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Abstract: This paper considers the blood flow in carotid artery and its adjoining internal and external carotid
artery. It focuses on different shapes of obstructions developed in the artery due to plaque formation by fat and
cholesterol deposit. The current research takes into consideration the specific areas of plaque formation and the
overall consequence on pressure and velocity distribution accordingly throughout the artery. This simulation
gives the pressure and velocity profiles at different points which may be measured non-invasively by MEMS
pressure sensor and Doppler velocimeter externally. The study made in this paper is also useful in locating the
probable area of blockage and the shape of blockage. The simulation also studies thickening of blood and the
effect of external pressure application on the artery. The simulation has been carried out using Comsol
Multiphysics 5.3 where a 3d model of carotid artery adjoining internal and external carotid artery along with
blockages has been taken into consideration. This study assumes that the fluid is Newtonian, non-viscous and
incompressible. Fluid flow is laminar and the arterial wall is elastic.

Keywords: COMSOL multiphysics; Blood vessel; Spherical, hemispherical and Gaussian shaped blockages;
Carotid artery disease, Vascular resistance

1. Introduction The most cases of carotid artery stenosis are
caused by atherosclerotic plaque as part of

Atherosclerosis majorly contributes to the cause generalized atherosclerotic disease. Carotid Artery
of death and premature disability in developing and ~ Stenting (CAS) has been initially used as an
developed countries. The current predictions alternative treatment option in patients not eligible
estimates that by 2020 cardiovascular diseases,  for surgery [2]. It is hard to reconcile the modest

mainly atherosclerosis will become the leading global number of patignts who are at .increased 10—y§ar risk
cause of total diseases. The Blockage in the arteries ~ by the Framingham CV risk model with the

supplying blood to brain causes strokes and cerebral ~ observation that the lifetime risk of Coronary Artery
ischemia [1]. Disease (CAD) starting at age 40 years is 49 % for
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men and 32 % for women [3]. Carotid plaque is
associated with traditional and non-traditional CV
risk factors. Several studies have shown that carotid
plaque, either alone or combined with other screening
tests and information from the patient’s history,
predicts the presence of cardiac ischemia and
angiographic CAD [2].

The early lesions in the tunica intima (innermost
layer of artery) arise from increase in accumulation
of lipoproteins within the regions of tunica intima.
Lipoprotein particles may undergo oxidative
modifications in the extracellular space of intima.
Leukocyte Accumulation also characterizes the
formation of atherosclerotic lesions. Leukocyte
adhesion can be decreases by laminar shear forces in
most regions of normal arteries [4]. Favourable sites
for atherosclerotic lesions e.g. Branch points often
have disturbed flow. Pulsatile and ordered laminar
shear of normal blood flow increases the production
of nitric acid by endothelial cells. The endothelial
cells having properties which dilates the blood
vessels limits the adhesion of lipoproteins.
Production of superoxide dimulatse by stimulation
endothelial cells is also caused by laminar shear
stress, an antioxidant enzyme [1]. These examples
explain the favoured sites of atherosclerotic lesions
due to disturbance in laminar shear stress.

The monocytes and lymphocytes penetrate the
endothelial layer when captured on the surface of the
arterial endothelial cells by receptors and take up
residence in the intima. After that, the mononuclear
phagocytes forms into macrophages and lipid laden
foam cells is resulted. Thus key steps in formation of
atherosclerotic plaques are firstly, monocyte
attachment to endothelium secondly, migration into
the intima and thirdly maturation to form lipid-laden
macrophages [1].

Major risk factors for developing atherosclerotic
plaque includes Cigarette smoking, blood pressure
above 140/90 mmHg, low HDL cholesterol, high
LDL cholesterol, fasting triglycerides >150 mg/dl,
Diabetes mellitus, obesity, physical inactivity,
atherogenic diet etc. [1, 14, 16].

This paper considers a 3D model of a part of
carotid artery with a branch which is the favorable
site for plaque deposition. Three types of blockage
has been discussed in this paper, hemisphere and
Gaussian shaped blockages indicating to be
developed from adhesion of leukocytes resulting in
atherosclerotic plaques and sphere shaped blockage
as result of embolus has been considered. Firstly the
velocity and pressure profile throughout the healthy
artery is presented then the same has been calculated
for different shapes of all the three types of
blockages. Next, the results for stiffening of the
artery, vascular resistance, thickening of blood and
the effect of external pressure application on the
artery have also been calculated. A simulation study
of detection of blockage and its extent by assuming
two pairs of external pressure sensors along carotid
has also been discussed.
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The aim of this paper is to compare the scenarios
between a healthy artery and the artery with disease
describing the changes in the blood flow, plaque
formation, blood flow velocity and pressure. This
computer simulated model is helpful in analyzing the
possibility of occurrence of CAD and learning the
behaviour and consequences of the plaque getting
deposited regularly. The model also simulates the
formation and growth of the plaque and observes the
changes in blood flow which is faster, simpler and
safer before doing the treatment.

This paper is organized as follows: Section 2™
shows the modelling of carotid artery and types of
blockages. Section 3™ discusses the results
regarding the pressure and velocity distribution.
Section 4" concluded the paper and briefs about
future perspectives.

2. Modelling of Carotid Artery

The common carotid artery along with its
adjacent branch of internal and external carotid artery
is modelled as shown in Fig. 1. The approximate
length of common, external and internal carotid
artery is 50 mm, 40 mm and 30 mm and internal
diameter of 6 mm, 5 mm and 4 mm respectively.
Three different types of blockages has been
modelled. The Gaussian shaped and hemisphere
shaped at the branch points and sphere shaped at a
point at plain lumen surface. The blockages are
shown as to be increased with time with a definite
increase in the thickness of the blockage. To model
blood flow the laminar flow of fluid mechanics and
to study the pressure due to it the solid mechanics
physics has been used accompanied by stationary
solver. The blood fluid material is assumed to be
Newtonian here because the apparent viscosity of
blood is almost constant due to high shear rates [8,
11], 13]. Also it is assumed to be non-viscous,
incompressible and artery walls have been assumed
to be elastic. The blood flow is governed by the
continuity equation and Navier-Stokes [5, 10, 18],
equation.

Fig. 1 shows the common carotid artery with its
distributed internal and external carotid arteries. The
bottom of the artery is the inlet for the blood flow.
Fig. 2 on the other hand shows the same but with two
outlets corresponding to the inlet.

Blood flow through a blood vessel is determined
by pressure difference of the blood between the two
ends of the vessel, also called pressure gradient along
the vessel, which is the force that pushes the blood
through the vessel, and the impediment to blood flow
through the vessel, which is called vascular resistance
[17]. P1 represents the pressure at the origin of the
vessel; at the other end, the pressure is P2. Resistance
is resulted because of friction between the flowing
blood and the intravascular endothelium layer of the
vessel. The flow through the vessel can be calculated
by the Ohm’s law: in which Q is blood flow, AP is
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the pressure difference between the two ends of the
vessel, and R is the resistance [7, 12, 16]:

_4p

R ()

Q

This formula states, in effect, that the blood flow
is directly proportional to the pressure difference but
inversely proportional to the resistance.

Fig. 1. Carotid artery with two distributed branches.

Fig. 2. Carotid artery (Front view).

2.1. Calculation of Pressure over Carotid
Artery

Considering a cylinder representing the artery
having a Gaussian shaped blockage and two MEMS
pressure sensor capable to sense the arterial wall
pressure due to blood flow. One of them is fixed at
the origin of cylinder and treated as reference

pressure sensor and other is movable. P1 is the point
at which fixed sensor is placed. P2 is the point at
which the height of blockage is maximum and P3 is
the point further away from P2. The area of blockage
can be assumed as sector due to small dimensions.

The above Fig. 3 shows the cross section view of
the blockage indicating that as the size increases the
area of the sector increases and hence the 6
also increases.

Fig. 3. Horizontal and cross-section view
of assumed cylinder.

. mdi
Area of cross section at P1, A1 = —.

Area of cross section at P2 excluding the area
of sector

Az_ﬂdf 1rdf>< 0
4 4 " 360 ?)

Ay = nd? (1 ] )
T4 360

or

Az _ 0

Al 360

By equation of continuity

Al v1=A2 v2
or
Az _vi_ 1— 9 (3)
Al v2 360

From Bernoulli’s theorem

v: p
gh+ > + — = constant

©

Since the cylinder is horizontal we can neglect
height, h
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or
V2 — 2
pl—p2=p<22 1) )
Putting value of Eq. (3) in Eq. (4)

_pv3 (7209 - 92)

2\ 3602

(&)

where v; and p1 are the velocity and pressure at point
P1, v, and p2 are the velocity and pressure at point
P2, Ap is change in pressure at point P1 and P2 and p
is the density of blood. This value of Ap can be used
to detect the blockage and size of blockage as shown
in further sections.

2.2. Calculation of Velocity over Carotid
Artery

Considering the same cylinder as shown in Fig. 3.
For measuring velocity two ultrasonic sensors can be
placed over the artery. The velocity of blood can be
calculated using transit time difference and Doppler
frequency shift. The relation between transit time

difference and blood flow velocity can be
calculated as
2Dv cosa
pr= " (©)
c

And the relation between Doppler frequency shift
and blood flow velocity can be calculated as

Af = 2fv cosa’ 7

C

where ¢ is the speed of ultrasonic waves, D is the
artery diameter and a is the angle at which ultrasonic
waves are incident. The blockage can be easily
detected by detecting the change in velocity going
throughout the length of the artery.

The model contains three domains, one forms the
cylinder containing the walls of the artery, second
forms the space where blood flows and the third is
for the fat or cholesterol structure forming the plaque
(Table 1).

Table 1. Material properties [5].

Properties Blood | Artery | Fat deposit
Density (Kg/m?) 1060 1060 1050
Dynamic Viscosity 0.005 ) )
(Pa.s) )

Young’s modulas
(MPa) - 2 20
Poisson’s ratio - 0.49 0.11
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The flow under laminar flow physics was
modelled for blood as Newtonian fluid with no slip
boundary condition. Two boundaries for inlet and
outlet flow have been selected with inlet velocity of
0.169 m/s and outlet pressure of 0 atm.

The Gaussian, hemispherical and spherical
blockages contained by the arterial lumen are shown
in Fig. 4, Fig. 5 and Fig. 6.

Fig. 4. Artery with Gaussian blockage.

Fig. 6. Artery with spherical blockage.
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Fig. 6 shows the points drawn throughout the
geometry to take a record of pressure and velocity at
those points. Two points are drawn across the
blockage site on the arterial wall and the
corresponding two points are drawn just below them
in the middle of the artery. Two such points are also
drawn on the artery with smaller cross section area.
And these are the points where sensors can be placed
externally to verify the following results.

Fig. 6. Position for placing sensors.

3. Results and Discussion

The analytical work in Eq. (5) can be validated
using Comsol. It has been shown in this section that
how closely both the calculation of pressure
difference and its measurement by Comsol vary.
Putting the value of density of blood in Eq. (5) it
becomes

®)

, (7208 — 62
Ap = 5301]2 W

It can be seen that as the obstruction increases at
point P2, the area for fluid flow becomes less,
increasing the velocity at P2 and it is evident from
Bernoulli’s equation that due to increment in velocity
the pressure at P2 decreases. Hence Ap (pl-p2) goes
on increasing as blockage increases. Hence the
movable pressure sensor can be kept at different
points throughout the artery and the point of
maximum pressure difference (Ap) can be concluded
as the site for blockage/maximum blockage.

Calculating Ap by putting different values of 9,
indicating the increase in blockage size Table 2 has
been plotted for 6= 30, 60, 90, 120 and 150 degrees.

Table 2. Relation between 0 and Ap according to Eq. (5).

Also velocities measured from Eq. (6) and Eq. (7)
can be put in Table 2 to get the change in pressure for
every size of blockage and hence can be verified
from the values of MEMS pressure sensors.

Next, to validate the results shown in Eq. (8) and
Eq. (6), the geometry shown in Fig.3 has been
simulated in Comsol and the velocities and pressure
at points P1 and P2 has been shown in Table 3 and
Table 4.

Table 3. Velocities at P1 and P2 at different values of 0.

Velocity (m/s) at | Velocity (m/s) at 0
P1 P2
0.160 0.172 30
0.173 0.198 60
0.164 0.266 90
0.154 0.291 120
0.174 0.322 150

As calculated earlier using Bernoulli’s theorem,
the pressure at point is less since the velocity at that
point increases in every case. Next the plot for Ap
from Table 4 which is calculated by Comsol and the
plot for Ap from Table 2, found analytically by
putting the values of v at point P2 from Table 3 has
been plotted in Fig. 7.

Table 4. Pressure at P1 and P2 at different values of 6.

0 Ap
30 84.65v?
60 161.94v?
90 231.87v?
120 294.44v?
150 349.65v2

Pressure Pressure 0 A

(Pa)atP1 | (Pa)atP2 P
24.99 12.92 30 12.07
41.98 22.67 60 19.31
78.49 46.06 90 32.43
138.89 93.56 120 45.33
180.55 188.06 150 62.49
70 = =
60 __ = Change in Pressure(Comsol)

—e— Change in Pressure(Analytical)

Change in Pressure(Comsol) (Pa)

20 I 40 I 60 I 80 ‘IEIIU ' 150 ' ‘IA:U ' 160
Theta (degree)
Fig. 7. Change in pressure for both cases.
The plot in Fig. 7 shows proportional increase of
both the pressures changes and differs by some

constant factor. Hence it is evident from this figure
that this Ap can be used to detect the blockage
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and its growth and can be treated well before its
dangerous consequences.

The pressure and velocity profile of the healthy
artery has been plotted and shown in Fig. 8 and
Fig. 9. The colour pattern of Comsol results indicates
red, orange yellow green, violet blue with red being
the highest and blue lowest value. As intuitive the
pressure is maximum from the inlet and then
decreases to the outlets. The internal carotid branch
of the artery shows less velocity and pressure due to
its small cross sectional area as compared to common
carotid artery.

Fig. 9. Pressure profile of healthy artery.

Table 5. Pressure and velocity at points across the
blockage site in case of healthy artery.

Point 1 | Point 2
irte;i}l; zr(iix)/ region 7.243 434
irte::tlgrei:a(lpv?/)all region 7.470 4.602
Xflr(r)gélt};r(tg;)region 0.253 0.185
Xte lz:)r:elai}i/a(ln\:v/zzl region 0.044 0.029

The considerable difference at both points in the
parameters even without the blockage is due to the
distribution of blood in two branches of the artery.

Next, the geometry with Gaussian curved
blockage has been simulated. The fat geometry has
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been inserted in the artery with succession of 0.02
mm until it closes most of the artery. The velocity
profiles with initial and final shape of Gaussian
blockage are shown in Fig. 10 and Fig. 11.

Fig. 11. Velocity profile when the size of Gaussian
blockage is maximum.

The pressure at post blockage site (point 2) and
the pressure in internal carotid artery as the Gaussian
blockage starts increasing is plotted Fig. 12.

Post blockage site pressure
—e— Pressure in internal carotid

5.5_‘
5.0
45 ]
4.0 _-
35 ]
3.0 4
2.5—‘
2.0
1_5—-

1.0 o

Post blockage site pressure (Pa)

0.5
0.0

-0.5

T T L
0.2 0.4 0.6 0.8 1.0
Height of Blockage (mm)

Fig. 12. Pressure at post blockage site and internal carotid
against increasing Gaussian blockage.
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Fig. 13 displays the pre blockage site
(point 1) pressure against varying increase in
Gaussian blockage.

180 =

160 — -

140 - -
[ =—Pre Blockage site
5 120
g
& 100 -
» A
@
& 80 "
(]
4 -
(5]
S 0- .
o
o ]
I 40—
i u
20 - e
4 .__,_;{.
0—-
I L] T u

! , ; ] | .
0.2 04 0.6 0.8 1.0
Height of Blockage (mm)

Fig. 13. Pressure at pre blockage site against increasing
Gaussian blockage.

The plot in Fig. 11 shows an interesting pattern of
blood flow along main artery and the internal carotid
artery. Up to 0.8 mm blockage both graphs look like
a mirror image. Up to 6 mm blockage the pressure
decrement at post blockage site is compensated by
the increment in internal carotid artery. This is due to
the fact that since the blood flow is constant the
increased blood flow in former case is compensated
by the decreased blood flow in latter. From 0.6 mm
to 1 mm there is an abrupt decrease at post blockage
site and a corresponding increase in pressure in
internal carotid. The plot also reveals that the
pressure at these to point comes to same at 0.88 mm
blockage height. This kind of pattern can be thought
as a finger print pattern for the given shape of artery
and blockage. If the pressure is measured at these
locations externally then getting these pattern of
pressure profile can confirm the Gaussian shape of
the blockage present at the artery. Fig. 11 shows the
steady exponential increase in pressure because the
pre blockage site faces all the blood interaction there
is no distributed artery to make any variation.

The Fig. 14 shows the velocity profile for the
points located at internal carotid artery and at post
blockage site which when comparing to Fig. 11
justifies the increment and decrement well up to
0.8 mm blockage.

The same analysis has been for a hemisphere
shaped blockage. The blockage geometry was
increased in succession till it completely clogged the
artery and then their corresponding velocity and
pressure profile were measured at specific points.
Fig. 15 shows the pressure profile at post blockage
site and pressure at internal carotid against an
increase in height of hemispherical blockages until
both the hemisphere arcs touches each other. The
graph shows the pattern like previous case that the
decrement in pressure at post blockage site is

compensated by increase in pressure at internal
carotid, because the distributed flow of blood in both
the branches. The blood flow being constant the
increase of blood flow in one branch decreases the
flow in other. Fig. 14 on the shows the pressure at pre
blockage site which like the previous blockage shows
increase at every interval. This kind of pattern can
also be treated as fingerprint flow pattern of the
artery with hemispherical blockage.

0.34 = =
032 -
0.30 -
0.28
0.26 -
0242
022
020 -
0.18 -
016
0.14 ]
012 2
0.10 2
0.08
0.06 -~
004 -
0.02 -
0.00 5 | ; | : " " I : T L
02 04 0.6 08 10

=] Post blockage Velocity
—a— Velocity in internal carotid artery|

Post blockage Velocity (Pa)

Height of Blockage (mm)

Fig. 14. Velocity profile for internal carotid artery
and the point and post blockage.

The velocity profile for both post blockage site
and internal carotid artery is plotted in Fig. 17.

The scenario here is different as from the previous
cases because from 0.4 to 0.8 mm blockage the
velocity increases for both the cases.

Next the pressure profile for spherical blockages
has been discussed. Fig. 18 shows the relation
between size of the spherical blockage and pressure
at post blockage site and pressure at a point inside
internal carotid artery.

12 =—{Post blockage
112 —a— Internal carotid

Post blockage (Pa)

1 i ! i 3 n T i : | u
0.2 04 0.6 038 1.0

Height of Blockage (mm)

Fig. 15. Pressure profile for hemispherical blockage at post
blockage site and internal carotid.
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The post blockage site pressure continue to

decrease as the blockage is hindering the blood flow
and the pressure in internal carotid branch remains
almost same and then decreases for a bit since the
blockage doesn’t hinder the flow in it much. The
velocity profile for the same is also plotted and
shown in Fig. 19.

The velocity at the post blockage site decreases

just like the decrease in pressure and the velocity in

Pre blockage (Pa)

Post blockage (m/s)

500 = =
700 — [
500 [Fu—{Pre blockage
500 —
400 —
n n
300 -
]
200 - /
100 - /.
0- — "
a i I L i i u
02 04 0.6 08 10
Height of Blockage (mm)
Fig. 16. Pre blockage pressure in case
of hemispherical blockages.
6= =
F=]Post blockage
5 —&— Internal carotid
44
3 ed
n n
Z2 -
1
o<
L \ ‘ I ! n y \ ‘ \ L
02 0.4 0.6 0.8 1.0

Height of Blockage (mm)

Fig. 18. Pressure at post blockage site and internal carotid
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artery in case of spherical blockages.

carotid artery also follow the pressure in it as shown
in Fig. 16. Fig. 17 also shows that both the graphs are
almost a mirror image implying that the decrease in
velocity in one branch is an increment in the other
since due to the blockage the fluid is diverted to the
other branch more.

Internal carotid (m/s)

Post blockage (m/s)

0.35 - = Internal carotid
—a#— Post blockage
030 -
025 -
020~
n n
015 -
0.10 —
0.05 - \/‘—/’/‘
0.00 . : ] : n : I ' I u
02 0.4 06 08 10

Height of Blockage (mm)

Fig. 17. Velocity profile at internal carotid and post
blockage site.

020 = =
[-=—]Post blockage

0.18 - —e— Internal carotid
0.16 -
0.14 -

u |
0.12 -
0.10 -
0.08 —
0.06 -

a I ; I 4 n 3 I y I L

0.2 04 06 0.8 1.0

Height of Blockage (mm)

Fig. 19. Velocity at post blockage site and internal carotid

artery in case of spherical blockages.
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Fig. 20. Geometry only for common carotid artery.

Next, the geometry for only common carotid
artery has been considered. This geometry doesn’t
contain any branch of internal carotid artery like the
previous case and is shown in Fig. 20. Also an
analysis has been done which takes into account the
arterial wall pressure at pre and post blockage sites
shown in Fig. 21. The aim of this study is to detect a
considerable change if any at these two sites which
can be confirmed by externally measuring the
pressure using very sensitive pressure sensors. A
geometry of an artery of 60 mm length was created
with 4 mm diameter. A Gaussian blockage was
inserted with 0.01 mm interval and pressure across
that blockage was found which is plotted in Fig. 22.

4. Conclusion

To detect the blockage in carotid artery by sensors
externally an analytical model has been discussed
which justifies that blockage can be detected of
pressure difference between two points is maximum.
Same can be done with velocity sensors, an abrupt
increase in velocity at a point indicated blockage.
Then two geometries has been discussed in this
paper, first having a branch and its blockage its
pressure and velocity profile has been discussed at
pre an post blockage sites has been discussed.it was
found that every blockage has its own fingerprint plot
and its own behavior shown by their velocity an
pressure profiles.it also reveals the condition when
the pressure at those to sites become same. Then only
plain carotid artery was taken into consideration and
a graph was plotted at their post and pre blockage site
whose difference was found to be exponentially
increasing, the effect of varying blood density was
not very comparable. These pressure and velocity
profiles at different sites can be verified using MEMS
pressure sensors and Doppler velocimeter. Hence this
study gives the intuitive value of pressure at different
points by which blockage and its type can be located.

Fig. 21. Velocity profile with geometry
with only carotid artery.

3000 — [-=—Change in pressure =
2500
2000 -
"
1500 -

1000 -

Change in pressure (Pa)

500 —

v T v n v v
0.01 0.02 0.03 0.04 0.05
Bloakage Size (mm)

Fig. 22. Change in blood pressure at pre and post blockage
site at varying blockage size.

3000~ [echange in pressure at density-1200
—e— Change in pressure at density 1400
—&— Change in pressure at density 1060

2500 —

2000 -
1500 -

1000 -

change in pressure at density-1200

0.01 0.02 0.03 0.04 0.05
Bloakage Size (mm)

Fig. 23. Change in pressure at varying blood density
and varying blockage size.
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well as modeling and mathematical tools for measurements in
a quality control and other applications. The book volume
contains seven chapters written by nine contributors from
academia and industry from 6 countries: Algeria, Canada,
China, Germany, Slovak Republic and United Kingdom.

‘Advances in Measurements and Instrumentation: Reviews' will be
a valuable tool for those who involved in research and
development of various measuring instruments and systems.
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