that the regions with high shear stress

may destroy or damage blood endothelial cells, and the regions with

low shear stress may damage the blood vessels by increasing stagna-

tion time of blood flow. The maximum WSS is increased and the

minimum WSS is decreased with increasing stenosis rate and Rey-

nolds number. Because the occurrence of stenosis in blood vessels

may affect the elastic behavior of blood vessel walls, it is expected

that the pressure is increased due to unstable blood flow and an an-

eurysm, which is the phenomenon of swelling blood vessel, occurs

in all regions of stenosis. The radius of blood vessels is increased

in all regions of stenosis with increasing stenosis rate, and it is ex-

pected that the stenosis shape has a big impact on changes in the

radius of blood vessels.Through such studies, it is thought that charac-

teristics of blood flow in the abdominal aorta where stenosis is formed

will be helpful to understand the mechanism of growth of athero-

sclerosis, and the occurrence and rupture of abdominal aortic flow.
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