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Abstract

In the clinic, atherosclerosis has been associated with abnormal physiological conditions, such as high cholesterol level,
high blood pressure and diabetes, but the mechanisms by which they are linked have not yet been determined. In recent
years, hemodynamic factors have been found to have a great influence on atherosclerosis. In particular, wall shear stress
(WSS), an important factor in atherosclerosis from the development of early lesions to the rupture of later plaques, is now
one of the most important risk indicators of atherosclerosis. Here, we used a numerical investigation to determine the
impact of four physiological parameters on vascular wall stress (including WSS and wall pressure) in the right coronary
arteries, in order to assess their influence on atherosclerosis risk. Each parameter was investigated both separately and
in integrated models. The results indicate that the blood flow rate has the most significant influence on WSS and plays
a decisive role in the variation of WSS under normal physiological conditions. Blood pressure had a minor influence on
WSS under conditions of a flexible vessel wall, but this effect was lost in the absence of flexibility. Blood viscosity and

vascular elasticity could also affect WSS directly, but in vivo their influences were negligible.
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1 Introduction

Atherosclerosis is an inflammatory disease occurring
principally in large-and medium-sized elastic and mus-
cular arteries. It can lead to ischemia of the heart, brain
or extremities, resulting in infarction [1]. Nowadays, it has
become the leading cause of morbidity and mortality in
the world [2]. The process of atherogenesis involves mul-
tiple systems and can last for decades; the earliest lesions
are even found in infants and young children [3]. Finding
the cause of atherosclerosis has become one of the tough-
est missions in modern medical research.

One of the important research questions is how ath-
erosclerosis is linked with physiological conditions, such
as blood pressure and viscosity. In previous investiga-
tions, it has been found that hypertension is associated
with not only the formation of atherosclerosis [4, 5] but
also the development of atherosclerotic plaques [6-8].

A three-year follow-up study [9] showed an additional
0.005-0.012 mm/y progression of intima-media wall
thickness (IMT) for every mmHg increase in blood pres-
sure. There are also several lines of evidence suggesting
that elevated blood viscosity can increase the risk of ath-
erosclerosis [10-12]. All of these studies were conducted
through clinical investigations; their results show a rela-
tionship between an abnormal physiological condition
and atherosclerosis, but do not explain the mechanism
by which this occurs.

Over recent decades, hemodynamic factors, particularly
WSS [13-16], have been proven to play an important role in
atherosclerosis. The changes to hemodynamics caused by
physiological parameters could be the key to explaining the
connection between abnormal physiological conditions and
atherosclerosis risk. In order to explore this theory, we exam-
ined the impact of four common physiological parameters
on VWS, These included blood pressure, blood flow rate,
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vascular elasticity and blood viscosity. They were investi-
gated separately under steady flow and together under
normal physiological conditions. The findings can provide
important theoretical guidance and beneficial biophysical
insights into atherosclerosis prevention and treatment.

2 Materials and methods
2.1 Model geometry

In blood vessels, the distribution of WSS is greatly affected
by the vessel's geometry. To obtain accurate results, an accu-
rate vessel model is required. Recently, medical image-based
computational models have been used in many hemody-
namics studies [17-19] due to their detailed nature. In this
work, we used this technology to study the right coronary
artery (RCA). The model, obtained from a 45-year-old healthy
male, is shown in Fig. 1. In order to ensure the accuracy of
the calculations, only the main branch (red line) was used.
The internal diameter of the inlet is 3.7 mm and the outlet
is 2.9 mm. The wall thickness varies, measuring 20% of the
internal diameter [20].

2.2 Computational method

To model the fluid—structure interactions (FSI), ANSYS-CFX
software was used. High Resolution and Second Order
Backward Euler were employed for advection scheme and
transient scheme, respectively. The Navier-Stokes equa-
tions, coupled with elastodynamics equations, were applied
simultaneously to describe the fluid domain, as well as the
fluid—solid interactions [21]. The changes in the shape of the
numerical domain, due to fluid—solid interactions, made re-
mapping and re-meshing necessary during the numerical
process, and large deflection theory was taken into consid-
eration. The convergence criterion for all equations is 1079,
and they are solved using double precision. The mass and
momentum conservation equations for an incompressible
fluid can be written as:

inlet
|
flow
outlet

(M

Left view Front view Right view

Fig. 1 The geometry of right coronary arteries
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where p is the density, v the velocity field, p the pressure
and 7 is the stress tensor, with a relation of 7 = y,, - 7.
Here, p,,, is the apparent viscosity, depending on wall
shear strain rate.

The equation describing the solid domain is:

psd; = V5, +1, (3)

where p, is the density of the solid domain, @; is the local
acceleration of the solid domain, &, is the Cauchy stress
tensor, and E is the body force vector.

The Carreau-Yasuda model [22, 23] was used to model
the shear-thinning properties of blood.

p= e + (o — )1 + (A7) @)

where p,=0.056 Pa s, u,=0.0035 Pa s, A=3.313 s,
n=0.3568 [24, 25].

2.3 Boundary conditions

The density of blood was 1060 kg/m3, and the vessel wall
was considered a linear elastic, isotropic and homogene-
ous material with a density of 1150 kg/m?>.

The default values for the four parameters, blood pres-
sure, blood flow rate, vascular elasticity and blood viscos-
ity, under steady flow, are shown in Table 1. To eliminate
the influence caused by wall deformation when other
parameters were studied, the default value for vascular
elasticity was set to be 1000 MPa—the vessel wall was
assumed to be rigid. All the parameter values under steady
flow were within normal physiological ranges.

The pulsatile blood flow waves and aortic pressure in
the RCA are shown in Fig. 2. Blood pressure was used as
the outlet boundary, while the blood flow rate was the
inlet. Under normal physiological conditions, the heart
rate was assumed to be 75 bpm.

3 Results

3.1 Blood pressure

As people age, blood vessels lose flexibility and become
stiffer; one of the consequences of which is an increase in

blood pressure. As atherosclerosis is associated with age, it
is therefore possible that blood pressure is a contributing

Table 1 The default parameters under steady flow

Blood pressure Blood flow rate Vascular elas-
(KPa) (ml/s) ticity (MPa)

Blood viscosity
(Pa's)

16 1 1000 0.0035
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Fig.2 Flow waveform used for boundary condition based on wave-
forms obtained from phase-contrast MRI velocity measurements
in vivo [26]

factor. Keeping the other three parameters constant as in
Table 1, the WSS distribution under different blood pres-
sures was calculated and is shown in Fig. 3a. It can be seen
that there were mainly two low-WSS regions in the system,
which is in agreement with former research [27]. Region 1
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was in the area where the direction of flow changed radi-
cally, and region 2 was on the inner wall of the curved seg-
ment. In particular, region 2 is a common location for ath-
erosclerosis in patients. From the picture, it appears that
the variation of blood pressure had no influence on WSS.
The limit values of WSS in the system also verified this con-
clusion, as seen in Fig. 3b. The limit values for wall pressure
are shown in Fig. 3c. The pressure difference between the
upper limit (inlet) and lower limit (outlet) remain constant,
about 0.15 kPa.

Although blood pressure had no influence on WSS,
under normal conditions blood vessel walls are flexible,
not rigid. Importantly, variations in blood pressure can
affect the deformation of the vessel wall. Keeping vascular
elasticity at 1 MPa, the WSS under different blood pres-
sures was calculated and can be seen in Fig. 4a. In contrast
to the rigid-wall model, the low-WSS region expanded
notably when blood pressure increased. The limit values in
Fig. 4b demonstrate that WSS decreases as blood pressure
increases. However, the effect was limited, about 0.036 Pa
for every kPa increase.

SRR N.
4 kPa 8 kPa 12kPa 16 kPa

@) ' l

4 kPa 8 kPa 12kPa 16 kPa
(c) 7 V7 Lower limit
16 Average
] XY Upper limit

Pressure (kPa)

0 4 8 12 16

Blood pressure (kPa)

Fig. 3 VWS under different blood pressures in the rigid-wall model. a Distribution of WSS, b limit values for WSS, ¢ limit values for wall pres-

sure
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3.2 Blood flow rate

Figure 5 shows the VWS under different blood flow rates.
As the flow rate increased, the WSS of the whole system
increased rapidly. The lower limit of WSS increased by
1 Pa for every ml increase in blood flow rate. In Fig. 5¢, it
can be seen that a high blood flow rate can also increase
wall pressure, which according to Fig. 4b will indirectly
decrease WSS in a normal deformable blood vessel. How-
ever, the effect of blood pressure on WSS was very limited,
thus WSS is in proportion to blood flow rate.

3.3 Vascular elasticity

From the study of blood pressure, it can be seen that vas-
cular elasticity could impact WSS. Besides aging, lifestyle
factors can also affect the flexibility of vessel walls, such
as diet, drinking and smoking. The loss of elasticity might
contribute to the growing incidence of atherosclerosis
among young people.

The distribution of WSS under different vascular elas-
ticity is shown in Fig. 6a. As elasticity decreased, the
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areas of low-WSS region shrank. From Fig. 6b, it can be
seen that as elasticity declined, the upper limit of WSS
decreased and then increased, while the lower limit rose
steadily and eventually leveled off at 0.86 Pa. Both limits
exhibited only minor changes, less than 0.5 Pa, which
could explain the limited influence of blood pressure
under conditions of a flexible wall. Wall pressure also
increased as vascular elasticity declined, which will fur-
ther lessen its impact on WSS in normal arteries.

3.4 Blood viscosity

Figure 7 shows the influence of blood viscosity on VWS.
Unlike the other three parameters, the change of blood
viscosity affected the distribution of WSS. As viscosity
increased, region 1 remained while region 2 perished.
Similar to the effect of blood flow rate, increases in vis-
cosity caused rapid increases in the limit values for WSS
and wall pressure (Fig. 7b, c).
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Fig.4 VWS under different blood pressures in the deformable-wall model. a Distribution of WSS, b limit values for WSS, ¢ limit values for

wall pressure
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Fig.5 VWS under different blood flow rates. a Distribution of WSS, b limit values for WSS, c limit values for wall pressure

3.5 Combined influence

To approximate a normal physiological state, the pulsa-
tile blood flow rate and aortic pressure from Fig. 2 were
applied as the inlet and outlet boundaries, respectively.
The Carreau-Yasuda model (Eq. 4) was used to accommo-
date the shear thinning behavior of blood and vascular
elasticity was fixed at 1 MPa. To examine the combined
influence of the different factors, the distribution of WSS
was assessed under conditions of the normal artery, rigid-
wall and Newtonian blood flow (Fig. 8). Two extreme
moments (t=0.04 and t=0.2) were selected for different
flow state.

When blood flow rate decreased, the lower limit of WSS
went down by 0.46 Pa. Given the fact that blood pressure
decreased and blood viscosity increased during the pro-
cess, blood pressure and viscosity would both lead to an
increase in WSS. In Fig. 8d, the biggest difference of lower
limit between the normal model and rigid-wall model was
around 0.15 Pa when flow rate reached its highest. The
difference between normal model and Newtonian-blood
model was about 0.1 Pa at both moments, and since the
viscosity of non-Newtonian blood is always higher than

Newtonian blood, the effect on WSS caused by blood
shear-thinning properties should be smaller than 0.1 Pa.
Therefore, the total reduction of WSS caused by a lower
flow rate should be around 0.71 Pa, indicating blood flow
rate played a decisive role in the changes of WSS under a
normal physiological state.

4 Discussion and conclusion

The human body is a unified whole and a small change can
have a huge impact over time. After decades of accumu-
lation of lipids in the intima, atherosclerosis can clog the
vessel and endanger life. The formation of atherosclerosis
is very complicated and associated with many factors, such
as age, gender, diet and certain diseases [28, 29]. There are
studies showing that people with hypertension and hyper-
lipidemia are more likely to develop atherosclerosis [30,
31]; however, the mechanism by which these physiologi-
cal conditions are linked to atherosclerosis is still unclear.
In this work, by investigating the influence of physiologi-
cal parameters on VWS, we were able to establish a con-
nection between these parameters and hemodynamic
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Fig. 6 VWS under different vascular elasticity. a Distribution of WSS, b limit values for WSS, c limit values for wall pressure

factors. The link between abnormal physiological condi-
tions and atherosclerosis risk was explained in terms of
hemodynamics.

Our data show that even though blood pressure can
directly affect the pressure on the vessel wall, alone it
had no influence on WSS. Nonetheless, when combined
with a deformable vessel wall, blood pressure could
indirectly influence WSS. However, the effect was very
limited, only about 0.036 Pa for every kPa increase. Blood
flow rate changes constantly in vivo, and it had a great
impact on both WSS and wall pressure. When flow rate
went down, WSS decreased in a near linear fashion. Addi-
tionally, in a normal physiological state, blood flow rate
played a decisive role in the variation of WSS, indicat-
ing that it is a principal risk factor for atherosclerosis.
Although vascular elasticity deterioration has long been
recognized as an important cause of atherosclerosis in
the elderly, the data showed only a minor effect of vas-
cular elasticity on WSS. When the vessel wall became
stiff, low WSS increased slightly and then leveled off,
which could explain the limited effect of blood pressure
on WSS. Similar to the blood flow rate, blood viscosity
also had a great influence on WSS and wall pressure. A
higher viscosity was associated with a notable increase
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in WSS; however, because of the shear-thinning behavior
of blood, variations in viscosity in vivo only had a minor
influence on WSS.

So through the results, it can be seen that high blood
pressure, low blood flow rate, good elasticity of vessel
wall and low blood viscosity could decrease WSS, which
according to the low WSS theory [32-35] will promote the
formation of atherosclerosis. The first two parameters are
in accordance with what is observed in patients, while the
latter two are not. That is because these parameters do not
work in isolation in the body. Although a loss of elasticity
and increased blood viscosity can cause slight increases in
WSS, they also notably increase blood pressure (Figs. 6¢,
7¢) which would increase the load on the heart, causing
the blood flow rate to decrease. And since the blood flow
rate is the dominant factor in WSS, these changes in elas-
ticity and viscosity will decrease WSS more than they will
increase it, and along with it, the risk of atherosclerosis.
Moreover, besides the effect on WSS, high blood pressure
can also affect the permeability of lipids by dilating blood
vessels, increasing the space between endothelial cells.
One fact is that atherosclerotic lesions do not develop
in veins, but they do indeed when the veins are used as
arterial bypass grafts where they are subjected to high
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pressure [36]. Thus, low blood flow rate and high blood  still some other views and theories [1, 37]. Our conclusion
pressure are both critical risk factors for atherosclerosis. is based on the low-WSS theory, and it matches well with

There are several limitations to our study. Although WSS clinical research. Even if there is new evidence in the future
is considered a major factor of atherosclerosis, there are  to support other theories, the influences of physiological
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parameters on wall stress, as in this study, are still valid.
Moreover, we have made some simplifications to the cal-
culation, such as ignoring side-branches and the assump-
tion of vascular isotropic elasticity, which may have caused
a certain deviation from the actual. However, the influence
is limited; consistent with other research. This shows that
our results are credible.
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