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Previous research has observed concentration polarization in LDL and HDL in the arterial system. However, there is no report
that links this concentration polarization to the development of vascular atherosclerosis (AS). Therefore, the purpose of this study
is to establish the relationship between concentration difference of LDL and HDL and shear stress using a carotid bifurcation
vascular model. PTFE was employed to create the carotid bifurcation model. Endothelial cells were coated on the inner wall of the
graft. In a recirculation system, HDL and LDL concentration were measured under two different ICA flow velocities at 5 different
locations within our model. We report the following: (1) LDL and HDL concentration difference was observed in both high flow
and low flow environments; (2) the degree of LDL and HDL concentration polarization varied depending of high flow and low
flow environment; (3) absolute values of concentration difference between LDL and HDL at the inner wall surface decreased with
the increase in shear stress when shear stress was more than 1.5 Pa. This variation trend would be more pronounced if shear stress
were less than 0.5 Pa. Our study suggests that under the action of shear stress, concentration differences of LDL or HDL create a
disturbance in the balance of atherogenic factors and anti-As factors, resulting in the occurrence of AS.

1. Introduction

Epidemiology has demonstrated that concentration incre-
ment of low-density lipoprotein (LDL) and concentration
decrement of high-density lipoprotein (HDL) in blood are
independent risk factors for the development of atheroscle-
rosis (AS) [1, 2]. They assume opposite roles: the former
is a harmful lipoprotein while the latter is protective [1–4].
In the majority of cases, AS is found to be located at the
bifurcations, bends, or stenosis sites of the artery. In these
areas, blood flow is disturbed resulting in flow separation
and vortex zone, which is termed localization of AS [5, 6].
Studies have revealed that reasons resulting in localization of
AS include the following: (1) shear stress appearing at the
surface of vascular wall and (2) areas of disturbed blood flow
leads to its slowing and thus, gives LDL considerable time to
interact with the inner wall. As a result, an increasing number
of LDL can penetrate the vascular wall.

At present, research has observed concentration polariza-
tion in LDL and HDL in the arterial system; these studies
also revealed that polarization degree is related to shear
stress. Lipid concentration polarization plays an important
role in AS development [7–10]. In our research on HDL
concentration polarization, we found that under high shear
stress circumstance, HDL concentration on the inner surface
of vascular wall is inversely proportional to shear stress [10].
This result appeared to contradict with the accepted protec-
tive effect of HDL. Based on this observation, the following
have been assumed: AS is a result of concerted action of mul-
tiple factors and a conclusion cannot be drawn from HDL
concentration of the inner surface of vascular wall alone.
Under high shear stress circumstance, HDL concentration
absolute value will decrease; the protective effect for pre-
venting AS development appears to decrease. However, when
integrated consideration with LDL concentration is made,
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can it show the interactive function of concentration polar-
ization of different density lipoproteins in AS development?

On the above-mentioned aspects, we studied the rela-
tionship between concentration difference of LDL and HDL
on the inner surface of vascular wall and shear stress based
on a carotid bifurcation vascular model which designed to
mimic the configuration of the human carotid artery [10].

2. Material and Methods

2.1. Experimental Model. Semipermeable poly tetra fluoro
ethylene (PTFE) was employed to create the carotid bifurca-
tion model. The inner diameter of each region of a human
carotid artery was measured by Doppler ultrasound and
computerized tomography angiography (CTA) (Figures 2(c)
and 2(d)). The measurements were amplified at a rate of
1 : 1.5 (Table 1) to create the bifurcation model of carotid
artery that was subsequently coated with endothelial cells on
the inner wall of the model to induce the endothelialization
of the inner wall of the model as shown in Figure 1 [10, 11].

As shown in Figure 2(a), the model included the com-
mon carotid artery (CCA), external carotid artery (ECA),
internal carotid artery (ICA), and internal carotid artery
sinus (ICAS). The low shear stress core region and its
margins were marked on the model. The low shear stress core
region was marked as point 5, and the proximal and distal
margins were marked as points 3 and 4 (Figure 2(b)). The
measuring points of the inner diameter of the CCA and the
inner diameter of the ICA were used as control points and
marked as points 1 and 2 (Figure 2(b)). In addition, the final
model is provided in the schematic diagram in Figure 3(a),
and the schematic diagram of the experimental system was
shown in Figure 3(b). The whole recirculate system was
composed of the upstream reservoir, the model, the flow
meter, a centrifugal pump, and the downstream reservoir,
connected with tubes. The system is connected with tubing
form a complete circuit. A centrifugal pump would pump
the fluid from the downstream back to the upper reservoir to
establish the circuit. (The fluid was conserved by a reservoir
with adjustable height. Before entering the model, the fluid
would pass through a segment of straight and horizontal
tube. After leaving the model, the fluid flowed forwards to
a downstream reservoir through tubes with flow meter. A
pump would suck the fluid of the downstream reservoir
back to the upper one in order to establish a circulation.)
A threshold bar in the upper reservoir could automatically
introduce extra fluid back into the downstream container
to maintain a stable experimental water stage. The flow
direction was shown by arrows (Figure 3(b)).

2.2. Numerical Simulation Methodology. To simplify the
analysis, the following assumptions were made: (1) the
circulating liquid is incompressible Newtonian fluid; (2) the
flow is a steady flow; (3) the wall of bifurcation model is
permeable to plasma and has a filtration rate of the order
of 106 cm/s. If the volume power, heat exchange, and other
physical and chemical factors are not considered then
the equations provided in the footnote can be employed.

Table 1: The inner diameter of carotid artery measured by Doppler
ultrasound and CTA and the model measurements obtained by
amplifying the actual values by 1.5.

Measuring position
Measuring size

(mm)
Model size (mm)

Common carotid
Artery (CCA)

6.5 9.8

Internal carotid
Artery (ICA)

4.9 7.4

External Carotid
Artery (ECA)

4.2 6.3

Internal carotid
Artery sinus (ICAS)

7.8 11.7

Figure 1: Observation of cell growth and cell arrangement with
a converted microscope after implanting the inner surface of the
carotid bifurcation model (magnification ×100).

The first formula is a continuity equation and the second
formula is an equation of motion where ui is the velocity
of flow field, P is the fluid pressure, ρ is the fluid density
and μ is the fluid viscosity. Because the basic equations
mentioned above are intensive non-linear equations, the
Finite Volume Method (FVM) was employed as it is the
most commonly used numerical method for resolving this
type of mathematical problem at present [12]. The FLUENT
software is hydrodynamic calculating software based on the
FVM and it is the CFD software applied most widely utilized.
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The boundary conditions are

u(x, 1, t) = 0, v(x, 1, t) = Vw
U0

,
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) = Uwm, v
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) = 0, c
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) = 1.
(2)

The bifurcation model was considered as a semiperme-
able membrane with a filtration rate of Vw.
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Figure 2: (a) Pictorial illustration of the carotid bifurcation vascular model. CCA: common carotid artery, ICA: internal carotid artery, ECA:
external carotid artery, ICAS: internal carotid artery sinus. (b) The distribution of the shear stress in the carotid bifurcation vascular model.
Color changes show the degree of shear stress. Blue represents the lowest shear stress while red is the highest. 1 and 2: control locations of
CCA and ICA; 3 and 4: anterior and posterior edges of the low shear stress region; 5: core region of the low shear stress area. (c) The Doppler
ultrasound image of carotid artery in long axis plane. (d) The CTA image of carotid artery in coronal plane.
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Figure 3: (a) Schematic diagram of the numerical simulation model (four different views angles). (b) The schematic diagram of the
experiment recirculation system. Indicating points are (1) upstream reservoir, (2) carotid bifurcation vascular model, (3) manometer, (4)
flow meter, (5) downstream reservoir, (6) centrifugal pump, and (7) slide pole.

2.3. Hydrodynamic Parameters of Blood Flow. The param-
eters of the blood flow in the model were controlled by
the particle image velocimetry (PIV) using a type PIV-400-
10 (TSI Company, Shoreview, MN, USA) and numerical
simulation (NS) [13]. The average flow velocity of ICA was
set at 0.559 m/s, which is the average flow velocity within the
ICA measured in the human body at 150 mmHg blood pres-
sure.

A solution prepared with 7.5% glycerol with a viscosity of
0.782 mPa.s and a density of 1.005 × 103 kg/m3 (for pre run
and stabilize the equipment) was measured by the Low Shear
30 (CONTRAVES LOW SHEAR 30 ISCOMETER, Swiss).
This viscosity was chosen because it was the same viscosity

as the M199 culture medium used for the endothelial cells.
Blood flow parameters determined were flow rate (mL/s) and
velocity of the circulation liquid through the model (flow
velocity, m/s).

2.4. Separation of HDL and LDL. Human plasma lipopro-
teins were collected and separated using the one-time den-
sity gradient ultracentrifugation method described by Zhang
and Liu [14]. HDL and LDL bands were collected from cen-
trifuged samples using a long syringe needle and were
dialyzed in a buffer containing 0.02 mol/L Tris-HCl, 0.85%
NaCl, 0.01% EDTA, and 0.01% NaN3 at pH 7.6. Dialysis
was performed at 4◦C in the dark for 6 hours each time
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Figure 4: Purity of HDL and LDL banding patterns in gel
electrophoresis after density gradient ultracentrifugation.

and completely repeated 4 times in order to remove sodium
bromide. Collected lipoproteins were stored at 4◦C following
filtration (storage and dialysis were performed under a
nitrogen atmosphere to avoid oxidation). Figure 4 shows the
high purity of the isolated LDLs and HDLs. In total, 100 mL
of circulation liquid was prepared for the experiments,
including 80 ml M199 medium and 20 mL of separated
human plasma lipoproteins (i.e., 10 mL LDL and 10 mL
HDL). Lipoprotein concentrations were determined with
an OLYMPUS automatic biochemical analyzer (OLYMPUS
automatic biochemical analyzer AU2700, Japan). The con-
centrations of LDL and HDL in the bulk flow (C0) were
0.575 mmol/L and 0.242 mmol/L, respectively.

2.5. Experimental Procedure. HDL and LDL concentration
were measured under two different ICA flow velocities at
5 different locations in the model. The low-speed group
had an average ICA flow velocity of 0.559 m/s (the average
flow velocity of ICA in human body under 150 mmHg
blood pressure), while the high-speed group had an average
ICA flow velocity of 1.451 m/s (the peak flow velocity of
ICA in human body under 90 mmHg blood pressure). Hy-
drodynamic parameters (i.e., blood flow in the low- and
high-speed groups) were measured and have been summa-
rized in Table 2.

After allowing the model to stabilize for 30 minutes,
50 μL samples were sequentially collected from each of the
5 locations and 5 samples were collected consecutively from
each location. The samples were collected 15 minutes apart
to ensure that samples were collected at a constant flow. The
collected samples were individually placed in polyethylene
tubes and stored protected from light in brown bottles at
4◦C. Lipoprotein concentrations were measured within 4
hours of collection. The ratio of the concentration of LDL
at the surface (ClS) to the concentration in bulk (Cl0) was
used as an index for concentration polarization of LDL. The
ratio of the concentration of HDL at the surface (ChS) to
the concentration in bulk (Ch0) was used as an index for
concentration polarization of HDL. Polarization of LDL and
HDL was considered to have occurred if the ratio was greater
than 1.000.

2.6. Statistical Analysis. The experimental result is shown in
mean number ± standard deviation (x ± s). Comparison
between multiple groups was performed using one-factor
analysis of variance, whereas comparison between two
groups involved the t-test. Data correlation contrast analysis
was performed using linear regression. The result was
deemed as a significant difference when P was below 0.05.

Table 2: Hydrodynamic parameters for low-speed and high-speed
flow groups.

Group Flow rate (mL/s) Flow velocity (m/s)

Low-Speed 60.62 0.559

High-speed 155.93 1.451

All statistical analyses were computed using the SPSS11.5
statistics package.

3. Results

3.1. The Surface Concentration of LDL and HDL at Low-Speed
Flow Group. See (Table 3).

3.2. The Surface Concentration of LDL and HDL at High-
Speed Flow Group. From Tables 3 and 4, LDL and HDL con-
centration polarization on the inner surface of carotid artery
bifurcation model was observed at every sampling point in
both two groups.

3.3. Relationship between Concentration Difference of HDL
and LDL and Shear Stress. LDL and HDL concentration dif-
ference on the inner surface of carotid artery bifurcation
model was observed.

Absolute values of concentration difference between LDL
and HDL on each sampling point of low- and high-speed
flow groups (Table 5) were compared. No statistic difference
was observed when absolute values of concentration dif-
ference between LDL and HDL on Sampling Points 1 and
2 were compared. However, statistical difference was noted
by comparing absolute values of concentration difference
between LDL and HDL on Sampling Points 3, 4, and 5; P
value was less than 0.05.

Comparing the ratio of LDL concentration at the inner
wall surface on each sampling point of low- and high-speed
flow group to concentration in bulk flow and the ratio of
HDL concentration at the inner wall surface to concentration
in bulk flow, the difference value showed the following: ratio
of LDL concentration at the inner wall surface in low-speed
flow to concentration in bulk flow was significantly higher
than HDL; the difference between these two values was a
positive value. However, the ratio of LDL concentration at
the inner wall surface in high-speed flow to concentration in
bulk flow was significantly lower than HDL; the difference
between these two values was a negative value. Statistical
difference was observed by comparing difference between
the ratios of LDL and HDL concentration at the inner wall
surface from these two groups to concentration in bulk flow.

As demonstrated in Figure 5, absolute values of con-
centration difference between LDL and HDL at the inner
wall surface decreased with the increase in shear stress when
shear stress was less than 1.5 Pa. This variation trend would
be more pronounced if shear stress were less than 0.5 Pa.
After shear stress increased to 1.5 Pa, absolute values of
concentration difference between LDL and HDL at the inner
surface of wall remained unchanged according to shear stress.
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Table 3: The surface concentration of LDL and HDL at low-speed flow group.

Sampling point Shear stress (Pa) Cls (mmol/L) (n = 5) Cls/Cl0 Chs (mmol/L) (n = 5) Chs/Ch0

1 1.921 0.576± 0.015 1.011 0.242± 0.005 1.008

2 1.537 0.581± 0.033 1.049 0.246± 0.006 1.025

3 0.448 0.696± 0.013��# 1.221��# 0.276± 0.005�# 1.150��#

4 0.297 0.744± 0.018��� 1.305��� 0.304± 0.008��� 1.292���

5 0.069 0.820± 0.028����## 1.439����## 0.352± 0.008����## 1.407����##

�P < 0.05 versus points 1 and 2, ��P < 0.01 versus points 1 and 2.
�P < 0.05 versus point 3, ��P < 0.01versus point 3
#P < 0.05 versus point 4, ##P < 0.01 versus point 4.
Cls: LDL concentration at surface.
Chs: HDL concentration at surface.
Cl0: LDL concentration in bulk flow.
Ch0: HDL concentration in bulk flow.

Table 4: The surface concentration of LDL and HDL at high-speed flow group.

Sampling point Shear stress (Pa) Cls (mmol/L) (n = 5) Cls/Cl0 Chs (mmol/L) (n = 5) Chs/Ch0

1 5.833 0.576± 0.015 1.011 0.242± 0.004 1.008

2 4.661 0.584± 0.006 1.025 0.244± 0.006 1.017

3 2.329 0.584± 0.152 1.025 0.250± 0.012 1.041∗

4 1.334 0.592± 0.130
�

1.042
�

0.252± 0.008 1.050∗

5 0.896 0.614± 0.151
��

����# 1.077
��

��# 0.262± 0.008∗∗� 1.092∗∗��#

�
P < 0.05 versus point 1,

��
P < 0.01 versus point 1.

�P < 0.01 versus points 2, ��P < 0.01 versus points 2.
∗P < 0.01 versus points 1 and 2, ∗∗P < 0.01 versus points 1 and 2.
�P < 0.05 versus point 3, ��P < 0.01versus point 3.
#P < 0.05 versus point 4, ##P < 0.01 versus point 4.
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Figure 5: Relationship between concentration difference of HDL
and LDL and shear stress.

Statistics revealed that on the inner wall surface of ICAS,
absolute values of concentration difference between LDL and
HDL at the inner wall surface were negatively correlated
with shear stress (r = −29.386, P = 0.022). After shear
stress increased to 1.5 Pa, concentration difference between

LDL and HDL at the inner wall surface was maintained at
a relatively constant lower level. No negative correlation was
observed.

Results revealed a concentration difference between LDL
and HDL at the inner wall surface, particularly on the inner
wall surface of ICAS.

4. Discussion

Concentration increment of LDL and concentration decre-
ment of HDL are independent risk factors for the develop-
ment of AS. They assume opposite roles. While the former is
a harmful lipoprotein, the latter is a protective one. The ma-
jor reasons for the anti-AS mechanism of HDL are as fol-
lows: participating reverse cholesterol transcription, anti-
LDL oxidation, and the protection of endothelial cells [15–
22]. In the atherogenic mechanism of LDL, there are more
ROS (O−•

2 , H2O2 and ect) in the area with low shear stress
because of increased expression of NADPH oxidase and
defect in oxygen transfer. This accelerates LDL oxidation
and generates Ox-LDL. Ox-LDL can induce expression of
vascular endothelial cell MCP-1 to result in adhesion and
migration of monocyte. Similarly, it can reduce expressions
of antiapoptotic proteins, Bcl-2, and c-IAP-1, by combining
specific receptors LOX-1 to induce cell apoptosis. Thus,
concentration polarization of LDL provides pathogenic Ox-
LDL with sufficient substrate, and in the setting of low
shear stress environment, makes the endothelial cells in these
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Table 5: Concentration difference between LDL and HDL on each sampling point on the inner vascular wall surface of carotid artery
bifurcation model.

Sampling points
CHLDL − CHHDL (mmol/L)

(n = 5)
RHLDL − RHHDL

(n = 5)
ClLDL − ClHDL

(mmol/L) (n = 5)
RLLDL − RLHDL

(n = 5)

1 0.334± 0.012 0.003 0.334± 0.029 0.003

2 0.340± 0.016 0.008 0.335± 0.017 0.024

3 0.334± 0.015 −0.016 0.420± 0.017�� 0.071�

4 0.340± 0.016 −0.008 0.440± 0.015�� 0.013��

5 0.352± 0.020 −0.015 0.468± 0.030�� 0.032�

CHLDL − CHHDL: Concentration difference between LDL and HDL at the inner wall surface in high-speed flow group.
CLLDL − CLHDL: Concentration difference between LDL and HDL at the inner wall surface in low-speed flow group.
RHLDL−RHHDL: Difference value of ratio of concentration between LDL and HDL at the inner wall surface in high-speed flow to concentration in bulk flow.
RLLDL − RLHDL: Difference value of ratio of concentration between LDL and HDL at the inner wall surface in low-speed flow to concentration in bulk flow.
�P < 0.05 versus RHLDL − RHHDL, ��P < 0.01 versus RHLDL − RHHDL; ��P < 0.01 versus CHLDL − CHHDL.

areas more vulnerable to the damage, and thus facilitates
occurrence of atherosclerosis [23–26].

Concentration polarization degree of HDL and LDL is
correlated with shear stress. However, the degree of HDL
polarization and LDL polarization is different under different
shear stress. As evidenced in Table 5, under high-speed flow
circumstance, shear stress at the inner wall surface of ICAS
(sampling point 5) increased when low-speed flow was com-
pared, and the LDL concentration polarization degree was
lower than HDL. This indicated that concentration polar-
ization degree of lipoprotein with different molecular weight
and size is different under different shear stress. We have fur-
thered the study on this phenomenon and proposed the con-
cept of “concentration difference” between HDL and LDL.

According to the phenomenon observed in experiments,
we compared the absolute values of LDL-HDL concentration
difference at the wall surfaces of every point in low- and high-
speed flow with difference value of ratio of concentration in
bulk flow. Statistical results revealed that in CCA and ICA
(sampling points 1 and 2), no obvious difference in absolute
values of concentration difference was observed. However,
in ICAS, absolute value of concentration difference between
LDL and HDL at the inner wall surface in low-speed flow
was significantly higher than that in high-speed flow; in
the ICAS area with wall shear stress less than 0.5 Pa, the
absolute value of concentration difference between LDL and
HDL at the inner wall surface was negatively correlated with
shear stress. In ICAS, a significant difference was observed
between the difference value of ratios of LDL and HDL
concentration at the inner wall surface in high- and low-
speed flow to concentration in bulk flow. In low-speed flow,
wall shear stress in ICAS part was lower, the difference
value between the ratio of concentration of LDL at the
inner wall surface to concentration in bulk flow and ratio of
concentration of HDL to concentration in bulk flow was a
positive value. In high-speed flow, wall shear stress in ICAS
was obviously increased, the difference value between the
ratio of concentration of LDL at the inner wall surface to
concentration in bulk flow and ratio of concentration of
HDL to concentration in bulk flow was a negative value. This
indicated that concentration polarization degree of LDL was
higher than HDL in low-speed flow and low shear stress, and

concentration polarization degree of HDL was higher than
LDL in high-speed flow and high shear stress.

We first proposed that in the situation with certain low
shear stress in the flow field, concentration polarization at the
inner wall surface of lipoproteins with different molecular
weights would change along with change in shear stress,
resulting in inconsistent concentration profile; this is referred
to as concentration difference. According to our study on
concentration difference, in low stress situations, the increase
in harmful LDL outweighs the increase in protective HDL.
Other studies have suggested that the occurrence probability
of AS angiocardiopathy would increase by 1%-2% if LDL
level increased by 1% or if HDL level reduced by 1% [27, 28].

5. Conclusion

In conclusion, we propose that the formation of AS may be
secondary to an imbalance between the proatherosclerotic
LDL and the antiatherosclerotic HDL. We demonstrated that
in low stress environment, the increase in LDL outweighs
the increase in HDL leading to AS. On the other hand, in
high stress environment, the increases in HDL outweighs
the increase in LDL which leads to a protective effect on
atherosclerosis.
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