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Pulsatile blood flow in the human carotid artery
bifurcation has been simulated by solving the incom-
pressible Navier—Stokes equations. Subject-specific
data were obtained from two volunteers. Three-
dimensional vascular geometry was extracted from
magnetic resonance imaging scans and periodic velo-
city profiles were constructed using Doppler ultra-
sonography and used as boundary conditions. Flow
separation and associated reversed wall shear stress
were observed in some bifurcations. Even mild stenoses
that do not affect the overall blood flow were associ-
ated with a significant local flow alteration.

Keywords: Atherosclerosis, computational fluid dyna-
mics, Doppler ultrasound, flow separation, magnetic reso-
nance imaging.

AN estimated 17.5 million people died due to cardiovas-
cular disease worldwide in 2005, representing 30% of the
deaths. About 80% of these deaths took place in the low-
and middle-income countries. If current trends are al-
lowed to continue, by 2015, an estimated 20 million peo-
ple will die from cardiovascular disease, mainly from
heart attacks and strokes'*.

Observations have shown that there is a correlation
between certain forms of blood flow like separated flows
and wall alterations®®. Such phenomena take place in
vessel bifurcations or bends and are associated with sites
prone to atherosclerosis. Presence of a vessel constriction
or stenosis further distorts flow. Wall shear stress (WSS)
is generally high in the stenotic region and a high veloc-
ity jet issuing from here continues for some distance.
Flow may separate in this region resulting in reversed
WSS. Due to the low and moderate values of the Rey-
nolds number, the flow may become disturbed and highly
chaotic in certain parts in the presence of a stenosis, but it
does not necessarily mean it has become fully turbulent
as verified from the direct numerical calculations by Lee
etal’

The flow field in the presence of a stenosis in a straight
or branching tube has been of interest due to its associa-
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tion with atherosclerosis even though precise relations
between the two are not known. However, it is hoped that
a subject-specific flow simulation may help in diagnosis,
surgical planning and risk assessment. A reliable flow
simulation requires an accurate definition of vascular geo-
metry, which is necessarily three-dimensional and velocity
boundary conditions which are unsteady. Two magnetic
resonance (MR) images of the neck area from a volunteer
(subject B in this study) shown in Figure 1 indicate the
complexity of the geometry involved. The carotid bifur-
cation comprises the common carotid artery (CCA), the
carotid bulb and bifurcation into the internal and external
carotid arteries (ICA and ECA). Developments in compu-
tational fluid dynamics (CFD), flow visualization tech-
niques and capabilities in medical image processing are
helpful in such flow simulations. The human carotid
bifurcation has been chosen for the current study as its
geometric definition can be obtained using ultrasonogra-
phy (US), computed tomography (CT) or magnetic reso-
nance imaging (MRI) techniques. Pulsed Doppler US can
be used to obtain velocity boundary conditions since the ca-
rotid bifurcation is easily accessible being close to the skin.

Over the last four decades, several efforts have been
made with simulations, in vitro laser Doppler anemometer
(LDA) measurements and flow visualizations to under-
stand stenotic and branching vascular flows. Deshpande
et al® made flow simulations in case of localized axi-
symmetric stenosis. Deshpande and Giddens® reported
detailed turbulent flow fields using LDA. A critical
review of the stenotic flow is available in Berger and
Jou'. Flow measurements have been made with carotid
arterial models for steady flow by Bharadvaj et al.'' and
for unsteady flows by Ku and Giddens'?. Flow simula-
tions have been made in rigid bifurcation models by Jou
and Berger'®, assuming compliant wall by Perktold and
Rappitsch!® and also assuming blood to be a non-
Newtonian fluid by Gijsen ez al.'®. Subsequently, several
studies”'®'® have been undertaken obtaining geometric
and flow velocity data from human subjects using MRI,
phase contrast magnetic resonance angiography (MRA)
and pulsed Doppler US.

In the present study, a systematic approach was adopted
wherein the computations have been made for modelled
geometries and compared with both steady and unsteady
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Figure 1.

MR images of the neck and adjoining region for subject B. Smallest unit on the scales shown is 1 em.

a, Volume rendered three-dimensional time-of-flight MRA of the carotid and vertebral arteries viewed from the
front; b, Axial cross-section through the neck viewed from below.

experimental data. After establishing the reliability of the
CFD procedure, it was applied to three human carotid bi-
furcation geometries from MRI of two volunteers using
three-dimensional Time-of-Flight Angiography (Signa
HDx 1.5T, GE Healthcare). The three-dimensional geo-
metries extracted from the MRI were further improved in
their geometrical accuracy using US. Velocity boundary
conditions were constructed from pulsed Doppler US data
obtained at seven radial locations of the inlet plane of the
CCA and from the exit planes of the ICA and ECA
(Voluson, 730 PRO, GE Healthcare). The measurements
from two male human volunteers aged 63 years (subject
A) and 24 years (subject B) were made non-invasively
using MRI and Doppler US. An informed consent was
obtained before their participation. This study received
approval of the Ethical Review Board of M.S. Ramaiah
Medical College and Teaching Hospital, Bangalore.

Preliminary computations

Several exercises were carried out initially to establish a
procedure, validate the reliability of the commercial
software tools used and to establish the reliability of the
simulated results by comparing them with experimental
data available in the literature. For this reason, the models
used in this section are those for which LDA data are
available. Extensive testing and grid independence study
were carried out regarding flow simulation, some of
which are described here.

The geometry shown in Figure 2 was created from the
dimensions specified by Bharadvaj er al.'' using CATIA
version P3 V5R17 software for geometric modelling and
Gambit version 2.2.30 software for grid generation. The
unstructured grid shown has 1,309,000 cells, 90% of which
are hexahedral, the remaining being tetrahedral and
pyramidal. The cross-sections of the CCA, ICA (left
branch in Figure 2) and the ECA (right branch in Figure 2)
were circular in this model but special care was needed at
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Figure 2. Geometry and grid for the carotid artery model from Bha-
radvaj ef al.'’.

the bifurcation region while generating surface geometry
and grid.

Incompressible flow solution was obtained by solving
the continuity and the Navier—Stokes equations using
FLUENT version 6.3.26 software. Calculations were
done for several values of Reynolds number Re = UD/v,
where U is the average flow velocity at the entrance plane
of the CCA of diameter D and v the kinematic viscosity
of the fluid. The inlet velocity profile was parabolic and
steady to match the experimental value of Bharadvaj ef
al''. The exit boundary conditions were applied with a
specified division of flow between the ICA and ECA
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branches. The no-slip boundary condition was specified
on the wall. Since the flow was steady it was solved itera-
tively for a given value of Re.

The streamline patterns are shown in Figure 3 for
Re = 400. Here, the flow division between the ICA and
ECA was 70% and 30%, respectively, the value selected
to match the experimental case''. A separation region is
clearly seen in the sinus of the ICA along its outer wall.
Length of the separation eddy is seen to increase with Re.
A comparison with the experimental data'' for the axial
velocity distribution along the centrelines of the CCA and
the ICA is satisfactory as shown in Figure 4.

Comparison with unsteady data

Measurements in unsteady flow using LDA are reported
by Ku and Giddens'. The same model as that used in the

Figure 3. Streamlines simulated in the model of Bharadvaj et al."
and coloured by Z-velocity. Steady flow. Re = 400.
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Figure 4. Comparison of centreline axial velocity with the experi-
mental LDV data of Bharadvaj et al.'' in the CCA and ICA of the mod-
elled carotid bifurcation. Re = 400.

CURRENT SCIENCE, VOL. 97, NO. 9, 10 NOVEMBER 2009

steady flow study'' was used here. A periodic inlet velo-
city boundary condition was used in the experiments to
mimic a pulsatile human cardiac output. We used this
inlet boundary condition measured from a graph. The
non-dimensional parameter describing the unsteady flow
is the Womersley number I = RV(wA), based on R = D/2 =
radius of the CCA and radial frequency w of the periodic
flow. A value of W =4.0 was selected to match the
experiments. A good agreement is seen with the experi-
mental WSS time trace in Figure 5. The velocity profile
at a particular location in the ICA at a particular instant
identified by the phase angle of 75° is compared with the
experimental data in Figure 6. And the comparison is satis-
factory.

These preliminary exercises involved a fairly compli-
cated geometry, especially near the apex of the bifurca-
tion. Special attention was required when applying
boundary conditions for a specified division of flow
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Figure 5. Wall shear stress as a function of phase angle in the CCA
compared with experimental data of Ku and Giddens'®. Peak Re = 800,
W =4.0 and Xc =09 D.
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Figure 6. Axial velocity profiles in the proximal ICA at the axial lo-
cation 0.9 D in the plane of bifurcation (phase angle = 75°). Compari-
son with experimental data of Ku and Giddens'’. Peak Re =800,
W =4.0.
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between the daughter branches. Acquiring and processing
subject-specific data pertaining to the human carotid
bifurcation required special effort, as described in the
next section.

Subject-specific flow simulations

A reliable subject-specific blood flow simulation requires
an accurate measurement of the arterial geometry and
also velocity profiles at the inlet and exits. Despite the
developments in modern radiological equipment, these
two aspects remain the major source of uncertainty and
deserve special attention. Further, in this study the geo-
metry is assumed to be rigid and blood, a Newtonian
fluid. These two approximations are less serious in nature
and also making them subject-specific is not easy. Our
efforts have been aimed at minimizing the two major
sources of error.

Extracting vascular geometry and grid generation

From the MRI of subject B shown in Figure 1, the three-
dimensional geometry of the carotid artery for the right
and left sides was extracted separately using MIMICS
8.11 software. The right carotid bifurcation of subject B
(named BR) is shown in Figure 7 a. Subsequently, it was
modified for its dimensional accuracy using US image
data and the surface was created using CATIA software.
The computational domain is shown in Figure 7 b and it
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Figure 7. Right carotid arteries of subject B. (¢) Geometry extracted
from MRI using MIMICS software. Diameter of the CCA is 6.0 mm.
(b) Surface modelling and computational domain used for CFD calcula-
tions.

1306

has 402,976 grid cells. The computational domain is
shorter than the original geometry extracted from MRI.
Several factors play a role in this selection. Ideally one
would like to have the computational domain to extend as
far as practicable from the region of the bifurcation which
is of interest. Extending the region too far leads to inclu-
sion of secondary branches in the ECA which is undesir-
able in the present context. Extended computational
domain also means a longer computational time. But the
deciding factor in this study was the limitation of the
pulsed Doppler US in making accurate measurements
beyond a certain distance from the bifurcation on either
side due to the artery being inaccessible deeper inside the
body. However, the lengths we have chosen are at least
comparable to those in the Wake’s study'® where a phase
contrast MRA was used for velocity measurements. Also,
because of the same difficulty, satisfactory measurements
could not be obtained in the left carotid bifurcation of
subject A (i.e. case AL) hence this was excluded from the
study. However, there was no difficulty with the right
carotid bifurcation of subject A (case AR) which was
included in this study along with the right carotid bifurca-
tion (case BR) and left carotid bifurcation (case BL) of
subject B.

Boundary conditions

The accuracy of the flow simulation depends to a great
extent on the ability to apply boundary conditions accu-
rately. Velocity profiles in the inlet plane are needed as a
function of time. Usually one of the two extreme cases is
chosen where the profiles are either flat or parabolic'®.
An improved approach is to assume that the flow is peri-
odic and fully developed and hence use the Womersley
profiles’. However, it is likely that the actual profiles will
be far from these idealized cases. There have also been
efforts using phase contrast MRA to obtain velocity
boundary conditions for the entire cross-section'®. With
the available pulsed Doppler US technique, an improved
method has been attempted in the present study. The
blood velocity was measured at seven radial points
located symmetrically. Time trace at one such radial loca-
tion is shown in Figure 8 along with the calliper location
on the beam. The calliper width was kept at the minimum
value possible (specified by the manufacturer to be
0.7 mm). Note that the beam is inclined 60° to the axis of
the CCA. From a single cardiac cycle in this figure, the
maximum values of the velocity were read out at 51
instants spaced uniformly. Observations from the meas-
urements at seven radial locations showed that the pro-
files were nearly symmetrical along the diameter chosen.
Assuming axisymmetry and no-slip at the arterial wall, a
cubic profile was fitted with the least square technique at
each instant. The velocity profiles obtained in this fashion
are shown in Figure 9 for case BR. It may be noted that

CURRENT SCIENCE, VOL. 97, NO. 9, 10 NOVEMBER 2009
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they are not close to uniform or parabolic but somewhat
similar to the Womersley profiles.

A similar procedure was applied at the exit planes of
the daughter arteries. Since the measurement procedure at
seven locations and in three planes took about 60 min, a
flow rate balance is required so that the sum of outflows
is equal to the flow at the inlet. The measurements at the
daughter artery exits are likely to be less accurate due to
their smaller diameter and also because the flow is likely
to be non-axisymmetric. The corrected flow rates obtained
in this fashion are shown in Figure 10 and the percentage
division between them in Figure 11. Thus, it amounts to
using the velocity profiles at the exit planes with regard
to their contribution to flow rate but not their detailed
shapes.
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Figure 8. Pulsed Doppler ultrasound measurements at a localized
radial position in the right CCA of subject B. Beam and calliper loca-
tions are indicated. Flow is from right to left. Seven such measurements
were used to construct velocity profiles as the velocity boundary condi-
tion.
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Figure 9. Axial velocity profiles for case BR at the inlet section of
CCA for 10 equally spaced times in the cardiac cycle. These were con-

structed from the pulsed Doppler ultrasound signals taken at seven
radial locations in the CCA. Peak Re = 1725, I/ = 4.59.
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Results and discussion

Numerical flow simulations have been carried out for the
three cases AR, BR and BL for the measured values of Re
and W and the flow division between the two branches.
Blood viscosity was estimated from the haematocrit
measurement from blood samples in each case’. Compu-
tations were also carried out with extended parameters
like varying Re and ¥ in case BR. Additionally computa-
tions were done for three grades of stenoses simulated in
the ICA of case AR. It was found adequate to calculate
the flow for two cycles to establish periodicity. Computa-
tions typically took about 130—160 h for each case on the
XW8200 HP Work Station.

Instantaneous streamline patterns are shown in Figure
12 at four different instants for case BR for peak
Re =1725 and W = 4.59. Flow separation is seen mainly
in the carotid bulb. Flow accelerates in both the branches
along the axis but the velocity in the ICA is generally
higher, except at peak systole where the velocity in the
ECA is comparable to that in the ICA. In-plane velocity
vectors at four different times in a cycle at Z=-0.5 mm
representing a plane in the bifurcation are shown in Fig-
ure 13 for case BR and are coloured by the axial velocity
magnitude. A clockwise spiral in the ICA and counter-
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Figure 10. Velocity boundary conditions during one cycle of the
heart beat of subject BR (discretized into 50 divisions) after mass con-
servation corrections were applied. Peak Re = 1725, IV = 4.59.
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Figure 11. The flow division between the ICA and ECA during one

cycle is calculated from the previous figure and is used as the boundary
condition at the exit planes of the ICA and ECA.
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Instantaneous streamline patterns in the carotid bifurcation in case BR at non-dimensional

@

time 77=10, 0.1995, 0.3992 and 0.7983. Peak Re = 1725, IV = 4.59. Flow separation is present in the ICA

at all times but intermittent in the ECA.
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Figure 13.
Re =1725, W =4.59.

clockwise spiral in the ECA indicate helical streamlines
winding in opposite directions. The streamline patterns
are consistent with the WSS contours in Figure 14. A
negative value is seen in a large area in the carotid bulb
where it is also oscillatory, a factor suspected to be asso-
ciated with atherosclerosis™. It is of interest to note that
the left carotid bifurcation of the same subject (case BL)

1308

Velocity vectors at four different times at Z =—0.5 mm in the carotid bulb in case BR. Peak

does not show any flow separation possibly due to a
straight geometry as seen in Figure 15.

Streamline pattern for case AR shown in Figure 16 indi-
cates a separated flow mainly in the ICA. In this case, the
branches are tortuous or wavy in morphology as the sam-
ple is from an older individual. Contours of Z-velocity at
various cross-sections as shown in Figure 17 ¢ indicate

CURRENT SCIENCE, VOL. 97, NO. 9, 10 NOVEMBER 2009
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Figure 14. Contours of wall shear stress in the carotid bifurcation in case BR at non-dimensional time
T7=0,0.1995, 0.3992 and 0.7983. Peak Re = 1725, IV =4.59. Extent of flow separation can be seen in
both the ICA and ECA by negative shear stress. Highest wall shear stress occurs near the apex of the
branch. Wall shear stress is higher in the ICA as compared to the ECA.

Figure 15. Instantancous streamline patterns in the carotid bifurca-
tion in case BL (same subject as in the previous figure but the opposite
side) at non-dimensional time 7 =0, indicating peak systole. Peak
Re =1765, W =4.60. Flow separation is not seen unlike in the opposite
side (case BR).

the extent of flow reversal in the carotid bulb. Flow is
nearly axisymmetric in the CCA but it has not quite
reached such a state at the [CA and ECA exit planes. The
maximum velocity in the ECA is about 1.1 m/s, some-
what higher due to its smaller diameter and it has also led
to a higher WSS as shown in Figure 17 b.

CURRENT SCIENCE, VOL. 97, NO. 9, 10 NOVEMBER 2009

Figure 16. Instantancous streamline patterns in the carotid artery in
the older subject AR at non-dimensional time 7 =0. Peak Re = 1266
and 7 =4.07. Flow is separated but mainly in the ICA. Flow velocity
is higher at the ECA exit due to its smaller diameter.

Stenotic flows

To study the effect of stenosis on flow, using the geome-
try of case AR we have created a family of stenotic geo-
metries ARS1, ARS2 and ARS3 with 50%, 85% and 95%
area reduction respectively. The location and shape of
isolated atherosclerotic plaques are somewhat unpredict-
able but the entrance of the ICA is one preferred location.
Hence, the choice of this site. The choice of velocity
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Figure 17.

Contours in the carotid bifurcation in case AR at non-dimensional time 7 =0. Peak

Re =1266 and W =4.07. a, Contours of Z-velocity at various cross-sections; b, Contours of wall shear
stress. Wall shear stress is higher in the ECA than in the ICA.
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Figure 18.

Stenosis Model ARS1 with 50% area reduction of ICA in subject A at non-dimensional time

T =0. Peak Re = 1266 and W = 4.07. a, Instantaneous streamline patterns depict flow separation proximal
to the stenosis also; b, Contours of wall shear stress patterns indicate an increase in the magnitude of both
positive and negative values.

boundary conditions is difficult especially when the
degree of stenosis is severe. It is widely known that if
area reduction is less than 70% the flow sharing between
the ICA and ECA does not change significantly'®®.

However, the local flow patterns get altered considerably
as described here.

A streamline pattern for case ARS1 with a 50% area
reduction as shown in Figure 18 ¢ exhibits an extension

1310 CURRENT SCIENCE, VOL. 97, NO. 9, 10 NOVEMBER 2009
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Figure 19.

Stenosis Model ARS2 with 85% area reduction of ICA in subject A at non-dimensional time 7' = 0. Peak

Re =1266 and W = 4.07. a, Instantancous streamline patterns depict massive flow separation proximal to the stenosis;

b, Contours of wall shear stress.

in length of the separated region involving helical stream-
lines. The highest velocity observed is about 1.7 m/s, a
substantial increase from the normal as in case AR shown
in Figure 16. A considerable increase is also seen in WSS
from its contours in Figure 18 5. Thus, even with only a
50% area reduction and no change in the flow rate, the
local velocity and WSS increase significantly. A more
drastic increase in velocity and WSS for case ARS2 with
85% area reduction is seen in Figure 19. The increased
velocity in the post-stenotic region is of diagnostic value
and various indices and methodologies assessing haemo-
dynamically significant stenoses have been reported'™* .

It may be noted that there was no indication of athero-
sclerotic plaques in the three carotid bifurcations AR, BR
and BL from the two volunteers as observed under US
and MR imaging. It was convenient to simulate stenotic
geometries which allow parametric studies, as compared
to obtaining such geometries from volunteers having such
plaques.

Flow transition

Despite the complicated geometry of the carotid bifurca-
tion, the flow generally remains laminar due to moderate
values of Re***. The presence of a stenosis makes the
flow chaotic in the ICA for a limited interval of time dur-
ing the decelerating phase of systole but the flow remains
laminar in CCA and ECA as inferred by Lee ef al.” by
direct numerical simulation. However, such simulations
require a very long computational time. The present
approach with a fine grid but with laminar viscosity may
be adequate keeping in mind two major uncertainties, one
is the need for a good definition of geometry and the

CURRENT SCIENCE, VOL. 97, NO. 9, 10 NOVEMBER 2009

other, velocity boundary conditions. Using Reynolds-
averaged Navier—Stokes equations and a turbulence
model is not recommended as the flow is not actually tur-
bulent.

Conclusion

Blood flow in the carotid bifurcation is associated with
high WSS and also possible flow separation. The flow
may be highly subject-specific and variations may be pre-
sent even between the left and right sides. The presence
of even what is considered a mild stenosis may alter the
local flow considerably. Subject-specific flow quantifica-
tion which may be of value in diagnosis, surgical planning
and risk assessment requires an accurate determination of
geometry and velocity boundary conditions. MRI and
pulsed Doppler ultrasound combined with CFD techni-
ques are useful in that direction. Details of flow that are
available by this combined approach are far superior to
those that may be obtained by medical imaging tech-
niques alone.
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