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Introduction

This article presents a systematic
exploration of the effect that an out-of-
plane internal carotid artery (ICA) has
on the shear stress in the human
carotid artery bifurcation. Starting from
a mean, planar bifurcation geometry
based on the data in [I] and defined in
CATIAVS (Dassault Systemes), the ICA
is parameterised such that its shape
can be automatically manipulated out-
of-plane. The external carotid artery
(ECA) and the common carotid artery
(CCA) are maintained in fixed planar
positions.

Interest in the impact of arterial non-
planarity has increased in recent years,
largely driven by an incomplete
understanding of the risk factors for
atherogenesis [2] and by the desire to
improve the failure rates associated
with bypass grafts [3]. There are a
limited number of earlier studies that
investigate the effects of three-
dimensional vascular geometries [4].

Here, we seek to complement this
growing body of work by constructing
a landscape that describes how the
area-weighted integral of negative
time-averaged shear stress
(AWINTASS) [5] varies with the out-
of-plane position of the ICA.
AWINTASS is defined as

7= [|T-|dA_/[ dA_

where, respectively, T- and dA _
denote time-averaged shear stress and
surface area on boundary elements for
which T<0.

Geometry Exploration

Parametric CAD models facilitate
systematic variation of specific
geometric parameters such that
individual geometries can be
automatically constructed and meshed
in preparation for analysis. When
embedded in a design search and
optimization loop the computational
expense of unsteady, three-dimensional
computational fluid dynamics (CFD)
simulation predicates against the use of

direct search methods. Instead, a
surrogate model is typically constructed
using a response surface methodology
[6]. This is depicted in Figure |. Having
constructed the parametric geometry
model, and established a process for
mesh construction and CFD simulation
- a typical geometry is shown in Figure 2
- it is necessary to first populate the
design space of all feasible designs (or
geometries) using a design of
experiments (DoE). Meshes are
constructed and CFD simulations are
performed for all gecometries. In order
to compare the performance of
individual geometries, an output metric
(or objective function) is required for
each. A single metric is used here,
AWINTASS. A similar metric is shown
to provide an effective measure of
regions of reverse flow in [5]. Other
metrics that could have been used
include those recently discussed by
Hyun et al [7]. A surface is fitted to this
vector of objective function values using
the method of kriging [8] which readily
provides a measure of uncertainty that
can be used to identify where update
points should be sampled to improve
the quality of the fit and efficiently seek
the global optimum. Typically, new krigs
are constructed following both the
initial DoE and each set of updates.
When constructing the krig (either from
the initial DoE or from the DoE and the
update points) a tuning process is
performed that seeks to maximize the
log-likelihood function [8].

The out-of-plane location of the ICA is
defined by polar co-ordinates relative to
its mean position (in-plane with the ICA
and CCA and centred 20mm from the
centre of the ECA). The exploration
space is defined by radii and angles
varying between 0 and 30mm, and 0 and
|65 degrees, respectively. In the results
presented below, both measurements are
non-dimensionalised between 0 and |.

CED Setup

Unsteady flow simulations are
performed using FLUENT (Fluent Inc.)
employing the PISO numerical scheme,
and second order accuracy in space and
time. Blood is treated as a Newtonian
fluid. The mass fluxes through the ICA
and ECA branches are set in the ratio
70:30. A mean pulse is employed [5]
with a time step of 10°s. A hybrid hex-
core mesh is generated in GAMBIT
(Fluent Inc.) with a fixed mesh interval
size of 0.96mm.

Results and
Discussion

Limitations of space preclude
presentation of the initial response
surface, so Figure 3 depicts a regressed
response surface for the DoE (plus
symbol) and the first set of update
points (asterix symbol), comprising the
predicted maximum and minimum of
the initial response surface together
with four points located at the
positions of largest error. A second,
similar set of update points (circle
symbol) produce the response surface
shown in Figure 4.
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Although the response surface in
Figure 4 is not fully converged, it is
clearly converging with a distinct
maximum (0.1456Pa at 26.96mm,
126.67 degrees) and minimum
(0.0516Pa at 15.73mm, 47.32 degrees).
The reasons for the locations of these
turning points are not clear. However,
inspection of the flow during and after
the strong deceleration phase of
systole suggests that greater swirling
produced by geometries that are
further out-of-plane (towards the top
right corner of Figure 4) leads to

AWINTASS. The geometry producing
the maximum value of AWINTASS is
depicted in Figure 5:a plan view is
shown along with a set of two-
dimensional slices (downstream from
the bifurcation) and the associated
regions of reversed flow half way
through the pulse. Figure 6 shows
similar features for the geometry that
generates the minimum value of
AWINTASS; here, the regions of
reversed flow are significantly weaker
and further from the wall.
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