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Abstract

The exploitation of computer modelling in the study of cardiovascular disease has recently gained significant
progress. In this study, the effect of microvessels stiffness on blood pressure and blood flow-induced wall
shear stress (WSS) was analysed numerically. Three microvessels with diameters of 100, 200 and 300
microns and respectively media thicknesses of 10, 20 and 30 microns, were designed. Then for each model, three
different elastic moduli of 0.4, 0.6 and 0.8 MPa were assigned. The blood flow within the microvessels was investigated
using CFD analysis. A fluid-structure interaction (FSI) multiphysics analysis was performed to observe the effect of
vascular stiffness on blood pressure and vice versa the effect of blood flow on the microvessel deformation. The result of
the analysis showed that increasing the stiffness of a vessel increases blood pressure and WSS, and as well as causes a
decrease in its deformability. The outcomes of this theoretical study shed more light on the understanding of
cardiovascular diseases roots and origin, especially in micron-sized vessels..
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Mikrodamarlarin Sertliginin Hemodinamik Uzerine Etkisi; bir FSI Analizi

Oz

Kardiyovaskiiler hastaliklarin aragtirmasinda bilgisayarla modelleme son zamanlarda Onemli ilerleme
kaydetmistir. Bu ¢aligmada; mikrodamar sertliginin kan basinci ve kan akigindan kaynaklanan ¢eper kayma
gerilmesi (WSS) {lizerindeki etkisi, sayisal yoOntemle analiz edilmistir. Calismada {i¢ mikrodamar
tasarlanmistir. Tasarlanan bu ii¢ mikrodamar 100, 200 ve 300 mikron c¢aplarinda ve sirastyla 10, 20 ve 30
mikron kalinlikta tasarlanmigtir. Daha sonra her mikrodamar i¢in malzeme 6zelligi olarak 0.4, 0.6 ve 0.8
MPa’lik ti¢ farkl elastisite modiilii uygulanmistir. Mikrodamarlarda ki kan akisi, CFD ydntemi ile analiz
edilmistir. Damar sertligindeki degisimin kanin uyguladig1 basing iizerindeki etkisini ve ayrica kan akiginin
damarin deformasyonu iizerindeki etkisini incelemek icin bir sivi-yapi etkilesimli (FSI) analizi
gergeklestirilmigtir. Analizler sonucunda: Damar sertliginin artmasinin kan basincint ve WSS'i artirdigini
ayrica mikrodamarin deformasyon kabiliyetini diislirdiigiinii gostermistir. Bu ¢alismanin sonuglari,
kardiyovaskiiler hastaliklarin 6zellikle mikron boyutlu damarlarda incelenmelerine 1g1k tutmustur.

Anahtar Kelimeler: Hipertansiyon, Ceper kayma gerilmesi, Damar sertligi, FSI analizi, CFD analizi.

1. Introduction Numerous factors, including nutrition (Casas,

Castro-Barquero, Estruch, & Sacanella,
Cardiovascular disease (CVD) is the leading 2018), sleep duration (Ren et al., 2018),
cause of death in the world, as a study genetic background (Borén et al., 2020), air

showed that a quarter of deaths was due to pollution (Miller & Newby, 2019) contribute
CVDs in 2010 (Lozano et al., 2012).

1271


https://orcid.org/0000-0002-8133-9836

Effect of Microvessels Stiffness on Hemodynamic; an FSI Analysis

to CVDs. CVDs can be classified in main
groups like atherosclerotic, cerebrovascular
disease, venous thromboembolism,
peripheral vascular disease, myocardial
infarction and cardiac arrhythmias or stroke
(Flora & Nayak, 2019). Any CVD has a
special characteristic and should be studied
in an exclusive pathology. In severe CVDs
cases, blood flow within vascular reduces or
completely stops. Blood flow reduction or
stopping within an artery is the consequence
of its blockage or rupture. Blood blockage in
coronary arteries can lead to a heart attack or
stent implantation (Dash, 2013). But in the
case of vessel wall rupture and bleeding in
vital organs like brain, it can damage the
surrounding tissues (Katt, Linville, Mayo,
Xu, & Searson, 2018).

Despite  tremendous advances in the
diagnosis and treatment of CVDs, the real
roots and mechanisms of rupture or blockage
of blood vessels are still less understood
(Markwald, Norris, Moreno-Rodriguez, &
Levine, 2010). Understanding factors,
background and mechanism that contribute to
this kind of diseases, can lead us to find
solutions and treatment strategies to reduce
and control mortality rate in CVDs.

Many studies suggest that always there is a
correlation between blood pressure and
CVDs (Yamagishi, Sawachi, Tamakoshi, Iso,
& Group, 2019), (Wu et al., 2015), (Franklin
& Wong, 2013). For example, O'Donnell,
M.J., et al. in a statistical study showed that a
reduction in blood pressure can reduce
ischemic and intracerebral hemorrhagic
stroke (O'Donnell et al., 2010). In a similar
study Rapsomaniki, E., et al., showed people
with a systolic blood pressure of 90-114 mm
Hg and diastolic blood pressure of 60—74 mm
Hg are in the lower CVDs risks compared to
those  with  higher  blood  pressure

(Rapsomaniki et al., 2014). Therefore,
clarifying the causes of hypertension looks to
be the first step in CVDs studies (Wu et al.,
2015), (Fuchs & Whelton, 2020).

Blood pressure physically can be explained
as the exerted force by blood on a vessel wall
area and, this is why the blood pressure
phenomenon IS investigated using
hydrodynamic principles (Yoganathan, Cape,
Sung, Williams, & Jimoh, 1988). Since blood
flow occurs within a flexible vessel, the
physical properties of both blood and vessel
structure are expected to be effective in blood
hemodynamics and exerted stress on the
vessel wall (Wang, Quaini, & Canic, 2018).
In this regard, computer modelling in
hemodynamic  analysis, parallel to
experimental studies gained more attention in
recent years (Vardhan et al., 2019),(Lipp et
al., 2020), (Mittal et al., 2016). For example,
Simone et al. study showed increases in
blood viscosity contribute to high blood
pressure (de Simone et al., 2005). Given that,
experimental studies require expensive
equipment and a great deal of data, computer
modelling, with all its limitations, seems to
be a powerful tool in hemodynamics studies
(Zhang et al., 2014). For instance, the
author's previous work showed that higher
blood viscosity in a stenosed artery could
significantly change pressure and wall shear
stress on the vessel wall (Ali & Onel, 2018).
Hoi Y et al. showed the result of
computational fluid dynamics (CFD) analysis
of the effect of the geometric variation on
cerebral aneurysms was very good agreement
with particle image velocimetry technique
analysis result (Hoi, Woodward, Kim,
Taulbee, & Meng, 2006). The handicap of
the recent two studies is that the vessel wall
was assumed as a rigid body. But blood
pulsatile causes deformation on the vessel
wall, which can affect blood hemodynamics
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significantly(Kallekar, Viswanath, & Anand,
2017).

Some researchers tried to simulate the
interaction between blood flow and vessel
wall using CFD analysis (Urquiza, Blanco,
Vénere, &  Feijéo, 2006), (Selmi,
Belmabrouk, & Bajahzar, 2019). Abdul
Khader, S.M., et al investigated the effect of
blood pressure on partially blocked carotid
artery wall deformation using a fluid-
structure interaction (FSI) model. Their
analysis revealed a higher blood pressure
caused a larger deformation on the artery
wall (Abdul Khader, Ayachit, Pai, Rao, &
Kamath, 2012). In a recent study Luo, K., et
al. investigated the effect of artery wall
stiffness on wall shear stress and found a
non-negligible difference in the result
between rigid and flexible models (Luo et al.,
2019). However, the effect of changes in
vascular  stiffness on  hemodynamics,
especially in the micro-sized arteries, has not
yet been studied. To overcome such a gap in
the literature, in this study the effect of
micro-sized arteries elasticity changes on
blood pressure, WSS and as well as exerted
stress on the capillary wall was investigated
using an FSI model.

2. Material and Methods

2.1 Microvessel Models

In this study, the microvessels lumen (L)
diameter was selected as 100, 200 and 300
pm. The three models denoted as MV-100,
MV-200 and MV-300 (Table 1). The
media/lumen rate was selected as 1/10 for all
the models (Boari et al., 2008). To obtain
more realistic velocity profile the length of
models (S) was selected twenty times of
lumens diameter (Wood, 1999) (Fig. 1).

Figure 1. Micro-vessels three-dimensional
model and geometrical parameters.

Table 1. The microvessels and those
geometrical dimensions.

Microvessel L (um) | M S (um)
model (um)

MV-100 100 10 2000
MV-200 200 20 4000
MV-300 300 30 6000

2.2 Material Properties And Boundary
Conditions

Blood flow was modelled as a non-
Newtonian fluid using Carreau viscosity
properties (Table 2). Also, blood was
considered as incompressible fluid with a
density of 1060 kg/m3 (Chong et al., 2017).

Table 2. Viscosity parameters of blood
Carreau model (Shibeshi & Collins, 2005)

Zero shear rate limit | 0.056 Pa-s
(o)

Infinite shear rate limit | 0.0035 Pa-s
(Ue) 0.0035 Pa-s

Relaxation time | 3.313 s
constant (A)

Power low index in | 0.3568
Carreau model (n)
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Blood flow within microvessels was
modelled as a pulsatile flow using Fraser et
al waveform

(Fraser, Meagher, Blake, Easson, & Hoskins,
2008), (Chong et al., 2017) using User
Defined Function (UDF) in ANSYS Fluent
(Figures 2 and 3).

A no-slip wall boundary condition was
applied to the blood and microvessel contact
region in CFD analysis (Siogkas et al., 2015).
The CFD analysis of the blood flow was
solved wusing Navier -—Stokes equations
(Soltani & Chen, 2013).
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Figure 2. Time dependent blood flow.
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Figure 3. Blood flow direction, coupling
domains and FSI region.

For simplification and avoid more
complicated finite element analysis the
microvessels were assumed to be linearly
isotropic materials (Amiri et al., 2019),
(Valencia, Ledermann, Rivera, Bravo, &

Galvez, 2008). To determine the effect of
lumen stiffness on the blood hemodynamics
within them three levels of elasticity (0.4, 0.6
and 0.8 MPa) (Ebrahimi, 2009) were
assigned to their material properties.

2.3. Solution and Convergence

Due to the nature of the pulsating flow of
blood, both CFD (blood flow) and structural
(vessel  deformation)  analysis  were
performed transiently. The blood and
microvessel domains were meshed using
tetranedral and  hexagonal  elements
respectively (Gomez, Vlad, Lopez, &
Fernandez, 2016) (Figure 4). The mesh
dynamically was updated for the fluid
domain at any sub-step, of pulsation of blood
flow. Result convergence analysis in CFD
calculation was performed using a residual
criteria value of 1e-5.

Figure 4. Mesh graphic of fluid (blood) and
microvessel domains

3. Results

As shown in Figure 2, the peak velocity of
blood flow was seen at around 0.08 seconds
of pulsation period, so, the maximum blood
pressure (systolic) and WSS were expected
to occur at this point. Therefore, in this study,
the blood pressure and WSS, as well as the
deformation and von-Mises stress in the
microvessel wall, were calculated at this time
of pulsation.
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3.1. Blood Flow

To probe blood flow modality the velocity
contour within the micro-vessel was
demonstrated in figure 5. As can be seen at
the very close distance from the inlet area,
the blood flow was fully developed,
therefore, we can rely on the CFD analysis
result. Moreover, Reynolds numbers were
calculated as 2.57, 5.14 and 7.72 for the MV-
100, MV-200 and MV-300 models
respectively. Such low Reynolds numbers
ensured us that blood flow is laminar in CFD
analysis.
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Figure 5. Blood flow velocity contour in
MV-100 model.

The blood velocity contour also shows a
decrease in the speed of blood flow from the
center to the wall. This phenomenon arises
from the no-slip wall boundary condition in
the microvessel wall.

3.2. Blood Pressure and WSS

To understand the effect of elasticity change
on blood pressure and WSS only maximum
magnitude of these quantities was plotted in
figure 6. Then the obtained values were
normalized by dividing to the result for
models with the lowest Young modulus (0.4
MPa). The Maximum pressure for MV-100,
MV-200 and MV-300 for the models with
the lowest elasticity were 12.2, 11.6 and 10.4
KPa respectively. Similarly, the maximum
WSS for the aforementioned models were
1088, 805 and 751 Pa, respectively.
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Figure 6. a) Normalized blood pressure and; b) WSS for all the models.

Figure 6 shows that with increasing
stiffness of the microvessel walls, both
blood pressure and WSS increased in all
the three models. This increase is more
pronounced in MV-100 model than in the
other two groups.

3.3.
Stress

Deformation and von-Mises

To observe the blood flow effect on the
microvessel body, the calculated diameter
deformation and von-Mises stress for each
model were presented (Figure 7).
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Figure 7. a) Diameter deformation and; b) von-Mises stress in the microvessels.

For all models, the deformation decreased
with increasing stiffness so that the
deformation of models with the elastic
modulus of 0.8 MPa is almost half of that
is for models with 0.4 MPa elasticity. In
terms of von-Mises stress, there is no
significant difference between models with
the same size and different stiffness.
However, von-Mises stress in models with
smaller diameter was higher than models
with a bigger diameter. The von-Mises
small changes with elasticity changes in
microvessels wall showed this parameter
change needs a significant variation in
microvessels' elasticity.

4. Discussion

As discussed in the introduction section the
cardiovascular diseases are very diverse
with different origins. In this work, the
effect of changes in vascular stiffness in
blood pressure and WSS was investigated
numerically. While vasodilation is known
as the most important way to control
hypertension (Giles, Sander, Nossaman, &
Kadowitz, 2012), its side effects are
always controversial (Nilsson et al., 2020),
(Okada et al., 2020). Therefore, finding the
causes and roots of hypertension and its
symptoms can be an effective step in
determining the treatment strategy. The
result of this theoretical study shows any
change in vascular stiffness can affect
blood pressure. As shown in Fig 6.b, for
example, doubling the stiffness of a
microvessel increased the pressure on it by

about 12%. This phenomenon can also be
generalized to WSS. But what highlights
the results of this study is the effect of

microvessel stiffness on its rate of
deformation. Because a  possible
correlation  between  blood  vessels

deformity and atherosclerosis or stroke
were showed (Tsai et al., 2013), (Yang et
al., 2014). For example, as shown in Figure
7. a, as the stiffness of the microvessel
doubles, its deformation is reduced to half.
In experimental studies of vascular disease,
this reduction in deformation can be
considered as a sign of hardening of the
vessel. Therefore, the results of this study
are a small step in identifying the causes of
hypertension and vascular disease.

5. Conclusion

The outcomes of this study can be listed as
below:

I- Microvessels stiffness change
affects blood pressure and
WSS.

- Microvessels deformation in

systolic time can significantly

decrease with an increase in its

stiffness.

The stress in a microvessel

structure that arises from blood

flow is affected minimally by

the microvessels' stiffness.

The result showed once again

that an FSI analysis can be used
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as a powerful tool in CVDs
studies.

V- Here, the effect of only one
parameter on blood pressure
was investigated, and a full
understanding of the factors
influencing hypertension
requires more experimental and
theoretical studies.
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