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increasingly been used to study genesis and progression of vascular disease7,8,
enhance image-based diagnosis9 and plan surgical and interventional procedures10,11.

The aim of this paper is to present a computational modeling methodology to
predict the outcome of carotid artery stenting procedures. The basis of the method is
the integration of computational fluid dynamics (CFD) and medical imaging
techniques. Patient-specific anatomical information and physiological flow conditions
are obtained from magnetic resonance angiography (MRA) data. First, a realistic
model of the carotid bifurcation is constructed from 3D contrast-enhanced MRA
images. The geometry of this model is then modified to simulate the introduction of a
vascular stent. Blood flow calculations are then conducted using finite element
methods and physiologic conditions derived from phase-contrast MRA flow
measurements. Finally, the blood flows before and after the introduction of the stent
are compared. It is anticipated that this methodology will enable accurate predictions
of blood flow patterns after performing a stenting procedure. These predictions might
potentially be used to design, plan and optimize stenting interventions for individual
patients11.

2 Methods

2.1 Magnetic Resonance Angiography Data

The anatomical information used to construct realistic 3D geometrical models of the
carotid artery bifurcation was obtained from high-resolution 3D contrast-enhanced
MRA images. These images were taken using an intra-venous injection of bolus of
Gd-DTPA on a 1.5T GE scanner.

Fig. 1. MRA data: a) MIP rendering of contrast-enhanced MRA images; b) flow-rate curves
obtained from phase-contrast MRA velocity measurements; c) model of the carotid bifurcation.

Blood flow velocity measurements were taken on 2D cross-sectional planes using
gated cine phase-contrast MRA. Time-dependent flow curves were obtained by
integration of the velocity profiles over the cross-sectional area of the carotid artery.
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Flow curves above and below the bifurcation were used to impose physiologic flow
boundary conditions. The maximum intensity projection (MIP) of the anatomical
images of a patient with moderate carotid artery stenosis is shown in figure 1a. The
flow curves obtained in the common carotid artery (CCA), the internal carotid artery
(ICA) and the external carotid artery (ECA) are presented in figure 1b. The final
anatomical model of the carotid bifurcation is shown in figure 1c.

2.2 Anatomical Model Construction

Accurate reconstruction of vessel anatomies from medical images is a challenging
problem due to image artifacts, noise and limited resolution. However, many
segmentation algorithms have been devised. We use a semi-automatic technique
based on cylindrical deformable models12. With this approach each branch of the
carotid artery is reconstructed independently. In this manner, problems associated to
self-intersections or intersections with other close arteries or veins present in the
images are avoided.

Once a surface triangulation was constructed for each arterial branch, a surface-
merging algorithm13 was used to obtain a watertight surface model of the carotid
bifurcation. In the sequel, we refer to this model as the pre-operative model. This
surface model was then used as a support surface to generate a volumetric finite
element grid. Given a desired element size distribution, specified via background
grids and sources, a new surface triangulation was generated using an advancing front
technique14. Either linear or quadratic interpolation can be used to reposition points on
the support surface. Topological constraints were used to avoid jumps between
different arterial branches. The space inside the new triangulation was then filled with
tetrahedral elements using a traditional advancing front grid generation method15.

Fig. 2. Anatomical model before stenting: a) reconstructed arterial branches; b) merged model;
c) surface of the finite element grid.

The element size was selected to yield approximately ten points across the smallest
cross-section, resulting in roughly 0.5 million tetrahedral elements. The grid

a)                                              b)                                        c)



156           J.R. Cebral et al.

generation process is illustrated in figure 2. The reconstructed arterial branches and
the bifurcation model after merging are shown in figures 2a and 2b, respectively.

A rigid flow-through phantom of the carotid bifurcation under steady flow
conditions as well as MRA data of normal human subjects have previously been used
to validate the methodology9. These studies show that MRA data can be used to
accurately model blood flow in the carotid artery.

The surface model of the carotid bifurcation was then modified to simulate the
presence of the stent. A cylindrical surface representing the stent was first created
along the axis or centerline of the ICA. The arterial centerline was automatically
extracted from the previous finite element grid using a skeletonization procedure
operating on tetrahedral meshes, devised for visualization of blood flows in realistic
arterial models16,17. The final geometrical model was then obtained by merging the
pre-operative and the stent models. In what follows, we refer to this model as the
post-operative model. A new finite element grid was generated using the same
element size distribution as in the pre-operative case. The geometry of the stent, the
post-operative model, and the corresponding finite element grid are shown in figure
3a, 3b and 3c, respectively

Fig. 3. Introduction of a virtual stent: a) stent geometry; b) anatomical model including after
stenting; c) surface of the finite element grid.

2.3 Blood Flow Modeling

The time-dependent, non-linear Navier-Stokes equations for an incompressible,
Newtonian fluid were used to model the blood flow18. The Newtonian approximation
yields reasonable results in large arteries such as the carotids19. The vessel walls were
assumed to be rigid, mainly due to a lack of pressure and elasticity information
required to model compliant walls. However, it is known that atherosclerotic arteries
tend to be stiffer than normal arteries; therefore this assumption is not entirely
unjustified. In future studies we intend to gather all the necessary information to
incorporate wall compliance, and conduct fluid-structure interaction calculations9.
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The fluid equations were solved using a fully implicit time discretization algorithm
based on a stabilized fractional step method and linear finite element spatial
discretizations20. Explicit time integration schemes, although very accurate, impose a
limit on the maximum time-step size that can be used which is several orders of
magnitude smaller than the period of the cardiac cycle. Thus, using such methods
requires several thousands of time-steps per cardiac cycle. However, implicit schemes
allow arbitrary time-step sizes, which are then selected in order to yield an accurate
solution (e.g. 100 time-steps per heartbeat).

Physiologic flow boundary conditions are imposed using the flow curves derived
from the phase-contrast MRA velocity measurements. At the boundaries where time-
dependent flows are prescribed, a velocity profile is computed as the superposition of
Womersley solutions21 corresponding to different Fourier modes of the flow
waveform22.

3 Results

Two blood flow calculations were performed, corresponding to the pre- and post-
operative models. In the pre-operative model, time-dependent flows were prescribed
at the ICA and ECA�s. Traction-free boundary conditions were used in the CCA,
imposing a zero pressure (p=0), thus the computed pressures represent pressure drops
relative to the entrance of the CCA. During this simulation, the pressure drop between
the CCA and the ICA were stored. For the post-operative model, time-dependent
flows were prescribed at the ECA�s, zero pressure was imposed at the CCA and the
time-dependent pressure drop calculated in the pre-operative model was imposed at
the ICA. These boundary conditions assume that the flow in the ECA�s and the
pressure gradient in the ICA do not change significantly after the implantation of the
stent. These assumptions, which may be reasonable for cases of moderate stenosis,
enable the prediction of the new flow pattern and wall shear stress distribution after
stenting. However, further testing and validation of these assumptions are required.

Fig. 4. a) Change in the flow rate curves through the CCA and ICA after implantation of the
vascular stent; b) velocity contours before stenting; c) velocity contours after stenting.
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Both flows through the CCA and the ICA change due to the introduction of the
stent in the ICA. The stent size is approximately 3.7 cm in length and 2.8 mm in
radius. The change in the time-dependent flow curves precipitated by the introduction
of the stent is shown in figure 4a. Quantitatively, the flow through the CCA increases
by 14 % at peak systole and by 4 % at end diastole. In the ICA the flow increases by
156 % at peak systole and 21 % at end diastole. Average flows during a cardiac cycle
through the CCA and ICA change by 6 % and 63 %, respectively. Velocity contours
at peak systole before and after stenting are plotted in a series of cuts normal to the
arterial axis in figures 4b and 4c, respectively.

The change in the flow pattern and wall shear stress distribution is illustrated in
figures 5. Figures 5a and 5b show velocity contours in a cut parallel to the arterial axis
while figures 5c and 5d show the wall shear stress maps at peak systole. It is
interesting to note much stronger secondary flows after stenting in the internal and
common carotids due to the increased flow.

Fig. 5. Flow visualization at peak systole: velocity contours in a cut along the arterial axis
before (a) and after (b) stenting; wall shear stress distributions before (c) and after (d) stenting.

Flow visualizations at end diastole and peak systole before and after the stenting
procedure are shown in figure 6. Blood flow velocity magnitudes are shown on a cut
plane through the stenosis in the ICA and the CCA. Velocity profiles on a cross-
sectional cut through the stenosis are displayed as vectors. Secondary flows in these
cross-sections are also shown. The velocity profiles become more skewed towards the
stent walls.

4 Discussion

An image-based computational methodology to predict patient-specific blood flow in
the carotid artery after a stenting procedure has been presented. Anatomical and
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physiologic data are obtained from MRA images and used to construct finite element
models of the carotid artery hemodynamics.

Fig. 6. Flow visualization showing velocity magnitudes, velocity profiles and secondary flows
in the region of the stenosis: a) before stenting, end diastole; b) before stenting, peak systole; c)
after stenting, end diastole; d) after stenting, peak systole.

Significant changes in the blood flow rates as well as average flows through both
the common carotid and the internal carotid arteries were found after the introduction
of a vascular stent into the internal carotid artery. The stenting procedure also changes
significantly the flow pattern and the wall shear stress distribution. These predictions
are particularly important in order to study complications of the stenting procedures
such as restenosis, hyperperfusion syndrome and cerebral hemorrhage.

The significance of these results is that, pending experimental validation, the
present methodology can be used to predict the outcome and therefore optimize
carotid stenting procedures.

Limitations of the methodology include the assumption of rigid vessel walls, errors
in the anatomical reconstruction and errors in the velocity measurements using MRA
data. Even though the rigid wall assumption may be reasonable for stenotic arteries,
wall compliance may play an important role in the development of restenosis at the
ends of the stent. Future work will focus on quantification of these errors, validation
studies using multi-modality image data, and verification of the post-operative
boundary conditions.
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