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1  Introduction

Pulsatile blood flow travels through the cardiovascular sys-
tem to deliver essential substances of nutrients, oxygen and 
hormones to the body’s organs. Any abnormal deformation or 
narrowing of the artery lumen causes patient discomfort, low 
substance circulation through the body and the subsequent 
deprivation of blood flow to organs is called ischaemia. Medi-
cal studies reported that this disease incidence is associated 
with diabetes, obesity, stress conditions, family history and 
smoking [1, 4, 8, 16, 17, 21]. These factors can increase the 
likelihood of infections occurring at the artery wall and block-
ages developing due to the creation of clots by the endothe-
lium layer to treat the infection [17]. However, whilst a block-
age takes considerable time to develop, it may suddenly 
manifest (usually as an ischaemic attack) to a high risk of mor-
tality. Therefore, identifying arterial blockage development at 
an early stage is extremely important, and an early diagnostic 
method could contribute significantly to the prevention of dev-
astating health events associated with these diseases.

For diagnostic purposes, the general consensus among 
the medical and scientific community is the need for better 
understanding of the relationships between the onset and 
progression of arterial blockage and the wall shear stress 
(WSS) resulting from blood flow and the circumferential 
strain (CS) resulting from arterial wall stretching. Since 
blood flow and pressure waveforms are dependent on a 
number of characteristics (such as hemodynamic stresses) 
in addition to physiological conditions, clinical investi-
gations demand comprehensive screening, which make 
them expensive and time-consuming. Computational fluid 
dynamic (CFD) simulation may be a preferable approach, 
as investigation can be performed with greater conveni-
ence, high speed and low cost, allowing prediction of the 
blockage in its early development.
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CFD methods have also been used to investigate the 
opposite scenario of arterial deformation. Soudah et al. [22] 
examined the relationship between hemodynamic factors 
and the rupturing of an abdominal aortic aneurysm (AAA). 
Their investigation was carried out based on converting 2D 
CT images for unhealthy patients to a 3D geometry, with 
a rigid wall assumption, using CFD methods. Their work 
showed that the development of AAA rupture is strongly 
correlated with the arterial geometrical and hemodynamic 
loads.

Since it is very difficult if not impossible to test CFD 
models using invasive clinical data collected from humans 
with the disease, animal models are adopted to justify the 
computational findings. The cardiovascular system of the 
Wistar strain rat has a lot of similarity to that of humans; 
thus, it is ideal to use this model to investigate cardiovascu-
lar diseases [1, 11, 13, 20, 22, 25–27] and produce predict-
able and controllable symptoms.

Animal experimental models have been used by biomed-
ical engineers and scientists for a long time to enhance the 
understanding of diseases in humans, leading to the discov-
ery of treatments to preserve human lives [5, 6, 18–20, 23]. 
Previous studies [5, 7, 18, 19] showed that animal models 
have resulted in meaningful investigations for early stages 
of disease development, although the selection of the ani-
mal was important to the disease under investigation.

The ideal animal for the investigation of cardiovascu-
lar disease in humans should bear reasonable physiologi-
cal similarity to humans and produce symptoms which are 
predictable and controllable. The animal should also satisfy 
economical, technical and ethical welfare considerations. 
Wistar strain rats were deemed acceptable for the ani-
mal model in this investigation. They are considered suit-
able for cardiovascular and infectious diseases research [5, 
7, 18, 19] and are the strain most frequently used for the 
investigation of cardiovascular diseases.

Previous studies have employed Wistar strain rats for 
similar investigations. Rentschler and Baxter [18] investi-
gated the development of abdominal aortic aneurysm in rats 
in terms of the stresses affecting arterial wall compliance 
and stiffness which resulted in the development of a labo-
ratory system for assessing the pressure–diameter correla-
tion with nonlinear material properties of the artery wall. 
Larsen et al. [14] used hylan gel injected into the femoral 
artery, creating a clot, to simulate cardiovascular disease 
in rats. The experimental data in this study were gathered 
using a similar technique, but the degree to which the artery 
was blocked was varied using cable ties, rather than gel, to 
effect the narrowing of the artery.

This is a twofold paper. First, it intends to clinically 
determine the effect of the severity of aorta blockage on 
the blood pressure measured invasively at an accessible site 
such as the femoral artery. Second, based on the first part, 

this work intends to develop and validate a CFD model to 
determine the effect of this blockage on the WSS, CS and 
the blood pressure waveform at this site.

2 � Methodology

2.1 � Animal model

The clinical experiment is performed on 10 Wistar rats 
weighing 250–350  g following appropriate ethical proto-
cols approved by the Auckland University of Technology 
Ethical Approval Committee (EAC). The EAC reviewed the 
application of this experiment in reference to the use of ani-
mals for research purposes and was satisfied that the animal 
use described therein was in compliance with the Animal 
Welfare Act 1999 and all other Acts of New Zealand Parlia-
ment, regulations and by-laws relating to performing exper-
iments on animals. The animal data were collected at the 
Vernon Jansen Unit (VJU) at the University of Auckland, 
with ethical approval R915 approved on 15August 2011 
and valid for 4  years. The researchers were in charge of 
all procedures performed on the animals and ensured that 
responsibilities towards the physical well-being, health and 
behavioural needs of animals were met, and that pain and 
distress were alleviated.

To generate an unhealthy condition, the design of this 
experiment is based on surgically creating an arterial block-
age at the abdominal aorta of healthy animals. These rats 
are anaesthetized during the whole procedure, so hope-
fully experience no pain or distress. The preparation of 
the anaesthesia is a mixture of 0.75 mL ketamine, 0.5 mL 
xylazine and 0.75  mL water. This mixture is injected by 
an authorized technician at the intraperitoneal region with 
0.2  mL/100  g dosage using a syringe with <26  g needle. 
The method of injection used a gentle manual restraint 
technique. The frequency of dosage is once; however, there 
is a second dose to top up after 45–60 min if needed [12, 
15]. Once all the procedures are completed, the animals are 
euthanized via cervical dislocation without recovery from 
anaesthetic. The dead animals are dissected so that the 
extent of plug formation in the artery can be visualized.

Using plastic cable, in Fig. 1a, 4° of blockage severity is 
created by reducing the diameter at the abdominal aorta of 
each rat. The blockage severity is defined as: (1) slight block-
age around 20  %, (2) medium blockage around 50  %, (3) 
severe blockage around 80 % and (4) full blockage around 
100 %; see Table 1. At this stage of the research, the main 
objective is to see whether these blockages can be detected 
by measuring the pressure at a site which could be noninva-
sively accessible for future measurements. Therefore, precise 
values of these blockages are not critical as the notion is to 
observe the changes rather than to quantify them.
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The accessible site for the in vivo measurements could 
be the brachial or the femoral arteries; however, due to the 
animal biological constraints, the latter is used in this work. 
A small-lumen catheter (BD VialonTM© Insyte 8360515, 
F1754-4 B9-09, Made in USA) is inserted at the right fem-
oral artery to measure the blood pressure. This measure-
ment is taken at the baseline (healthy condition) and then 
for each of the four severities. Figure 1b shows the local-
ization of both the abdominal aorta and the right femoral 
artery. This measurement is then used in the CFD model as 
an inlet boundary condition.

2.2 � Measurements

Four types of measurements were made:

1.	 Blood pressure was measured at both healthy and 
unhealthy conditions in the same specimen using 
a custom-built diaphragm transducer (sample rate 
5–10 kHz) attached to the catheter. This catheter has a 
bandwidth large enough to respond to pressure changes 
at high and low frequencies without loss of informa-
tion, and its recorded signal is unaffected by changes 
in the signal frequency attenuated above 5  Hz (typi-
cal rat heart rate). The catheter and transducer were 
prefilled with heparinized saline and inserted into the 
blood vessel and then tied in place. Pressure fluctua-
tions in the artery were then transmitted along the cath-
eter tubing to the transducer’s diaphragm, which moves 

in response. The diaphragm movements were con-
verted into a varying electrical signal that was ampli-
fied through an ADInstruments Bridge Amplifier and 
recorded by a Power Lab system. Figure 2 shows typi-
cal pressure measurements for a rat in a healthy condi-
tion (P–H) and in four different unhealthy conditions 
(P–U). These measurements were used later as inlet 
and outlet boundary conditions for validating the CFD 
model.

2.	 For better accuracy and to avoid any variation in the 
artery dimensions which may occur after the animal 
was deceased, the artery geometry was measured using 
magnetic resonance imaging (MRI). Figure  3 shows 
the MRI measurements performed on a random rat 

Fig. 1   a Plastic cable for creating arterial blockages at the abdominal aorta and b localizing the abdominal aorta, iliac bifurcation and right 
femoral artery

Table 1   Different controlled 
arterial blockages

Severity at abdominal aorta ~20 % Severity 1 ~50 % Severity 2 ~80 % Severity 3 ~100 % Severity 4

Diameter—D (mm) 0.8 ± 0.01 0.5 ± 0.01 0.2 ± 0.01 0.0 ± 0.01

Thickness—t (mm) 0.1 ± 0.009 0.1 ± 0.009 0.1 ± 0.009 0.1 ± 0.009

Length—L (mm) 0.25 ± 0.05 0.25 ± 0.05 0.25 ± 0.01 0.25 ± 0.05
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four different arterial blockages (H healthy and U unhealthy)



846	 Med Biol Eng Comput (2016) 54:843–853

1 3

using MRI-4.7 Tesla. Figure  3a shows the right and 
left femoral arteries, Fig. 3b the iliac bifurcation cross-
sectional images, Fig. 3c the longitudinal section of the 
right and left femoral arteries and Fig. 3d the longitudi-
nal section of the abdominal aorta.

3.	 Many studies [2, 3, 9] have used inaccurate assump-
tions for the mechanical properties in CFD modelling. 
To accurately reflect the nonlinear characteristics of 
the material properties in the current CFD modelling, a 
high-speed camera (Photron FastCam 1024PCI, Model 
100K & Model KC AUX lens) was used to measure the 
actual arterial wall deformation for different severities, 
whilst the animal was alive and surgically open. Simul-
taneously, with these measurements, the pressure val-
ues at the aorta were determined using a catheter which 
was also inserted through the femoral artery. Figure 4 
shows the speed camera application which has a func-
tion to measure arterial wall deformation at the pixel 
level; the scale is 1 pixel to 0.02 mm.

4.	 After the animal was deceased, the aorta was dissected 
and then a microscopic technique was accurately used 
to determine the dimensional parameters of the abdom-
inal aorta geometry, such as the inner and outer diam-
eters, length and thickness. The rat was further inves-
tigated by measuring the length and diameters of the 
iliac bifurcation, and left and right femoral arteries. 
These measurements were then used to create the ide-

alized geometry in the CFD models. Simulation of the 
geometry and its results were then validated and com-
pared against the in vivo blood pressure values.

Table 2 shows the abdominal aorta measurements under-
taken using the microscopic and MRI studies for the same 
randomly selected rat, which will be used to construct the 
3D-CFD model.

2.3 � Mechanical properties

Observations from the in  vivo experiments indicate that 
there is a degree of dependence of the blood pressure val-
ues at the femoral artery on the shape of the abdominal 
aorta. Thus, the aorta lumen changes can be correlated with 
the blood pressure to develop a relationship which can be 
used to assess the degree of arterial blockage development 
at an early stage.

The deformable radius of the artery wall is deter-
mined from the speed camera images using the zoom-
in technique. This is then used to calculate the strain 
(strain = Δr/r). Using the aorta blood systolic pressure P, 
the stress is calculated from hoop stress = Pr/t and longitu-
dinal stress = Pr/2t, where r represents the original radius 
of the artery which is measured from MRI experiments and 
checked with the microscopic measurements, Δr represents 
the artery wall deformation and t wall thickness. Figure 5 

Fig. 3   MRI images for rat using MRI-4.7 T illustrating a cross-sectional image showing the iliac bifurcation, b abdominal aorta, c longitudinal 
section illustrating the right and left femoral arteries and d the abdominal aorta
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shows the stress–strain curve from which the modulus of 
elasticity E is determined. The values of E are determined 
at the abdominal aorta for the healthy condition and exhib-
ited good agreement with those available in the literature 
[18]. Using Fig.  5, the nonlinear values are implemented 
as a nonlinear E in the CFD model by entering the data 
of this graph into the material properties in ANSYS. The 
programme was designed to determine the corresponding 
value of E for each value of the strain.

3 � Computational modelling

The computational modelling of the arterial system is 
based on solving the theoretical dynamic models of blood 
flow and arterial geometries. Those theories have been 
developed based on idealized biomedical (cardiovascular) 
conditions such as introducing arterial narrowing for spe-
cific specimen geometry using ANSYS®14.0.

3.1 � Fluid–structure interaction

Coupling between the blood and artery is due to the rela-
tively low stiffness of the artery walls compared to com-
pressibility of the fluid [2, 3, 10, 24]. Hence, the pressure 
exerted by the flowing blood on the artery wall can result 
in considerable deformations of the artery. To address 
this coupling, a fluid–structure interaction (FSI) interface 
is developed using ANSYS®14.0 to combine a constitu-
tive model describing the stress distribution in the vessel’s 
wall with the computational analysis of the blood flow in 
two-way FSI using the arbitrary Lagrangian–Eulerian 
(ALE) scheme in ANSYS®14.0. The FSI solver is an auto-
mated tool which uses the ANSYS® Fluid Solver for the 
fluid domain and the ANSYS® TSM solver for the solid 
domain. The two solvers solve the equations for the fluid 

Fig. 4   Speed camera application for measuring deformation of the arterial wall in vivo experiment

Table 2   Measured in vitro data 
and in vivo

Method Microscopic/MRI

Location Diameter D (mm) Thickness t (mm) Length L (cm)

Abdominal aorta 1.0/1.0 ± 0.02 0.1/0.09 ± 0.001 0.5/0.49 ± 0.001

Iliac bifurcation 1.0/1.0 ± 0.01 0.1/0.09 ± 0.01 0.5/0.48 ± 0.02

Right femoral 0.6/0.55 ± 0.02 0.09/0.09 ± 0.001 0.5/0.49 ± 0.01

Left femoral 0.6/0.58 ± 0.02 0.09/0.09 ± 0.001 0.5/0.49 ± 0.01

Fig. 5   Stress versus strain for the artery wall at the abdominal aorta
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and solid domains independently. The FSI solver transfers 
fluid forces (pressure) and velocities across the fluid–solid 
interface. The algorithm continues to loop through the solid 
and fluid analyses until convergence (1 × 10−4) is reached 
for a given time step. Convergence in the stagger loop is 
based on the quantities being transferred at the fluid–solid 
interface.

This method allows for solving the fluid–solid phase 
coupled problems by accounting for both the instanta-
neous fluid mechanical forces on the artery wall and the 
effects of wall displacement on the fluid motion as shown 
in Fig. 6. This figure shows a schematic diagram of WSS 
which results from the blood pressure (P) and CS which 
results from the arterial wall compliance and blood flow 
(Q).

3.2 � Mesh generation

Mesh generations of both the artery wall and the blood 
flow models are performed using the patch independent 
method. This method suited the size of the artery and the 
use of FSI. Other mesh options have been tried but did not 
achieve good skewness. After several attempts to select the 
mesh size, the best convergence was achieved by setting 
the number of elements and nodes in the abdominal aorta 
geometry for those models to: elements of range (145,359–
147,368) and nodes of range (240,386–240,456). The blood 
geometries are meshed with elements 20,258 and nodes of 
20,258 as shown in Fig. 7a–c. The skewness feature, avail-
able within ANSYS®14.0, is used to check and assess the 
mesh quality. The skewness measures the relative distortion 
of an element compared to its ideal shape on a scale from 
0.0 (excellent) to 1.0 (unacceptable). Most meshes showed 
skewness value close to 0.8; however, the ones selected in 
the present models have skewness of 0.73 mesh quality 
which falls in the good range recommended by the soft-
ware developers, see Fig. 7d.

3.3 � Material properties and boundary conditions

The rheological properties for the blood are assumed to be in 
ranges that permit blood to be treated as an incompressible, 
homogeneous and Newtonian fluid. The dynamic viscosity 
of the blood is 0.004 Ns/m2, and density is 1100 kg/m3.

The healthy artery wall is modelled assuming a hypere-
lastic Neo-Hookean model with Young’s modulus obtained 
from Fig. 5 and Poisson’s ratio of ν = 0.45.

The inlet and outlet boundary conditions were assumed 
to be blood pressure waveforms which were measured inva-
sively as described in measurement section. This process is 
repeated for each rat individually to establish its boundary 
conditions.

In the computational model, a maximum number of 20 
iterations were performed based on the level of residual 
reduction or absolute residual levels as a convergence cri-
terion. The RMS residuals were reduced to below the target 
of 1 ×  10−4, and the pressure monitor points approached 
steady values.

The artery wall is treated as a flexible rubber pipe 
clamped at both ends. First, the steady-state FSI analysis 
is solved which is used as an initial boundary condition; 
then, waveforms of blood flow and pressure were at 0.2-s 
duration (the rat’s heart rate is variable and may be taken 
at 5 beats/s), which represents several cycles per second. 
For the artery wall simulation, the settings of the steady 
solution are: auto-time stepping =  off; define by =  sub-
steps; number of sub-steps  =  1; time integration  =  off; 
and large deflection =  on. For the blood flow simulation, 
using ANSYS Multi-Field, adding the artery wall: coupling 
time duration = 1 s; coupling time steps = 1 s; and anal-
ysis type option =  steady state. The results of the steady 
state are used as initial conditions for the transient case, to 
achieve perfect convergence (with Residual Target 1.E-4 
and Residual Type RMS): the maximum iterations  =  5 
(number of CFX iterations per stagger loop); physical time-
scale = 0.1  s (for the steady-state solver only); the maxi-
mum coefficient loops = 10; and the residual type = maxi-
mum. For the external coupling: maximum iterations = 20, 
and the under relaxation factor  =  1. The transient FSI 
response of the artery wall and blood flow is simulated fol-
lowing this set-up: coupling time duration = 20 s; coupling 
time steps = 0.01 s; and analysis type option =  transient. 
This means that where in the steady-state analysis 1  s of 
simulation “time” was completed, then setting the time 
duration of 20  s will provide another 19  s of simulation 
time for the transient analysis, as well as increasing the 
maximum iterations to 5 and the coefficient loops to 3.

At each step, the blood flow is treated as incompressible 
and viscous. The flow regime is governed using the conti-
nuity and momentum equations (Navier–Stokes equations) 
which were solved in ANSYS-CFX using the finite volume 

Fig. 6   Longitudinal section of the artery, demonstrating the WSS and 
CS stresses resultant from the blood (P) and blood flow (Q)
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method. The fluid pressure determined at the interface of 
the blood and artery wall is then applied as a load on the 
wall to solve for the deformation of the artery in ANSYS 
transient structural analysis using the finite element 
method. The displacement obtained in the structural analy-
sis is transferred back to ANSYS-CFX to adjust the fluid 
domain and update the blood flow analysis. This procedure 
continues until overall equilibrium is reached between the 
CFD solution and structural solution.

4 � Results

The material properties for the artery wall were used, and 
the recorded experimental sets of data were implemented in 
the computational model as inlet and outlet boundary con-
ditions to achieve realistic CFD analysis. A computational 
3D-CFD model capable of representing pressure propaga-
tion based on animal arteries is developed, and this model 
is used to investigate the significance of different arterial 
blockage severities on the blood pressure measured at the 
abdominal aorta as well as at the femoral artery. To validate 
the model, the blood pressure values at the abdominal aorta 
from CFD/FE simulation are compared with those from the 

animal model, Fig. 8. These two values show good agree-
ments with an average error of 0.94 % based on iteration 
and time discretization errors; the two-way FSI ANSYS®14 
scheme is very powerful in investigating the interaction 
between blood flow and artery wall deformation, which 
minimizes the average error. This high degree of agreement 
is attributed to the realistic material properties and bound-
ary conditions obtained from the invasive data.

Figure 9 shows a comparison between the CFD/FE results 
and the in vivo data measured at the right femoral artery for 
one rat in healthy condition and in the four stages of blockage. 
For viable presentations of the experimental data, 1 s is used 

Fig. 7   3D model of unhealthy 
abdominal aorta a the artery 
wall, b the blood body (top 
view), c the side view of the 
blood body and d skewness 
mesh element quality ranges 
(ANSYS®14.0)
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to compare the experimental and computational results. It is 
evident that these pressure values are affected by the degree of 
arterial blockage created at the abdominal aorta. These results 
show that decreasing the diameter of the abdominal lumen 
decreases the systolic and diastolic blood pressure measured 
at the right femoral artery. Although the later measurement 
was made at a local location, we expect this to reflect on the 
whole-blood circulation system. This may be attributed to the 
increase in kinetic energy and reduction in the blood pressure. 
In addition, these results show that the arterial compliance is 
related to the propagated pressure waves; as the artery wall 
stiffness increases, the pressure drops.

Figure 9 shows a minor error between the experimental 
and computational data which is encouraging for further 
investigation in using the CFD simulation to study the WSS 
and CS for the healthy condition as well as for the four 
arterial blockage conditions.

Using CFD modelling with the two-way FSI scheme, 
the WSS and CS are determined and presented in Fig. 10 
at two locations (the abdominal aorta and the right femo-
ral artery, which correspond to the locations of the experi-
mental measurements). The figure shows that the arterial 
blockages amplify CS and reduce the WSS at the disease 
location along with decreasing the amplitude of pressure 
waves at the right femoral artery. The created blockage 
causes more reflections of the forward and backward blood 
pressure wave, and this requires the heart muscles to work 
harder to pump the blood through the circulatory system. 
This results in exhausting the arteries serving the heart and 
leads to a heart attack due to the overpowering of the blood 
flow inside it. The model accounts for this by correlating 

CS with the pulsatile blood flow and the pressure diameter 
response of the physical artery wall to the displacement 
vector of the computational grid points of the artery wall.

5 � Discussion

To the best of our knowledge, the surgical procedure used 
to induce arterial blockage in an animal model is presented 
for the first time in this work. In addition, whilst previous 
publications assume the material properties of the artery 
wall to be linear, which is not anatomically representa-
tive, our model rectifies this by adopting nonlinearity. 

Fig. 9   Blood pressure at the right femoral artery for both the simulated (CFD) simulation results and the in vivo experiments
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These realistic material properties and boundary conditions 
are introduced for both wall thickness and blood pressure 
waves and give rise to greater accuracy of the CFD model 
predictions of the complex physiological parameters asso-
ciated with blood pressure wave propagation.

The animal experimental protocols were designed to 
create arterial blockages at the abdominal aorta. The blood 
pressure at the abdominal aorta and right femoral artery 
for both healthy and blocked conditions was measured and 
compared. The results show that increasing the blockage by 
20 % reduces the maximum amplitude of the pulse wave at 
the right femoral artery by 15–25 % as compared with that 
measured at the abdominal aorta.

From medical perspectives, the risk of the disease becomes 
apparent to diagnose at the 50 % blockage. Both Figs. 11 and 
12 illustrate the CFD results for one rat, showing how the arte-
rial blockage could be correlated with the hemodynamic prop-
erties. Figure 11 shows the contour profile for WSS at 50 % 
lumen diameter severity at three different times of 0.3, 0.5 and 
0.8 ms from the onset of the waveform. Figure 12 shows the 
CS for an arterial blockage of 50 % at the abdominal aorta in 
terms of waveforms and contours selected at the same time of 

the WSS. The narrowing of the abdominal aorta is showing 
highest magnitude of WSS contour at the inner of the artery 
wall compared to the outer and significantly affecting its val-
ues along the iliac bifurcation and femoral arteries as seen at 
0.3 ms, as illustrated in Fig. 12. However, the magnitude of 
CS contour at the blockage site reduces at the outer artery wall 
compared to that of the inner wall for the 0.3-ms time domain. 
The results of WSS and CS magnitude at both 0.5 and 0.8 ms 
show no significant effect on further sites from disease loca-
tion which indicates that the propagated backward waves are 
less effective at downstream locations. This may be attrib-
uted to the fact that the circulatory system at the right femoral 
artery is blocked by the catheter. Furthermore, the outcome of 
these two figures shows that high artery WSS is obtained with 
low CS at the blockage site compared to further locations, 
where the forward waves of the WSS are intensive, and could 
be measured to screen the development of disease.

The in  vivo experiments presented in this study indicate 
that the arterial compliance and severity are inversely propor-
tional to the blood pressure measurement at the right femo-
ral artery. In other words, this study has indicated that WSS 
and CS significantly affect the artery wall, which is the main 

Fig. 11   WSS for the FSI for 
atherosclerosis of 50 % severity 
at the abdominal aorta at differ-
ent times (0.3, 0.5 and 0.8 ms)

Fig. 12   CS of the artery wall of 
50 % severity at the abdominal 
aorta at different times (0.3, 0.5 
and 0.8 ms)
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cause of disease of the artery layers. However, presently, there 
is no clear medical evidence quantifying the range of changes 
in WSS for different cardiovascular diseases. Moreover, there 
is insufficient information on the critical values of this stress 
for diagnosing atherosclerosis and aneurysm medically.

The results are correlated by finding the coefficient 
Ko =

V

P
, where V is the blood velocity and P is blood pressure 

in terms of waveforms at the arterial blockage location, and 
could be used as an indication of arterial blockage develop-
ment along the abdominal aorta. Figure 13 shows the increase 
in Ko with increasing arterial narrowing in each specimen, for 
four severities of arterial blockages 20, 50, 80 and 100 % cre-
ated at the abdominal aorta. This graph is correlated with the 
arterial compliance which is calculated computationally from 
the CFD/FE analysis in Figs. 11 and 12.

6 � Conclusion

This is a feasibility study to investigate surgically and computa-
tionally the WSS based on developing arterial blockages for the 
same specimen. This study compares between the healthy con-
dition and the four different severities (20, 50, 80 and 100 %) 
of arterial blockages. Animal experimental data demonstrate 
that measuring the blood pressure at a distance from arterial 
blockage gives an acceptable indication of the blockage and its 
severity. The CFD model helps in generalizing this hypothesis 
and opens new directions for further investigation. Future work 
could also include the tissue pre-stress analysis, to correlate 
between the WSS and CS and the development of the disease.
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