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Abstract Many cardiovascular diseases are closely asso-
ciated with hemodynamic parameters. The main purpose
of this study is mimicking a physiological blood flow in
stenotic arteries to provide an understanding of hemody-
namic parameters. An experimental setup was designed to
produce original pulsatile flow and measure pressure pulse
waves through a compliant tube. Moreover, a numerical
model considering fluid—solid interaction was developed
to investigate wall shear stress and circumferential stress
waves, based on the results of the experiments. Results
described elevated mean pressure by increasing stenosis
severity especially at the critical obstacle of 50 %, which
the pressure rose significantly and raised up by 10 mm Hg
that may cause damage in endothelial cells. Increasing in
stenosis severity led to: more negative wall shear stress and
more oscillation of shear stress at the post-stenotic region
and also more absolute value of angular phase difference
between wall shear stress and circumferential stress waves
at the stenotic throat. All of the aforementioned parameters
determinant the endothelial cell pathology in predication
of potential sites of progression of atherosclerotic plaques.
Therefore, results can be applied in study of plaque growth
and mechanisms of arterial remodeling in atherosclerosis.
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1 Introduction

Atherosclerosis is a major vascular disease and remains the
leading cause of world mortality [9, 14]. It has been widely
accepted that cardiovascular diseases are associated with
hemodynamic conditions [20]. Hemodynamic parameters
contribute to the initiation, localization and development
of stenosis as a major health risk [1, 17, 38]. Some of the
mechanical parameters that have been verified to be associ-
ated with development of arterial stenosis are as follows:
hypertensive pulsatile blood pressure and high cyclic cir-
cumferential stress (CS) on arterial wall [6], disturbed flow
patterns [15], low, excessive and highly oscillating wall
shear stress (WSS) [2, 4, 37], temporal variation of the
shear stress [26] and spatial wall shear stress gradient [18].

Among the abovementioned parameters, mean wall
shear stress (time-averaged WSS) and oscillatory shear
index (OSI) are two critical parameters, which play impor-
tant roles in mechanics of atherosclerosis [28, 30, 34].
From the pathological point of view, in some regions such
as bifurcations and stenotic sites, OSI has been shown to
be relatively high and mean WSS relatively low compared
to nearby sites [34]. In addition to the direct influence of
wall mechanics and fluid dynamics, mechanical stresses are
influenced by wall-flow interactions. Because of the flex-
ibility of arteries, the arterial wall displacement, which is
caused by the pressure pulse, affects the blood flow pattern.
Theoretical considerations of interactions between elastic
wall and blood flow significantly affect characteristics of
flow field and wall domain and therefore influence hemo-
dynamic parameters, particularly pulsatile wall shear stress,
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and pressure gradient waves in both healthy and stenotic
arteries [27].

A considerable number of studies, both experimental
and computational, have investigated effects of hemody-
namic parameters on blood flow and development of arte-
rial diseases [15, 27-29, 33, 36, 41]. Although scholars
have attempted to conduct experiments on cardiovascular
diseases, they performed under simplifying assumptions
overlooking some parameters such as physiological flow
condition, wall elasticity and fluid—wall interaction. Such
experiments focused on the flow downstream of the ste-
nosis, and particularly on the disturbances induced by the
stenosis; however, they failed to consider the effects of wall
elasticity [23]. However, most studies focused on the con-
ditions which may be related to artery collapse and plaque
cap rupture such as considerable compressive stress in the
tube wall and critical flow conditions like negative pres-
sure, high shear stress and flow separation [36].

Fluid—structure interaction (FSI) modeling and compu-
tational methods have been extensively employed in the
study of cardiovascular function and pathology, and also
blood flow characteristics through stenotic arteries have
been investigated under different assumptions [15, 27-29,
36]. In most studies blood flow has been restricted by some
assumptions such as steady flow [3, 36]; models of stenotic
arteries as rigid-walled tubes [3, 11] compliant wall under
static no-flow conditions [13, 22]; or disregarding effects
of arterial wall-blood interactions [3, 20]. The scope of the
aforesaid investigations was not extended into two param-
eters: (1) the relation between stenosis severity and shear
stress pulse and (2) the angular phase difference between
wall shear stress and circumferential stress waves due to
elastic wall-fluid coupling. These two parameters seem to
be determinants of endothelial cell pathology in predication
of potential site of stenotic plaque growth [8].
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The main purpose of this study is to provide a more
accurate understanding of hemodynamic parameters of
blood flow in models of stenotic arteries, considering
nearly realistic conditions of physiological blood flow. An
experimental setup was designed and developed to pro-
duce original pulsatile arterial flow. This setup is capable
of monitoring and measuring blood pressure waves for
carrying out experiments in different scales of symmetric
stenosis using a compliant tube similar to an elastic artery.
Moreover, a numerical model considering effects of FSI
was developed to investigate wall shear stress, circumfer-
ential stress waves and the phase shift between them, based
on the output of experimental setup. Given the concept of
stress phase angle, the wall-blood coupling was studied
through interaction of pressure flow pulses, and the conse-
quent cyclic shear and circumferential stress values were
evaluated. The results can provide a useful means to extend
scope of effects of stenosis on hemodynamic parameters
and mechanisms involved in plaque growth.

2 Methods
2.1 Experimental setup

The setup is shown in Fig. 1, and it is capable of produc-
ing a flow wave similar to that of an original physiologi-
cal blood flow in desired arteries and also detecting and
measuring the consecutive blood pressure and pressure
difference waves in real time (Fig. 1), given the flow wave
pattern as the input. For the current study, a model of the
brachial artery was chosen due to the availability of its
physiological flow wave and pressure pulse data, together
with its mechanical and geometrical parameters. In addi-
tion, the brachial artery is highly compliant and the effects
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of elasticity of the wall on flow patterns are prominent.
Within the human body most of the arteries are less dis-
tensible; however, even in those cases it is important to
know how the compliance of that artery might contribute
to the flow regime specifically when luminal obstruction is
involved. Hence, although brachial arteries are less prone
to atherosclerotic plaque formation, for a typical distensi-
ble artery the influence of wall elasticity on the flow can be
studied when the artery is obstructed with different scales
of stenosis. See Appendix for more details about the exper-
imental setup.

2.2 Experimental protocol

Before running each experiment, the pump was discharged
of any remaining bubbles using discharge valves arrayed
on both transducers. Calibration of the pump was then
accompanied to minimize probable errors in producing the
original flow and in measurement system using Chart for
Windows™ v5.0.1 software, which the output signals of the
transducers were adjusted to the real numerical values.

The initial experiment simulated the flow in a healthy
brachial artery. The blood flow wave of brachial artery was
set to the pump to produce an original arterial pulsatile flow
[24]. Mean flow rate, Q, was equal to 3.66 (ml sh, and the
frequency of the wave, o, was 1.16 (Hz) (70 heart BPM).
The fluid (a mixture of water, 65 % by weight; glycerin,
35 % by weight) was chosen to be a Newtonian fluid with a
viscosity of i = 3.5 (cP) and density of p = 1050 (kg m?),
to mimic the density and viscous properties of blood in
large arteries [12]. The dimensionless parameters of Reyn-
olds (Re) and Womersley (N,,) numbers for flow in this
experiment were calculated as 297 and 1.4, respectively.
The values comply with published data for physiological
flow conditions of the same level arteries and are in close
analogy.35 The inlet, P, and outlet, P,, pressure waves were
detected by means of the data acquisition and processing
system, and consequently the pressure difference wave was
calculated.

The main experiment was designed and performed with
the aim to study the effect of different scales of symmet-
ric stenosis on pressure and pressure difference waves with
assumption of constant flow to distal part. The characteris-
tics of the flow wave and the setup were maintained consist-
ent with the previous experiment, except different scales of
symmetric stenosis were set to the elastic tube. The stenosis
profiles were generated by external constraints around the
wall of elastic tube as described above and shown in Fig. 2.
The degree of stenosis severity was defined as the degree
of reduction in cross-sectional area of lumen, varied as 5,
10, 20, 30, 50, 60, 70 and 80 % to investigate effects of
stenosis severity on hemodynamic parameters. To avoid the
circumferential effects on deformation within the stenotic

site and altered velocity pattern, boundary conditions were
allocated far enough.

2.3 Numerical analysis

The governing equations in fluid domain (continuity and
momentum conservation) for non-Newtonian modified
Casson model, in solid wall (elastodynamics equations),
and also fluid—solid coupling are considered in this study,
which are all discussed in detail in the appendix. Also the
numerical modeling and boundary conditions are discussed
in the appendix.

To verify accuracy of numerical simulation, results for
effective stresses at stenotic throat in different stenosis
severities (20, 50 and 70 %) were compared to the pub-
lished numerical results of Valencia and Baeza’s (2009)
[39] using ADINA software. All computational models
including elastic modulus, lengths, density, profile of ste-
nosis and viscosity of fluid were considered similar to those
used in Valencia and Baeza’s. The given results from our
simulation describe good agreements as shown in Fig. 3a.
Moreover, minimum and maximum effective stresses at
pre-stenotic zone for the stenosis severity of 50 % were cal-
culated to be 52.3 (kPa) and 88.1 (kPa), respectively, com-
parable to the reported values of 55 (kPa) and 84.9 (kPa)
[39]. Additionally, acceptable compatibility was achieved
between results of WSS in this study compared to those of
Kaazempur-Mofrad et al. [16] (Fig. 3b).

3 Results

3.1 Experimental results for models of stenosed
arteries with different severities

In accordance with experimental conditions, the results
for inlet and outlet pressure waves (P, and P,) for normal
and stenosed models with degrees of severities from 5 to
80 % are presented in Fig. 4a, b. Although luminal obstruc-
tion causes change in the inlet and outlet pressure waves,
the elevation of P, is dominant and changes in P, are less
noticeable.

In addition to the inlet and outlet pressure waves, lumi-
nal obstruction influences the pressure difference wave.
The pressure difference wave was evaluated by subtracting
the outlet (P,) and inlet (P,) pressure waves in real time,
measured by pressure transducers simultaneously. The
resultant pressure difference waves are shown in Fig. 4c.
The pressure drop is more intensified when the sever-
ity is elevated. Such effect is highly prominent in higher
grades of stenosis. The increased pressure difference is due
to increase in the resistance against the flow by stenosis.
Additionally, increased severity results in rightward shift of
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Fig. 2 a Transverse section of the meshed model, which was used
in numerical modeling, the wall section has 8-node hexahedral mesh
and the fluid field has 4-node tetrahedral mesh (see appendix). b
Geometry of the total model, including the stenotic area. Z; and Z,

peak of pressure difference as demonstrated in Fig. 4c. The
resultant pressure waves have been obtained from differ-
ent operating cycles of the pump and hence are presented
in averaged values. Due to accumulation of results figures
are not provided with error bars. To demonstrate deviation
of results, Fig. 4d shows pressure waves for a typical model
with stenosis severity of 60 % with error bars. The rest of
results indicate deviations within almost the same range.
The mean values of inlet pressures are calculated and
presented in Fig. 4 for different degrees of stenosis. In
lower scales of stenosis (lower than 60 %), alterations in
the magnitude of mean inlet pressure are small, beyond
that changes are considerable. Hence, to maintain a certain
flow due to metabolic requirements of distal tissues, the
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Fluid mesh

are longitudinal distances of start and end of stenosis from the tip of
arterial model, respectively, and the length of stenosis is shown in
Detail A. r and t are internal radius and thickness of the tube, respec-
tively. ¢ External housing and bolts for creation of the stenosis

pressure difference and inlet pressure have to be elevated.
The significant rise in the inlet pressure is highly promi-
nent after specific degree of stenosis, in current study about
60 % (Fig. 5). Such degree of stenosis describes a critical
condition, beyond which the mean inlet pressure has to be
elevated significantly to maintain the flow.

3.2 Numerical results for FSI models of stenosed
arteries with different severities

3.2.1 Model verification

Resultant P; values obtained from numerical modeling with
boundary conditions of P, and flow waves as experimental
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Fig. 3 Numerical validation: a comparison of time variation of effec-
tive stress for three different stenosis severities at stenotic throat with
Valencia et al. study, b comparison of WSS along the axisymmetric
stenotic artery (z) with § = 56 % and Reynolds number = 250 with
Kaazempour-Mofrad et al. study

parameters are presented in Fig. 6 for stenosis severities of
20, 50 and 80 %. The P, waves resulted from FSI modeling
are compared to those obtained from experiments.

Results indicate average values of deviation of 1.1, 1.1
and 1.07 % for models with 20, 50 and 80 % severities,
respectively. For maximum values of deviation these values
correspond to 4.7, 4.8 and 4 %, respectively. The results of
numerical modeling for P, values are in reasonable agree-
ment with experimental results, as the waves only differ by
the criteria of normalized root mean square deviation of
NRMSD = 0.01. The NRMSD is calculated by Eq. 1:

St (Pexpi—Prum)”
n

NRMSE = \/ (1

Pmax — Ppin

where 7 indicates total time steps in each cycle and P,
and P, correspond to experimental resulted and numeri-
cal calculated inlet pressures, respectively. Such accord-
ance enables calculation of shear and circumferential stress
values based on experimental conditions. To study details

of such stress waves, results are presented and discussed
in three separate regions: pre-stenotic, stenotic and post-
stenotic. Pre- and post-stenotic regions are defined as 1.5D
(1.5 times of lumen diameter) before and after the stenotic
region, respectively.

3.3 Wall circumferential stress

Figure 7 illustrates the circumferential stress waves for
models with three degrees of stenosis at three sites.

3.3.1 Wall shear stress (WSS)

In contrast to circumferential stress, wall shear stress
(WSS) increases significantly at the stenotic throat (Fig. 8).

The conduct of the WSS along the axis of the artery is
demonstrated in Fig. 9 through mean shear stress (the aver-
age value of shear stress during arterial pulse) and oscilla-
tory shear index (OSI) parameters.

3.4 Angular phase shift

It has been shown that angular phase difference between
wall shear stress and circumferential stress waves (stress
phase angle, SPA), which an endothelial cell in arterial wall
experiences, is a key parameter in endothelial cell pathol-
ogy [28, 29]. The higher absolute values of SPA describe
more critical conditions [28, 29].

Figure 10 indicates magnitudes of SPA based on the
experimental results and FSI modeling. The calculation of
angular phase difference is based on discrete Fourier trans-
form for the first eight harmonic frequencies, at the stenotic
throat for severities of 20, 50 and 80 %.

4 Discussion

Endothelial injury is the major determinant of atheroscle-
rotic plaque formation and progression [8, 42]. Local and
systemic hemodynamic factors such as WSS, CS and the
phase difference between them contribute to such phenom-
enon. In this study, the calculated stress values through
experimental setup and computational models were in
accordance with published data. The range of WSS for
specific arteries with 50-56 % stenosis severity has been
shown to be —0.2 to 6.5 (Pa) reported by Kaazempour-
Mofrad et al. [16] and —0.6 to 5.7 (Pa) reported by Lee and
Xu [19]. In this study, such values were within the range of
—0.5 to 7 (Pa). The peak WSS value for the healthy com-
mon carotid and brachial artery has been proposed to be
3.4 £+ 0.8 (Pa) and 3.9 £+ 0.8 (Pa) and for the mean WSS
value to be 1.15 £ 0.21 (Pa) and 0.48 £ 0.15 (Pa), respec-
tively [7].
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significant due to the critical severity, a systemic hyperten-
sion is manifest in real biological conditions. By assump-
tion of constant flow rate, if the inlet pressure is elevated
excessively, it is assumed that such trend cannot be main-
tained due to effects on systemic pressure. Hence, to avoid
such pressure rise, flow rate may decrease. This means
that by increase of stenosis severity, until the inlet pressure
reaches the critical point, the flow is set almost constant.

@ Springer

However, further increase in severity leads to blood defi-
ciency to avoid systemic hypertension.

The degree of critical severity might vary among differ-
ent arterial sites. Such degree depends on local geometry
and hemodynamic parameters. In this study, the critical
severity occurred almost at 50 %, which cased to 10 mm
Hg elevation in upstream blood pressure. Based on pre-
vious studies, 10 mm Hg pressure increase may result in
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endothelial cells damage [10]. For severities smaller than
50 %, to maintain flow rate, the inlet pressure increase was
less than 3 %. However, a further elevation of severity from
50 to 70 % caused an extra increase of 14 % in inlet pres-
sure. The value of critical severity changes when the radius
of artery and the value of blood flow are altered. In other
words, the critical degree of severity depends on arterial

23 2.4 2.5 2.6 2.7 2.8 29 3

site. Study of such value is of great importance in major
arteries at risk, such as coronary and carotid arteries.

While in general, by elevation of stenosis severity, the
maximum and minimum values of circumferential stress
waves (31.5-43 (kPa)) remained constant in pre-stenotic
site, such values were reduced in stenotic regions (from
the range of 31.5-43 (kPa) non-stenotic model to 13—-17.5
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Fig. 9 Mean wall shear stress
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model with different stenosis
severities. There is a peak value
of mean WSS at stenotic region,
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increasing stenosis. Also, the
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(kPa) for 80 % stenosis severity) due to increased plaque
thickness which makes the wall displacement smaller (from
1.1 x 107 (m) to 3.9 x 1077 (m) at the peak value) and
consequently the stress level smaller.

The circumferential stress pulse amplitude at the sten-
otic site decreased significantly as the stenosis was elevated
by the amounts of 8.3, 6.6 and 4.7 (kPa) for S = 20, 50 and
80 %, respectively, but it almost remained constant (11.5
(kPa)) at pre-stenotic region. Hence, for higher values of
luminal obstruction, the variation of circumferential stress
along the lumen axis is more prominent.

In post-stenotic section, small reductions in circumfer-
ential stress are observed. This is due to sharp pressure
drop in more severe stenotic region, which leads to lower
maximum post-stenotic pressure and consequently lower
circumferential stress. In critical conditions with significant
pressure drop the post-stenotic neighborhood undergoes
collapse [43]. In current study, for the model with 80 %
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Number of Harmonic Frequency

severity, the minimum value of post-stenotic CS was as
low as 30 kPa, while the values of CS at pre-stenotic region
remained almost constant. For idealistic models with high
values of pressure gradient, significant collapse has been
shown to occur in post-stenotic region [36].

In contrast to circumferential stress, wall shear stress
(WSS) increased significantly at the stenotic throat (Fig. 8).
Such increase was markedly intensified by elevated sever-
ity. Both maximum shear stress value and shear stress pulse
amplitude were elevated by increased severity. The magni-
tude of maximum shear stress increased 171 % from 20 to
50 % severity and 262 % from 50 to 80 % severity, and
shear stress pulse amplitude increased 150 % from 20 to
50 % and 253 % from 50 to 80 % severity. Additionally,
by elevation of stenosis severity, a more negative WSS was
observed at post-stenotic site. As can be inferred by nega-
tive values of WSS in Fig. 8, increased severity induced
more back flow and vortexes in post-stenotic region. For
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the severity of 80 %, the peak value of WSS dropped to
—3.7 Pa which might contribute to endothelial injury and
plaque progression in axial direction. For higher values of
luminal obstruction WSS fluctuated mostly with negative
values, describing potential pathological outcome such as
endothelial injury and post-stenotic axial plaque growth
[34].

The post-stenotic high variation of mechanical stresses
induced by stenosis severity manipulates the phase dif-
ference between shear and circumferential stresses. Since
WSS was reduced and the circumferential stress was
elevated at the post-stenotic site, as the stenosis of artery
became more severe, the stress gradient was intensified
along the axis of tube with higher severities resulting in
altered phase difference and possible pathological conse-
quences. Models with high grade of stenosis showed higher
elevation of WSS value at stenosis and higher reduction of
WSS distal to plaque.

Alteration in WSS pattern caused by disturbed blood
flow is a major determinant of endothelial damage along the
arterial tree through altered permeability to LDL and other
large molecules, platelet activation and aggregation [31].
Changes in WSS modulate diameter adaptive responses,
intimal thickening and thrombosis [31]. Maximum WSS
occurred at the throat of the stenosis. Very high shear stress
values may contribute to endothelial injury and be related
to platelet activation and aggregation [4, 31]. Results
showed that in higher stages of stenosis severity, WSS val-
ues (both maximum value and stress wave amplitude) were
significantly elevated. Figure 8 shows WSS wave at sten-
otic throat for different scales of stenosis. Unlike circum-
ferential stress, shear stress pulse is increased. For a highly
obstructed model (severity of 80 %) the value of WSS is
within the range of published data for endothelial damage.

Low and in some cases negative shear stress trigger
plaque formation and further growth of initiated plaques
[21]. In the post-stenotic region, WSS is reduced leading to
a negative value for high grades of stenosis (Fig. 8). Mod-
els with high grade of stenosis result in sharper reduction
of WSS distal to plaque and more intense fluctuation dur-
ing pressure pulse. Recirculation zones as a result of shear
stress patterns downstream of the tube intensify possibility
of transferring large molecules within the wall, including
lipids, which often are found in plaque composition [21].
Patterns of WSS in post-stenotic region shown in Fig. 8
suggest that the vulnerable site of further plaque formation
and progression is the post-stenotic neighborhood. This is
in agreement with findings that the post-stenotic segment is
of more pathological importance [26] and higher possibil-
ity of endothelial injury and plaque growth to even more
luminal obstruction before plaque rupture [4, 31].

At the systolic peak for the stenotic arteries, WSS at
the inner wall peaks at the neck of the stenosis reaches

the minimum value in the post-stenosis section and then
gradually recovers downstream until it levels off. The more
severe stenosis is the further down the location of mini-
mum WSS along the inner wall of the artery. The WSS at
the inner wall is significantly influenced by the presence
and severity of the stenosis (Fig. 9), especially in the post-
stenosis site. Additionally, the magnitude of OSI in the
post-stenosis region is noticeable especially for the higher
degrees of severity as it increases by elevation of luminal
obstruction. The high magnitude of OSI and low and even
negative values of shear stress after luminal obstruction
suggest the possible post-stenotic endothelial injury and
progression of the stenosis downward. It has been shown
that OSI values near 0.5 describe the situation in which
WSS exceedingly fluctuates with higher possibility of
endothelial damage [35]. In this study, severities of 50 to
80 % describe such situation.

As the stenosis becomes more severe, the angular phase
difference at first harmonic frequency tends to become
more negative at the post-stenotic site. Such trend at higher
scales of stenosis leads to critical environment on endothe-
lium, which suggests potential post-stenotic endothelial
injury and axial plaque growth [28]. As SPA values become
lower than —180 degree, increased LDL and possible
endothelial injuries have been proposed [25, 35]. In this
study, as described in Figs. 8, 9 and 10, the negative values
of SPA are closely correlated with negative values of WSS.

5 Conclusion

By conducting experiments, we found that increased sever-
ity of luminal obstruction led to elevated inlet pressure. In
lower scales of stenosis, the pressure rise was minor, but
as the cross section of the lumen was reduced to a criti-
cal level, the pressure rose significantly. In this study we
found that the critical severity was evaluated to be nearly
50 %. The negative values of shear stress, high fluctua-
tions of shear stress, together with more negative angular
phase difference in the first harmonic frequency, might be
key parameters in predicting potential sites for endothelial
injury and subsequently plaque growth. The negative value
of WSS will cause flow separation in post-stenotic region
and may result in further growth of plaque [32]. The angu-
lar phase difference between wall shear stress and circum-
ferential stress waves became more negative at post-sten-
otic region as the degree of stenosis severity was elevated.
The shear stress also became more negative with higher
fluctuations in post-stenotic section as the scale of stenosis
was raised. The trend of alteration in parameters was inten-
sified for higher degrees of stenosis. Such parameters seem
to be determinants of endothelial cell pathology and throm-
bus formation and predication of potential progression sites
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of the plaque. In this study, post-stenotic neighborhood was
shown to be the location in which all three major determi-
nants (negative WSS, high OSI and negative SPA) reach
their critical values. This is in agreement with physiologi-
cal findings, as it has been reported that the plaques tend
to grow in directions distal to stenotic region [26, 37]. The
results can be applied in the study of plaque maturity and
growth, leading to clinical consequences of atherosclerosis.

Glossary

OSI Oscillatory shear index. It is a parameter that
shows us how much the wall shear stress changed
in direction and magnitude (non-dimensional)

SPA Stress phase angle. The phase angle difference
between the first harmonic of pressure and wall
shear stress (degree)

Appendix: More details on the experimental setup

An overall view and schematic representation of the experi-
mental setup for simulation of blood flow in elastic arteries
is shown in Fig. 11. The setup consists of three major com-
ponents: programmable pulsatile flow pump, elastic tube
and the data acquisition and processing system.

(a)

A custom-made pump was designed and manufactured
to generate pulsatile flow in a wide range of arterial flow
outputs. The device was comprised of mechanical and elec-
trical units. The mechanical unit contained a servo-motor
(MDFKS 056-23 190, Lenze, Germany), a planetary gear-
box (MPRN 01, VOGEL, Germany), a ball screw (SF12005,
COMTOP, Taiwan) and a cylinder tank. The electronic unit
contained a microcontroller (ATMegal28, Atmel AVR®,
USA) for the control of the rotational pattern and speed of
the servo-motor and consequent movement of the piston
(Fig. 11). Due to the frequency response of the servo-motor
(200 Hz) and the sampling rate of the microcontroller (1
m s), there were no limitations for producing flow pulses
similar to those of human arteries. The inlet flow wave was
produced through the computer interface based on previ-
ously published data of the brachial artery [24]. According
to the considered flow wave, the maximum and minimum
flow rates occurred at -+ = 0.08 and 7 = 0.28, respectively.
Also, the mean flow rate was 4.92 (ml s™!) [24].

To compare the flow wave produced by the pump to the
flow wave at the inlet of the elastic tube, a rotameter with
the range of 0-15 (ml s!) and a digital camera with accu-
racy of 80 (fps) were utilized. Results indicated negligible
differences between the produced and measured flow, as
demonstrated in Fig. 11b.

To study effects of arterial wall elasticity on blood flow
parameters, an elastic tube with a defined stiffness modulus

IComputer (Monitor & Process Data)

Air Compressor
(control the valve)

Pulsatile
Flow Pump

pi W
¥ 5304

() 10
——Given Data to Pump
= 8 - SystolicPeak L7 Experimental Validation
=
E s
v
®
< 4
2 -
o Minimum Flow Rate
uw 2 A N
0 0.2 0.4 0.6 0.8 1

Periods (s)

= .[Data Acquisition]| Elastic|| Pressure =
bl /7 \

/

Vel
P / -

Fig. 11 a Overall view of experimental setup, b comparison of flow waves as the output of the pump to the inlet of the test specimen
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was used. For biological applications, medical grade
silicon tubes have been used with differing dimensions
and mechanical properties. In this study, an elastic tube
(D-34209, B.Braun®, Switzerland) with an inside diameter
of 4.7 (mm) and wall thickness of 0.9 (mm) was used. This
tube is comparable to an average human brachial artery
with internal diameter and thickness of 4.5 (mm) and 0.83
(mm), respectively [40].

Mechanical properties of the tube were measured by a
Universal Testing Machine (HCR 400-25, Zwick/Roell,
Germany). The stress—strain relationship of the tube was
similar to that of an arterial wall tissue with a hardening
behavior, which is caused by elevation of pressure. Arterial
walls within the human body experience pressure induced
by circumferential strain pulse (diastole-systole) up to
10 % throughout the arterial tree [44]. For biological strain
range, the elastic tube behaved with a linear stress—strain
relationship. Hence, the stiffness modulus of the tube was
considered as the slope of the curve within the aforemen-
tioned strain range. Results indicated elastic modulus of
463 (kPa) and Poisson’s ratio of 0.42 for the tube, which is
similar to those of an average human brachial artery: 460
(kPa) and 0.42, respectively [40].

To produce stenosis, an external square metal housing
and four bolts were used to adjust various area reductions
(Fig. 2c). Due to the wall elasticity, significant thickness of
the tube, and luminal pressure, it is assumed that the inner
profile of the tube remains almost circular.

The data acquisition and processing system contained
two pressure transducers (MLT0670, ADInstruments, Aus-
tralia) that were used with the operational pressure range
of 50—300 (mm Hg) (resolution of £ 0.1 (mm Hg)) and a
processing unit connected to a computer. Each of the trans-
ducers was connected to a separate amplifier (ML117 BP
Amp, ADInstruments™, Australia) in order to amplify the
output signals before being processed. The amplifiers were
connected to the main data processing unit (Powerlab/4SP,
ADInstruments, Australia) by MLACOS cables. The output
pressure pulses were visualized using Chart for Windows™
v5.0.1 software in real time. The time lag between inlet and
outlet pressure pulses was considered in evaluation of the
pressure difference wave and is influential in calculation of
shear and circumferential stresses. Such lag is due to pulse
propagation within the distensible artery and depends on
elastic modulus of the tube wall.

The experimental setup included elastic and resistant
elements, placed before and after the elastic tube, respec-
tively, as presented in Fig. 11. In order to resemble physi-
ological data for the specific flow rate, we utilized the
variable valve and the elastic element to regulate the pres-
sure pulse and mean flow. In cardiovascular system, cou-
pling of the heart to the aorta is of great importance. The
highly distensible aortic root and ascending aorta play an

essential role in this coupling, leading to a continuous aor-
tic flow and proper function of the aortic tree. Such effect
is described in the Windkessel model as the elastic element
[44]. In order to adjust the amplitude of pressure pulses,
an elastic element was used in between the pump and the
elastic tube to control the pressure to make it comparable
to diastolic—systolic pulse of a typical brachial artery. The
mean value of the pressure pulse was tuned by a resistant
element placed after the elastic tube. Such element repre-
sented the existing hemodynamic peripheral resistance of
the distal circulation.

Governing equations

Governing equations of the fluid field: Continuity and
momentum equations of Newtonian fluid with negligible
body forces are described as:

prdyve + prvy - Vv — divT(ve, Pr) = C ,
divvg =0 2

which v; (x,t) is the fluid velocity vector, P; (x,t) is
the fluid pressure, and p; is the fluid density. The term
T(ve, Pr) = —PiI 4 2u¢D(v¢) describes the Cauchy stress
tensor, in which p; describes the fluid viscosity and
D(vp) = % (Vi + (va)T) is the deformation rate tensor.

Governing equations of the wall Large deformation the-
ory was used to model arterial wall deformation. The con-
tinuity and momentum equations of elastodynamics for the
wall are as follows:

{ psii = V.05 + pof

ar'TptS + V.psug =0 3)

where ug is the wall displacement vector, oy is the Cauchy
stress tensor, f is the body force vector, and pg is the wall
density.

The Green—Lagrange strain was used due to large defor-
mation of the wall. To do so, corresponding stress measure
that relates stresses to the reference situation was adopted.
The resulting symmetric stress tensor S, called the second
Piola—Kirchhoff stress tensor, is a proper description for
large deformation computations. To determine the stress,
Cauchy stress has to be computed by:

1
oy = jF.S.FT 4)

where F = (Vo)_i)T is the deformation gradient tensor with
respect to a reference configuration of the solid and J is the
determinant of F. Thus, the Green—Lagrange strain tensor
E could be defined as:

E=_(F'F-1) )

N =
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Governing equations of the fluid—solid coupling: In
order to obtain a complete FSI coupled system, two cou-
pling conditions on the fluid—solid interface are required.
The first condition describes the fluid—solid interface as a
Dirichlet boundary for the fluid, i.e., the preset velocity val-
ues of the fluid must be equal to the structural nodal veloci-
ties, as is given by:

vf=1u; onT¢ 6)

where T° represents the interface between fluid and solid.

The second condition indicates that the fluid—solid inter-
face is treated as a Neumann boundary for the solid, i.e.,
the solid boundary traction at the reference configuration,
tys 18 given by acting surface loads from the fluid boundary
tractions, 1, on interface at reference time as:

tos = — s tr on T(C)S @)

Os

where dT is definition of differentiation due to load inter-
change on interface and subscripts O and ¢ describe refer-
ence and changed configurations of fluid—solid interface,
respectively. The negative sign refers to opposite directions
of the normal vectors on the interface of fluid and structure
with respect to a reference configuration. The formulation
implies that the fluid boundary moves with the structure.

Numerical modeling

To further study effects of luminal stenosis on circumfer-
ential and wall shear stress waves together with the phase
shift between them and the value of oscillation of shear
stress, numerical models were analyzed, using fluid—struc-
ture interaction (FSI) method. The input data for mod-
els were based on experimental results. Models included
degrees of severity of 20, 50 and 80 %. Models were devel-
oped and solved using FSI method by means of ANSYS
CFX software as an axisymmetric model due to the sym-
metric geometry of an elastic tube and the applied steno-
sis within the experiment. Mechanical properties of the
arterial wall (as the solid portion of model) and fluid field
were allocated as described previously. The wall section
was meshed with 8-node hexahedral mesh and the fluid
field with 4-node tetrahedral mesh. Due to presence of ste-
nosis, the mesh number was raised especially at stenosis
site due to high stress gradient. A sensitivity analysis was
performed for mesh number, and the optimized number
was obtained in such a way that by elevation of mesh num-
ber, changes in resultant parameters were negligible. To
verify grid independency, five grid sizes were applied for
the model with 50 % stenosis. Table 1 shows the conver-
gence of systolic average velocity at throat at systolic peak.
A maximum difference of 1.6 % was observed when the
density of 534 (elements mm™) was replaced by the density

@ Springer

Table 1 Average systolic velocity at stenosis throat for severity of
50 % for five grid sizes

Elements mm 3 152 291 347 423 534

Velocity (m s 0.989 0.995 1.007 1.010 1.011

of 291 (elements mm™), and was assumed to be acceptable
using the latter. For the solid domain due to the thin wall
the density of 150 elements/mm? was implemented.

Figure 2 shows part of a typical model of the stenotic
artery with pre-stenotic and stenotic lengths of Z;, = 30
(mm), Z, = 40 (mm) and total length of L = 110 (mm) for
development of flow before and after luminal obstruction.

The applied flow wave [24] and the outlet pressure wave
(P,) measured and recorded in each set of experiments
were used as two boundary conditions to the each respec-
tive model. The axial displacement of the arterial wall was
restricted at inlet and outlet boundaries, as designed for
the experiment. To reach a proper convergence, the model
was pressurized to 80 (mm Hg) for 1 s and then the model
was solved for five cardiac cycles with the defined period
a cardiac cycle. To ensure convergence of results for all
models, results of numerical models were calculated for
the fifth cycle. This was achieved by sensitivity analysis of
number of cycles based on minimal cycle to cycle change
of results. Since resultant stresses (i.e., WSS and CS) for
the fifth cycle were almost the same as the fourth cycle, we
consider the fifth cycle for all reported stress results. The
boundary conditions were applied far from the stenosis
(5D from each end of the tube) to avoid the circumferential
effects. Since for this region, the cross-sectional area is the
same as the exit region, the additional pressure drops both
in experiments and in numerical analysis were assumed to
be negligible compared to that of the stenosis. The results
were recorded from the fifth cycle at the mid-cross section
of the arterial model to determine spatially averaged situa-
tion. Resultant parameters included inlet and outlet pressure
pulses and pressure difference wave, wall shear and circum-
ferential stress waves, oscillatory shear index and angular
phase difference between WSS and CS in different scales of
stenosis. The parameter OSI is defined as follows [5]:

1 Izl
where | 7| is the magnitude of WSS and t is the mean value
of WSS.

The computational inlet pressure wave (P,), compared to
the P, wave measured and recorded in each set of experi-
ment, was chosen as the criteria of validation of the model,
as we chose appropriate P, and then solved the problem

numerically to obtain P;. Results showed a good agreement
with both experimental and published data [24].
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To analyze the phase difference between wall shear
stress and circumferential stress waves a mathematical
algorithm based on the discrete Fourier transform was
carried. First we need to determine the waveforms of the
diameter variation, D(t), and the wall shear stress, WSS(t),
at a particular site of interest in the model. We decompose
each waveform into a Fourier series with an amplitude and
phase angle for each harmonic. The phase angle difference
between the first harmonic of D(t) and WSS(t) is defined
as the SPA. We can also define the SPA for the higher har-
monics as we calculated in this study. Since a temporal var-
iation of circumferential stretch is nearly in phase with that
of pressure, we can approximate circumferential stretch by
pressure variation [40]. The parameter SPA can be defined
as follows:

SPA =¢gD—-1)=¢D-Q -9t -Q =¢9(P-Q -9 —-Q
®
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