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Efficient imaging of blood flow disturbances resulted from carotid
atherosclerosis plays a vital role clinically to predict brain stroke risk.
Carotid atherosclerosis and its development is closely linked with raised
blood viscosity. Therefore, study of viscosity changing hemodynamic effect
has importance and it might be useful for improved examination of carotid
atherosclerosis incorporating the viscosity induced contrast in conventional
ultrasound imaging. This work considered the design of realistic models of
atherosclerotic carotid artery of different stages and solved to compute the
hemodisturbances using computational fluid dynamics (CFD) by finite
element method (FEM) to investigate viscosity changes effect. Ultrasound
color flow image of velocities of blood have been constructed using phase
shift information estimated with autocorrelation of Hilbert transformed
simulated backscattered radiofrequency (RF) signals from moving blood
particles. The simulated ultrasound images have been compared with CFD
simulation images and identified a good match between them. The
atherosclerosis stages of the models have been investigated from the
estimated velocity data. It has been observed that the blood velocities
increase noticeably in carotid atherosclerotic growths and velocity
distribution changes with viscosity variations. It is also found importantly
that the viscosity induced contrast associated to atherosclerosis is detectable
in ultrasound color flow imaging. The findings of this work might be useful
for better investigation of carotid atherosclerosis as well as prediction of its
progression to reduce the stroke risk.
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1. INTRODUCTION

Stroke is one of the major cause of mortality in the world and about 70% of stroke occur in the
lower-middle-income countries and has been the main cause of disability [1]. Atherosclerosis is an
inflammatory situation in which plague accumulates in arterial walls that can cause narrowing the artery as
well as harden the artery wall that results in loss of elasticity in the arteries. This phenomenon restricts the
influx of oxygen-rich blood to our organs and carotid atherosclerosis is a cause of stroke worldwide [2], [3].

Carotid arteries deliver oxygen-rich blood to the superior portion of the human body. It is divided
into two parts: Internal carotid arteries (ICA) and external carotid arteries (ECA). Internal carotid arteries are
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responsible for the supply of oxygenated blood to our brain and blood to our neck, face, and scalp is by the
external carotid arteries. If atherosclerosis takes place in these vital arteries, the oxygenated blood flows into
our brain hamper and may lead to stroke. Recent studies revealed that blood viscosity is a significant factor,
which is related to atherosclerosis and the viscosities found to be elevated in patients with carotid
atherosclerosis [4], [5]. Viscosity measures the thickness and stickiness of blood. Elevated blood viscosity is
significant biological parameter which has a close relation with the other major risk factors low high density
lipoproteins (HDL), high low density lipoproteins (LDL) cholesterol, obesity, diabetes, and metabolic
syndrome [6]. Blood viscosity also has an impact on blood pressure and increased blood pressure is
responsible for atherosclerosis growth and becomes more risky after the age of 45 [7], [8]. As the progression
of the disease, the visco-elastic properties of the artery wall also changes. With the help of the information of
carotid hemodynamics due to atherosclerosis, we can examine the relatedness between the level of stenosis of
the artery that creates complex hemodynamics and syndromes and, ultimately, the risk of stroke. Hence
appropriate understanding and proficient imaging of the blood flow behaviour can help in identifying carotid
abnormalities in the initial phase and assessing the progression of stroke risk.

Diagnostic ultrasound imaging has gained widespread applications for screening cardiovascular
disease through velocity estimation because of its low cost, fast scan and portable facilities [9]-[11]. But
atherosclerosis growth related viscosity induced hemodisturbance contrast is not considered yet in common
ultrasound scanning. In this study, we have focused on carotid arteries comparing to other cardiovascular
parts because of its susceptibility to atherosclerosis and due to the easy access of this location with the
ultrasound probe. Direct investigation on viscosity change effects of carotid atherosclerosis with
experimental setup requires physical subjects with known viscosities during normal and abnormal stages
which is tedious and error-suspecting process. Simulation and computational study with realistic
considerations is a possible and comfy alternative, which are also common practice in such cases [12]-[16].

This study represents a framework that couples with computational fluid dynamics and ultrasound
color flow imaging simulations. This work is an extension of our previous preliminary study [17] with more
rigorous analysis and more number of realistic models of normal, moderate-abnormal, and severe abnormal
carotid artery categories. Ultrasound RF signals have been simulated considering realistic flow patterns in
complex vessel geometries. To the best of our knowledge, there are very few studies on ultrasound-based
tracking of viscosity changed hemodynamics effects related to carotid atherosclerosis. With this viewpoint,
we have focused to observe the impact of viscosity change on blood flow in atherosclerotic carotid artery
using CFD concept and examine the effectiveness of viscosity induced contrast to diagnose carotid
atherosclerosis and its evolution through ultrasound color flow images. As there is a relationship between
elevated blood viscosity and atherosclerosis and its progression, based on the information of the
hemodynamics in atherosclerotic artery with various blood viscosities can elucidate the connection between
stenosis at artery, related symptoms and severity stages.

The remaining part of this paper is organized as follows. In the methods section, realistic normal and
abnormal carotid artery blood flow models are developed and solved using CFD concept. Consequently,
simulation techniques of ultrasound color flow image formation from CFD data are described. Then a
rigorous analysis on the simulation results are presented in the result analysis and discussion section which is
then concluded mentioning the important findings, usefulness and future perspectives.

2. METHODS

The whole simulation study is divided into two parts: CFD simulation is as the first part and the
ultrasound simulation based on CFD data is the second part. The hemodynamics involved with
atherosclerosis can be studied through the coordination of CFD and FEM. Then, we will import geometry
information of blood flow model, displacement and velocity data that are generated through numerical
computation and will apply effective methods to simulate ultrasound color flow images. In this work, we
solve the blood flow geometrical model with the help of finite element method. We applied CFD to
numerically solve the differential equations involved with fluid flows. The blood particles location for the
different instant of time is essential for velocity calculation. The velocity can be calculated through the
movement data of blood particle scatterers from ultrasound RF signals. Finally, the ultrasound-based flow
images will be compared with CFD references and viscosity change effects investigated for different carotid
artery models. Figure 1 shows the flowchart of the overall simulation methodology of this study.

2.1. CFD simulations

The blood is considered as incompressible, laminar and non-Newtonian fluid and Navier-Stokes are
used for governing the blood flow model in the carotid. Navier-Stokes equations explicate the fluid flow
mechanics governing the dynamical balance between two internal forces due to fluid pressure and viscosity
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with the forces applied externally [18], [19]. Assuming the isothermal conditions the dynamic blood flow is
governed by the momentum and mass conservation equation which is represented as:

p(du/dt+uvu)=Vo + f
vVu=0

Where u denotes the velocity, o denotes the stress, density of blood is represented by p and f is the volume
force per unit mass of blood.

In this study, a fixed density considering the realistic density of blood and variable viscosity related
to carotid atherosclerosis has been chosen for the analysis. Dirichlet boundary conditions are assumed for the
entrance flow with a time-dependent parabolic velocity distribution. The finite element solver has solved the
time-dependent incompressible Navier-Stokes equations to compute the resultant velocities considering the
blood properties and boundary conditions. CFD is very popular for vascular flow analysis like the study of
flow dynamics of stenosed carotid artery [20]. CFD technique has been used in this study to solve the
differential equations of fluid dynamics numerically for computing blood flow data. We have used the widely
accepted finite element solver ANSYS software (ANSYS Inc., Canonsburg, USA) to solve blood flow model
for getting the blood flow data.

We have developed 2D models of realistic atherosclerotic stenosed carotid artery since our main
focus is on the viscosity change effect rather than complex 3D structure and computations. Three models
with different cases have been considered relating to normal, mild and severe carotid atherosclerosis cases
with no blockage, less than 50% blockage, and greater than 50% blockage respectively. Computational
models of carotid arteries with main common carotid artery (CCA), internal branch ICA and external branch
ECA is modelled through ANSYS. The length of the CCA, ICA and ECA are chosen as 10 mm, 5 mm and
5 mm respectively. The diameter of the CCA, ICA and ECA are 4 mm, 3 mm and 2 mm respectively. The
stenosis is added in the junction of ICA and ECA, which is known as carotid bifurcation region. The entry
level of CCA is denoted as inlet and the end boundaries of ICA and ECA are denoted as outlet boundary.
Figure 2 shows three different carotid artery models with CCA, ICA, and ECA along with their real
scenarios.

In this study, blood density is chosen as 1060 kg/m®. Then three different viscosities of 3.5 mPa-s,
7 mPa-s and 10 mPa-s have been chosen to analyze the change effects. The incompressibility condition is
employed being blood is very well approximated as a perfectly incompressible material. Reynolds numbers
for three different blood viscosities with fixed blood density are shown in Table 1.
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Figure 1. Flowchart of methodology
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Table 1. Blood viscosities and Reynolds numbers for the models

Cases Blood viscosity (mPa-s)  Reynolds number at CCA inlet
Normal Carotid 35 605
Abnormal Carotid-1 35 605
35 605
Abnormal Carotid-2 7.0 302
10 212

(@) (b) ©

Figure 2. Carotid artery models for different cases (bottom row) with corresponding realistic scenarios
(top row); (a) Normal carotid artery, (b) abnormal carotid artery-1, (c) abnormal carotid artery-2

Meshing criteria has been chosen with a largest gap of 0.040 mm in the laminar flow sections of the
CCA inlet and ECA outlet, and a largest gap of 0.020 mm in the complex area surrounding the bifurcation,
carotid bulb and downward areas of the ICA subdivision. The designed carotid artery geometry models have
been meshed into almost 17500 elements. The mesh diagram of carotid artery models for normal and
atherosclerosis cases are shown in Figure 3.

Boundary conditions have been applied to the inlet surface, the outlet surfaces and the luminal wall
surface. Here, we consider the artery wall as rigid and the velocity profile as parabolic with a maximum
velocity of 0.5 m/s as an inlet boundary condition. The outlet boundary is defined as a pressure outlet with no
initial pressure. Since our main focus to analyze the disturbance occurred due to the atherosclerotic obstacles
and to examine those regions in constructed ultrasound velocity images, the blood and artery wall interaction
has not been considered. The blood flow velocities are then computed solving the carotid artery blood flow
models using ANSYS at different locations in the common carotid and internal and external branches.

@ (b)

Figure 3. Mesh diagrams of different carotid artery models (enlarged view); (a) Normal artery,
(b) abnormal artery-2

2.2. Simulation of ultrasound color flow images

For ultrasound simulations, we have used the well-accepted simulation software Field 11 [21]-[23].
Field Il program has been chosen here because of its perfect modelling of arbitrary probes, beamforming,
wave propagation and interactions, and its capability for simulating real like ultrasound images through
generating RF signals using the CFD data. This part of the simulation was done using MATLAB (The
MathWorks Inc., Massachusetts, USA) and Field Il can simulate different kinds of ultrasound transducers,
arrays, raw radiofrequency (RF) lines and the images in this platform. In Field II, the red blood cells are
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considered as point scatterers and the blood is modelled as a collection of these scatterers distributed in
random manner. The CFD simulation data provided these scattering points to make the synthetic phantoms
for generating an ultrasound RF signal and blood flow image. We have to know the position of the scatterer
for every time steps for the velocity measurement. The estimation of velocity can be done using the
movement data of the scatterers calculated from ultrasound RF signals.

In this study, we modelled a linear ultrasound probe with 5 MHz centre frequency. We used 128
probe elements among them 64 active elements are excited with dynamic focusing strategy to scan the whole
synthetic phantom area and simulated 256 RF lines for imaging. Apodization is used using the Hanning
window for both transmittinig and receiving aperture. To capture the blood positions, 10 time-steps have
been considered for generating RF signals frames using CFD data at that time.

Nowadays, color flow imaging (CFI) is a popular technique to examine the flow dynamics of blood
in different clinical situations. The ultrasound CFI show the estimated axial velocity components along the
ultrasound beam. The rate of change of phase in RF signal envelope of consequent time instants can be
inferred as a time or frequency shifting of the signals and the blood velocity can be calculated from this phase
data [24]-[28]. The time shift can be estimated by applying autocorrelation or crosscorrelation of RF echo
signals. In this study, we have used an auto-correlation based algorithm [27] to estimate blood velocity and
hence to reconstruct CFIl. The velocity can be measured from the phase shifting information by taking
multiple RF envelopes at different time steps along a single line keeping the transducer fixed and then
compute the average phase shifting at each range bin along the line. The change in phase of Hilbert
transformed demodulated complex RF signal x(t)+ jy(t) for each range bin t can be computed as:

dgt) o 2060 - %, 0y, 0)]
at S %) + v )y, ()]

Where E is the ensemble size, varying from 4 t016 and e+1 means the next event of RF acquisition after e.
The blood velocity is proportional to the derivative of phase angle which is expressed as:

L, __delt) ¢
‘ dt 4,

dg(t)

—

If the time between the recorded lines is Ty, then the velocity is expressed as:

_ C nt Z [ye t Xe i1 t —X (t)ye+1(t)]
Z 4ﬂf0TP'f Z:,oz[xe (t)xe+l(t) Ve (t)ye+1(t)]
The Ty has been chosen as 1ms and 10 pulses are considered. Finally, the ten velocity image frames

are averaged to obtain the color flow image. A low pass Gaussian filter with a 5x5 kernel and unity standard
deviation is used to denoise the velocity image. The kernel of the Gaussian filter is calculated as [29]:

-(x*+y?)

1 202
Glxy) = 2n20° ¢

Where X, y is the pixel positions of the kernel. The filter kernel is gone through all over the constructed raw
image of blood velocity and convolved to increase the quality of the image.

3. RESULTS ANALYSIS AND DISCUSSION

The FEM model for normal and abnormal atherosclerosis cases has been solved using ANSYS to
verify the matching of the ultrasound and CFD results as well as to investigate the viscosity change effects.
The obtained CFD based flow images of different models under different viscosity conditions are used as
reference images and compare with the simulated ultrasound based flow images to investigate its
effectiveness on viscosity variation tracking. Finally visual inspection and quantitative assessment has been
done and discussed accordingly.
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Figure 4 shows the normal and atherosclerotic carotid artery bifurcation models with CCA, ICA and
ECA and its axial-directional computed velocity map considering a fixed density of 1060 kg/m? and viscosity
of 3.5 mPa-s. The velocity distribution contour in the inlet was found as parabolic. The velocities in the
normal carotid models are almost uniformly distributed. But the abnormal carotid models show the hemo-
disturbance and blood velocity increased significantly in the plaque regions. Swirls have also been noticeable
in the bifurcation. Most importantly, higher flow with velocity has been fairly noticed in the tapered regions
created by plaque which are usually found real cases also.

As blood viscosity is related with atherosclerosis development, data related to viscosity can improve
the quality of ultrasound carotid atherosclerosis flow image. Therefore, CFD images with varying viscosities
have been constructed to examine the viscosity variation haemodynamic effect as well as the ability of
ultrasound scanning to trace this viscosity variation. For analysis and to understand the growth of carotid
atherosclerosis properly, we used three different viscosities of 3.5 mPa-s, 7 mPa-s and 10 mPa-s with a fixed
density of 1060 kg/m? in abnormal carotid-2.

The simulation images from CFD data considering three different defined viscosities in abnormal
carotid-2 are shown in Figure 5. It is observed that although inlet velocity was 0.5 m/s, the peak velocity at
atherosclerosis region reaches to about 2.5 m/s and haemodisturbance occured due to plaque. From Figure 5,
it also observed that with the increases of viscosity the magnitude of distributed velocities are reduced.

Normal Carotid Abnormal Carotid -1 Abnormal Carotid -2
- ___d—-—-*"|
. A 2
(a) z ( /\_’/ B
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Figure 5. CFD simulated velocity (m/s) images of abnormal carotid-2 model for viscosities of (a) 3.5 mPa-s,
(b) 7 mPa-s and (c) 10 mPa-s

The color images of the estimated CFD velocities are used as references for the comparison and
justification of the performance of the constructed ultrasound color flow imaging to achieve the objectives of
this study. For ultrasound images, the velocity images are computed by using the autocorrelation based phase
shift estimation algorithm. For comparative analysis, the ultrasound flow images and the reference CFD
images for different models are shown in Figure 6. In the ultrasound color flow images, a parabolic
distribution of velocity was observed which leads a good match with CFD simulations despite a slight
reduction of the velocities. For better analysis, the vector plot of CFD images with an enlarged view is shown
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in Figure 7. It was observed that the flow direction deviated even in the opposite directions which indicate
the negative velocity index.

Model CFD simulated flow image Ultrasound simulated flow image

€)] Normal Carotid

(b)  Abnormal Carotid-1

(c) Abnormal Carotid-2

Figure 6. Comparison of CFD computed and ultrasound simulated color flow velocity (m/s) images for
different models

Figure 7. This figure are; (a) Contour plot and (b) Vector plot of velocity (m/s) distribution of abnormal
model-1 with enlarged view

To examine the ability of ultrasound technique to distinguish viscosity changes, simulated
ultrasound colour flow images with varying viscosities has been compared with the reference CFD images as
shown in Figure 8. In the topmost CFD simulated image with normally considered viscosity is 3.5 mPa-s, it
was found that the velocity of blood is normal range in CCA region. But elevated velocity slopes were
observed in radial direction to the at the artery wall of ICA and ECA close to the apex part owing to plaque in
bifurcated area which constricted the blood vessel. The obtained velocity map from ultrasound CFI illustrate
good match with the CFD images with slight variations arises due to speckle noises available in ultrasound
scanning.

Blood viscosity was set to an increased value as 7 mPa-s for the middle frame images and it was
found that the resistance rises due to viscosity elevation. In consequence, fall in velocity in CCA branch and
complex haemedisturbance in bifurcation area were found which leads to further development of
atherosclerosis. The drops of velocity were found also in ICA and ECA close to the apex-induced place.
Supply of blood might be reduced to the brain which may lead probability of stroke. The constructed
ultrasound CFI shows a similar trend of CFD reference despite little variations.
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The blood viscosity was then set to more value in simulation study as 10 mPa-s in the bottom row of
Figure 8 and it was observed that the resistance against flow is extremely raised for additional increasing of
viscosity. In consequence, blood velocity drops further in CCA part and a noticeable turbulence flow is
created in the bifurcation that further develops atherosclerosis as well as constricted the artery. The velocity
of blood drops further in ICA part and ECA close to the tip of partition and blood flow become noticeably
lower which leads to the threat of stroke. This ultrasound CFI also showed good match with the CFD image.

The blood velocities in the atherosclerotic regions have been observed higher in both CFD
computed and ultrasound based simulated velocity images which are also satisfying the practical happenings.
Nevertheless, noises have been observed in the ultrasound based flow images despite the Gaussian filtering.
The noises might be induced from speckles as well as truncation process like limited meshing and nodes
concern. The magnitude of velocity vector-sum considering all components in the atherosclerotic regions
found about 2 to 5 times speedy than that in inlet.

Abnormal model-2 CFD simulated flow image Ultrasound simulated flow image

(@) Viscosity: 3.5 mPa-s

(b)  Viscosity: 7 mPa-s

(c) Viscosity: 10 mPa-s

Figure 8. Comparison of CFD and ultrasound images considering viscosity variation in abnormal carotid
model-2; (a) Viscosity: 3.5 mPa-s, (b) viscosity: 7 mPa-s, (c) viscosity: 10 mPa-s

From the aforementioned results analysis we can say that as viscosity changes are associated with
the growth of carotid atherosclerosis, tracking these changes and incorporation of this additional information
can be useful to improve the ultrasound flow imaging quality. The variation of hemodynamical disturbances
occurs in bifurcations plaques due to the variation of blood viscosities and sensibly differ from each other. It
is found that the velocity images are changed with the changes of viscosity for both cases CFD images and
ultrasound color flow images and more complex pattern is found with elevated viscosity. Though ultrasound
technique is widely used for carotid atherosclerosis diagnosis, atherosclerosis related viscosity changes
effects are not considered in conventional ultrasound imaging. Therefore, effective estimation of this
viscosity variation induced velocity changes data using ultrasound technique might provide useful contrast.
This additional contrast can improve the ultrasound color flow imaging support accompanied by its innate
faster scanning ability for better diagnossis of carotid atherosclerosis.

Furthermore, the atherosclerosis stages of the models have been determined from the estimated
velocity data of CFI following standard grading criteria of carotid stenosis [30]. Table 2 shows the peak
velocity in the plaque regions of abnormal carotid models with their estimated atherosclerosis stages.
Depending on the peak velocity at ICA region of interests and the ICA: CCA velocity, the abnormal carotid
model-1 shows the stenosis in severe level according to the referred criteria. The abnormal carotid model-2
with increasing viscosities are estimated as moderate stages with reducing peak velocities, but as the
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viscosity increases the ICA: CCA velocity ratios are increasing towards severe stage which reflects the close
relation of viscosity elevation with atherosclerosis progression.

Table 2. Variation of blood velocity for different stenosis

Models ICA peak velocity (cm/sec) ICA/CCA velocity ratio Degree of Stenosis

Normal Carotid 116 (< 125) 1.2<20 Normal
Abnormal Carotid-1 333(>230) 4.7(> 4.0) Severe
Abnormal Carotid-2 229 (125~230) 2.5(2.0~4.0) Moderate
Viscosity: 3.5 mPa-s
Abnormal Carotid-2 210(125~230) 3(2.0~4.0) Moderate

Viscosity: 7mPa-s

Abnormal Carotid-2 190 (125~230) 3.2(2.0~4.0) Moderate

Viscosity: 10mPa-s

4. CONCLUSION

In this study, the viscosity varition effects in different realistic carotid atherosclerosis models have
been studied using CFD technique and consequently simulated ultrasound based color flow image have been
tested and investigated. The blood flow dynamics have been examined under different atherosclerosis and
viscosity conditions. The simulated ultrasound based flow images have been compared with CFD flow
images and a good matching has been found between them. It was perceived that noticeable increase of the
blood flow velocity in carotid atherosclerotic growths of the abnormal artery while velocity looks like a
uniform in the normal carotid artery. The severity stages of stenosis have been determined using ICA and
CCA velocity information. Most importantly, the models have been examined with varying viscosity as
viscosity elevation is linked with atherosclerosis development. The patterns of blood flow in carotid
bifurcated region with atherosclerotic plaque for different levels of viscosities are found more complex in
case of elevated viscosity as well as the patterns are different for different viscosities. It has been found that
autocorrelation and phase shift based estimated ultrasound color flow velocity imaging can track this
viscosity induced contrast. Therefore, an important finding of this study is that viscosity induced contrast is
not negligible and significantly, it is detectable by ultrasound scanning. As the conventional ultrasound flow
imaging does not consider viscosity changes effect, the result analysis of this study suggests that
incorporation of the viscosity changes contrast might improve the ultrasound flow imaging based carotid
atherosclerosis diagnosis. We think the findings of this work might be beneficent for better diagnosis of the
current conditions of carotid atherosclerosis and predict the forthcoming growths to minimize the risk of
brain stroke.
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