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The influence of minor stenoses on the
flow in the carotid artery bifurcation.
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Abstract Hydrogen-bubble visualisation experiments have been performed in plexiglass
models of a non-stenosed and a 25% stenosed carotid artery bifurcation. The flow conditions
approximate physiological flow. A shear layer is formed at the edge between a region with
low shear rates at the non-divider wall and a region with high shear rates at the divider
wall. The experiments show that shortly after the onset of the diastolic phase vortex
formation occurs in the shear layer. Comparison of the hydrogen bubble profiles in the 0%
and 25% stenosed models with similar flow conditions shows that the geometric change of
the 25% stenosis only slightly influences the flow phenomena. The most striking influences
are found in the stability of the shear layer. Preliminary finite element computations are in
good qualitative agreement with the hydrogen-bubble visualisation.

1 Introduction

The study of the flow in the carotid artery bifurcation is of great clinical interest both
with respect to the genesis and the diagnostics of atherosclerotic disease. This bifur-
cation consists of a main branch, the common carotid artery, which asymmetrically
divides in two branches, the internal carotid artery and the external carotid artery
(see also figure 1).

In the proximal part of the internal carotid artery a small widening exists, named
the carotid sinus (bulb). From clinical practice it is known that the non-divider side
of this sinus is very sensitive for the development of atherosclerotic lesions. Because
of the drastic consequences of a severely narrowed carotid artery bifurcation, there
is a need for detecting mild stenoses (less than 25% area reduction) in a very early
stage of the atherosclerotic disease. Since hemodynamical aspects are assumed to
play an important role in the diagnostics of atherosclerosis, the flow in models of a
normal and a stenosed carotid artery bifurcation have been investigated. Comparing
the results of both cases might lead to disturbance parameters, that can possibly be
used for early detection of the atherosclerotic disease in practice. Moreover the results
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Figure 1: Geometry of the non-stenosed bifurcation in the plane of symmetry.

can play a role in studies on the genesis of atherosclerotic disease.

Previous studies have dealt with flow patterns in three-dimensional models of the
non-stenosed carotid artery bifurcation. Bharadvaj et al. (1982a,b) studied steady
flow in the carotid artery bifurcation and found a complex flow field in which sec-
ondary flows plays an important role. They localized a low-shear region with low (neg-
ative) velocities near the non-divider wall which extended with increasing Reynolds
number. At the divider side of the carotid sinus a high shear region with high axial
velocities was found. The high shear region was separated from the low-shear region
by a more or less pronounced shear layer. The experiments and numerical calcula-
tions in steady flow of Rindt et al. (1990) confirm the existence of the low velocity
area near the non-divider side and the high shear region near the diviver wall of the
carotid sinus. A description of the flow behaviour in pulsatile flow is given by Ku
et al. (1983). Hydrogen bubble visualisation in physiological flowconditions showed
that during acceleration of the systolic phase a low-shear region was formed at the
non-divider side of the sinus. This region extended during the deceleration phase. At
the onset of the diastolic phase a small vortex was seen at the edge of the low-shear
region near the divider wall. '

The flow behaviour in mild stenosed carotid artery bifurcations (less than 25%
area reduction) is studied less intesively in literature. Van Merode et al. (1989) used
a multigate pulsed Doppler system to diagnose carotid artery lesions (less than 30%
diameter reduction) in vivo by detecting both abnormalities in the blood flow pattern
and local changes in artery wall distensibility. Van de Vosse et al. (1990) calculated
the velocity field in a two-dimensional geometry of the carotid artery bifurcation in
pulsatile flow. They compared 2D axial velocity profiles for a stenosed bifurcation
(25% area reduction) to the axial velocity profiles of a non-stenosed bifurcation. The
influence of the geometry variation on the axial velocity profiles appeared to be rela-
tively small. To our knowledge no experimental or numerical studies of the flow in a
three-dimensional stenosed carotid artery bifurcation have been published.
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2 Hydrogen-bubble visualisation

2.1 The bifurcation models

The geometry of the non-stenosed carotid artery bifurcation is based upon data of
Bharadvaj et al. (1982a,b), who determined a standard geometry from over 100
angiograms (figure 2). To reduce the complexity of the in vivo situation, he modelled
the main branch and both daughter branches as straight tubes with circular cross-
sections. All branches were supposed to lie in one plane.

This non-stenosed bifurcation is used as a starting point for the geometry of the
stenosed bifurcation. The shape of the stenosis is simply superimposed. The geometry
of the stenosed outer wall in the plane of symmetry changes as presented in figure 2a.
The geometry consists of two straight lines of which the sharp edges are rounded.
In our experimental model the top of the stenosis is reached at L; = 5D/4 and the
end of the stenosis is positioned at L; = 11D/8, where D represents the diameter
of the common carotid artery (see also figure 1). The top is rounded with radius
R, = D/8, furthermore R; is determined by the diameter of the milling cutter such
that Ry ~ D/8. The area-reduction of 25% means that A;/(A; + A;) = 0.25. The
cross-section perpendicular to the plane of symmetry remains circular in the case of
a stenosis (fig 2b).

Divider wall

Non-divider wall

Figure 2: Geometry of the 25% stenosed bifurcation in the plane of symmetry (left)
and a cross-section of the carotid sinus (right).

2.2 Experimental setup.

The flow system provides steady fluid flow between two tanks with a constant fluid
level. An adjustable valve is used to obtain unsteady flow. Fluid from the upstream
tank is passed through a number of flow straighteners and a settling chamber to
break up the vortices and to ensure a stable flow at the entrance of the inlet tube.
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An inlet tube with a length of approximately 30D is used to be sure that the steady
and unsteady velocity profiles are fully developed in the measuring section. In both
daughter branches the flow is measured by means of electromagnetical flow sensors
(Skalar-instruments, transflow 601). The flow ratio between the two branches can be
adjusted by means of two taps in the internal and external arteries.

In order to approximate the physiological flowconditions, the experimental setup
is designed with respect to three dimensionless numbers (Reynolds number Re, Wo-
mersleyparameter o and the flow ratio «) that are defined as:

v v Qc

where Q¢, Qg represent the flow in the CCA and the ECA, Ug represents the cross
sectional mean velocity in the CCA, v is the kinematic viscosity, D is the diameter
of the CCA and w = 2r /T, where T denotes the period time of the flow cycle.

Q
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Figure 3: Positions of the three kathode wires and the anode (left) and the flow pulse
(right) used during the hydrogen bubble visualisation.

Hydrogen bubble visualisation has been performed in a non-stenosed and a 25%
stenosed model of the carotid artery bifurcation. The positions of the kathode wires
and the anode used for the hydrogen-bubble visualisation are represented in figure 3a.
The results are compared in order to determine the influence of the geometric varia-
tions. In figure 3b the shape of the flow pulse is represented.

2.3 Experimental results

The flow as a function of time will be described for the non-stenosed and the 25%
stenosed models of the carotid artery bifurcation. The Reynolds number varies from
400 during the end-diastolic phase up to 1200 during the peak-systolic phase of the
flow pulse. The flow pulse has a cosine shape (o = 6,7 = 0.45). At peak systole the
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axial velocity in the plane of symmetry is positive over the entire profile with higher
values at the divider wall. During this phase no shear layer can be distinguished.
However, high shear rates are found near the divider side wall and low shear rates
occur near the non-divider side wall. During the deceleration phase an area of low
shear rates (called the low-shear region) is formed at the non-divider side wall of the
bifurcation. The higher velocities at the divider walls are more pronounced and the
onset of a shear layer halfway the diameter can be found. In the low-shear region
the velocities are relatively low but still positive. At the end of the deceleration
small negative velocities in the low-shear region occur. The shear layer becomes more
definite and is shifted towards the divider side wall. At T/32 after the onset of the
diastolic phase the shear layer becomes unstable and a small vortex is formed at
the location of kathode wire 3. In the next period of time this vortex is convected
downstream and after T/32 a new stronger vortex is formed more upstream at the
location of kathode wire 2 (see figure 4). In the central part of the low-shear region
positive axial velocities can be seen again. Shortly after that (T/32 later) the vortex
has grown and convected downstream and the shear layer stabilizes again. During
the rest of the diastolic phase a smooth transition from the velocity field to a steady
state is found and the shear layer gradually disappears.

Figure 4: Hydrogen-bubble visualisation for a non-stenosed bifurcation (left) and a
25% stenosed bifurcation (right) at t/T=0.26 (Resystotic = 1200,a = 6 and v = 0.45).

Comparing the development of the hydrogen bubble profiles in the non-stenosed
and the 25% stenosed carotid artery bifurcation models, it seems that the influence
of the geometric change of a stenosis on the stability of the flow is not very evident.
For all periods of time the shear layer is more definite in the stenosed carotid artery
bifurcation and due to the smaller diameter of the lumen the shear layer is shifted
towards the divider side wall.












