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Abstract

This paper presents a first approach to model and simu-
late hemodynamic pathologies, based on geometrical sin-
gularities, such as Aneurysms and Stenoses. The tech-
niques described in this work allow the specialist to add
these pathologies based on parameterized geometries or
over real arterial geometries, usually obtained via segmen-
tation techniques from medical images. The relative po-
sition of the pathology on the artery can be interactively
changed with the aim of obtaining a better understanding
of the disease.

1. Introduction

The increase of cardiovascular diseases in the last years
has motivated the development of, for instance, computa-
tional techniques in order to aid their treatment. The com-
plexity of these surgical interventions is notably growing in
the last years due the fast advances in modern medicine.
Some cardiovascular diseases, such as arterioscleroses and
cerebral aneurysms, are reported to depend on hemody-
namic factors, particularly on the characteristics of the wall
shear stress induced by blood flow [1]. With the purpose of
joining tools to aid the treatment of these diseases a com-
putational environment called HeMoLab was created [6].
HeMoLab is a computer system that allows the creation of
patient-oriented models of the human cardiovascular system
and also the numerical simulation within a unified frame-
work.

The 3D modeling of the human cardiovascular system
(HCS) aims to study with a high level of detail the hemo-
dynamic features of the blood flow and how those features
are modified when, for instance, a surgical planning is de-
vised over such system. Any part of the arterial network
can be represented in details by using patient-specific data

(such as medical images) of the arterial district of interest.
Particular cases, like the presence of geometric singularities
(aneurysm, stenoses, bifurcations and so on) can be simu-
lated in order to study local changes in the blood flow struc-
ture and used to retrieve a more complete quantitative infor-
mation.

A complete simulation is composed by the reconstruc-
tion of the geometrical data through medical imaging sys-
tems (Magnetic Resonance Imaging and Computed Tomog-
raphy), determination of boundary conditions and mecha-
nical properties of the blood and arterial walls of the se-
lected area and finally the computation of an approximate
solution of the problem.

This paper presents an interactive system to create and
simulate virtual aneurysms and stenoses over parameterized
geometrical structures and patient-based arteries. This in-
teractivity allows the user to simulate several conditions and
analyze the numerical results graphically using visualiza-
tion techniques such as stream-lines, stream-tubes, warping
techniques for the velocity field, etc.

The tool developed in this paper was integrated into the
HeMoLab system that, in turn, is supported by the ParaView
architecture [11]. ParaView is a point-and-click 3D scien-
tific visualization system that allows for most of the com-
mon visualization techniques (isocontouring, volume ren-
dering) on structured and unstructured grids. Its implemen-
tation uses distributed memory parallelism, and is focused
on visual data analysis of large scientific datasets. It is an
open-source, multi-platform visualization application, and
supports distributed computation models to process large
datasets. It has an open, flexible, and intuitive user inter-
face and an extensible architecture based on the Visualiza-
tion Toolkit (VTK) [19].

The remainder of this work is organized as follows: Sec-
tion 2 presents a brief survey of some works related to com-
puter modelling of the cardiovascular system. In Section 3,
the algorithm for the generation of aneurysms and stenoses



is detailed, whereas mathematical modelling and numeri-
cal approximation of the physical phenomena involved are
described in Sections 4 and 5, respectively. Results ob-
tained after simulating the flow inside a patient-specific
artery modified by the tools presented here are shown in
Section 6, and some concluding remarks are listed in Sec-
tion 7.

2. Related Works

Cardiovascular diseases are one of the leading causes
of death, morbidity, and invalidity in the world and se-
veral works have been conducted in order to prevent, treat
and/or diagnose those pathologies. Some work oriented
to the treatment, visualization, simulation and diagnosis of
stenoses and aneurysms can be viewed in [9, 10, 12, 14].

For instance, in [7] a training system developed with
medical purposes was proposed. The system enables the
instructor to generate specific cases for analysis, allowing
to gain insight not only in the basic feature of searching and
stenosis evaluation processes, but also about the importance
of the correct viewpoint of acquisition within the environ-
ment.

The authors of [8] propose an algorithm that decomposes
the patterns of 3D unsteady blood flow into behavioral com-
ponents to reduce the visual complexity while retaining the
structure and information of the original data. The key point
of the algorithm is to enable the visualization of large simu-
lated data sets avoiding visual clutter and ambiguity.

This paper differs from these previous approaches by
adding a friendly interface to enable the interactive posi-
tioning of the aneurysm or the selection of the cut area in
the case of a stenosis. Also, algorithms to join two or more
meshes with a different resolution were implemented. This
feature allows the user to study diverse cases in an interac-
tive and intuitive manner.

3. Modeling Aneurysms and Stenoses

The main feature of the tool proposed in this paper is
the ability to easily merge two meshes so as to create new
geometries maintaining the correct topology. A friendly in-
terface was designed to enable an interactive positioning of
the geometrical region to be added or removed in the case
of aneurysm or stenosis, respectively.

Basically, the system provides a sphere widget (Figure
1.a) to be added on a given region to create an aneurysm, or
use this sphere to remove a portion of the arterial district to
create a stenosis.

In Figure 1.b, the geometry of the widget was added to,
in this case, a parameterized carotid bifurcation to create
a virtual aneurysm. The same widget can be translated to

another position as can be seen in 1.c, where it is employed
to simulate the presence of a stenosis.
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Figure 1. In (a), sphere widget used to model

aneurysms and stenoses. In (b) a virtual
aneurysm and in (c) a virtual stenosis. Both
examples without geometry smoothing.

Finally, Figure 2 shows the result of the altered geometry
presented in Figure 1.c after some geometry smoothing.

3.1 Merging surfaces

One of the major problems of creating the pathologies
mentioned above was to merge different meshes while pre-
serving the consistency of the topology, connectivity and
point sharing. To solve this problem the following steps
were adopted:

e set the sphere widget in the right position;
e clip the main surface with the widget;

¢ find boundary triangles on the clipped area;



Figure 2. Filtered representation of the Figure
1.c.

e find the intersection between the clipped surface and
the sphere widget;

e merge the two surfaces discarding the unused triangles
on the sphere and the ones over the original geometry;

The resolution used in the geometrical representation of
the sphere is also an issue. The ideal case is when the reso-
lution of the sphere is the same as the resolution of the main
surface. In this situation, joining the two meshes is easier,
because the number of points to be joined in the clipped
surface and the sphere is similar. Even when the resolution
is similar, the number of the points in both surfaces gene-
rally is not the same. To solve this problem, an algorithm to
sew the two meshes was developed. Basically, two points of
each geometrical entity are used as seeds. The first point is
chosen arbitrarily and the second point is found by compu-
ting the smallest Euclidean distance between the first point
and all of the points of the other board. Based on these
two points, a direction is selected and the sewing process
starts, as illustrated in Figure 3.a. Since the two surfaces
have different numbers of points in the region of intersec-
tion, one single point of one surface can be linked by edges
with many other points of the other surface (Figure 3.b). As
said, a criterion of proximity based on Euclidean distance
was used to perform that linking.

3.2 Removing malformed elements

The generation of high quality meshes is a fundamental
step towards the resolution of a problem via an approximate
technique such as the finite element method. The techniques
described above generate a surface with the right topology
but do not guarantee the quality of the mesh. Some special
algorithms were developed to handle malformed triangles,
e.g., needle-like triangles (Figure 4.a), or tiny triangles that
have a much smaller area than the average element area in
the surrounding region. (Figure 4.b).
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Figure 3. In (a) the points of the surface (yel-
low) and the points of the sphere (gray). The
white arrow is over the edge linking the two
seed points in (b) where the beginning of the
sewing process is illustrated. The white ar-
row also shows the sewing direction.

Basically a good algorithm should remove those mal-
formed elements maintaining the right connectivity with the
surrounding elements. A needle triangle has always one
neighbor that must be also removed, unless its smaller edge
is located on a non-shared boundary. In any other case, this
neighbor shares the smaller edge with the needle triangle as
illustrated in Figure 4.c. A small triangle, when removed,
forces the removal of all surrounding triangles (usually nee-
dles) as pictured in 4.d.

These algorithms were implemented in ParaView and
can be interactively used through an user-friendly interface.
Needles are identified by a user-set threshold angle that de-
fines the minimum angle allowed in an element. All the ele-
ments that have angles bellow the threshold are then high-
lighted, and the user can take them out from the mesh. Tiny
elements are also defined by a threshold value, which re-
presents now a percentage of the average area in the mesh.
Elements bellow the threshold are highlighted and, again,
the user can erase them. Details and examples about the
algorithms described above can be found in [13].
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Figure 4. Red Triangles represent malformed
elements like needle (a) and small triangles
(b). In (b) and (c) the neighbors in yellow are
triangles marked to be removed.

4 Mathematical Model of the coupled 3D -
1D blood flow simulation

Blood flow simulation is performed with a coupled 3D —
1D model of the arterial system, which consists in embed-
ding a 3D model of an artery in a simplified 1D model of
the arterial system. Inlets and outlets of the 3D model are
coupled with their respective counterparts in the 1D model,
such that no 3D boundary condition is necessary. The main
advantage of using 3D-1D coupled models is that they be-
have as a unique system, avoiding the need for measure-
ments that would be required when employing standalone
3D models. The boundary conditions over the inlets-outlets
of the 3D region are accounted for the own solution of the
entire problem. In other words, it can be understood in the
following way: the 1D model feeds the 3D model with cer-
tain conditions and viceversa. On the other hand, the boun-
dary conditions needed are the heart inflow boundary con-
dition that represents the heart ejection and the Windkessel
terminals, which are used to simulate the peripheral beds
not included in the model. Therefore, once the 1D model is
calibrated and validated, any artery which is present in the
model may be replaced by a detailed 3D counterpart that is
able to yield richer qualitative and quantitative results about
the flow patterns in that region. This is particularly useful
when studying pathologies such as aneurysm, stenoses, etc.
which are phenomena based on local factors.

The governing equations were derived based on a varia-

tional formulation for the coupling of kinematically incom-
patible models, in this case 3D-1D flow models in compli-
ant vessels [3]. The associated Euler equations for a New-
tonian fluid when coupling a 1D domain €3 p with a 3D
region Q3p through a coupling interface I';, and conside-
ring the ALE (Arbitrary Lagrangian Eulerian) formulation
over (13p, are the following:
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Where n; is the unit outward normal to domain Q;p
over the coupling interface I'.. In equations 1 and 3, which
represent the 1D model, u , p are the mean velocity and
pressure values, p is the blood density, p is the dynamic
viscosity, A denotes the cross sectional area, Q = Au is
the flow rate and z is the axial coordinate. Equations 2 and
4 represent the 3D model, u is the blood velocity, w is the
domain velocity of change consistent with the ALE frame-
work, while p is the blood pressure. Equation 5 stands for
the continuity of the traction vector at I'. (the coupling in-
terface between the 3D and 1D models), while expression 6
is the counterpart of the mass conservation.

The wall movement is modelled according to the inde-
pendent ring model [4], and its equations are stated bellow:
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This is a rather simplified model of the structural behavior
of the arterial wall, but serves to take into account the ar-
terial compliance. The deformation of the domain 23p is



accounted for through a Laplacian problem, as stated be-
llow:

Vid =0 in Q3p x (0,7) )
Since it is a small amplitude movement, no remeshing is
performed. Instead, equation 9 is used in order to extend the
wall movement to the interior of Q3p, and d|p, = {n is the
wall displacement, where ( is the scalar field that denotes
the displacement of the wall in the normal direction, given
by n, that is obtained from equation 8. Finally, it is w =
%—‘3. Refer to [3] for a further theoretical account about the
coupling of 3D-1D blood flow models.

5 Numerical Approximation

In this section the numerical aspects of this work are
briefly described. In this sense, details concerning the nu-
merical techniques applied, the setting of the model regar-
ding boundary conditions, the 3D geometry and the 1D ar-
terial network topology are given.

5.1 Geometry Segmentation and Mesh
Generation

The first step to obtain a 3D geometry of the artery is to
apply an image segmentation technique to it. The output
of this process is a 3D geometry representing the chosen
region, which is then used as an input to a mesh generation
software.

Image Segmentation consists in identifying and isolating
a region of interest in an image data set, be it 2D or 3D.
In this paper a voxel grow approach was used, which con-
sists in finding the neighbors of a given point based on its
neighborhood connectivity and on its color level (or level,
for short). Starting from a manually handled seed point and
a bandwidth for the level, each neighbor of the point, if its
level is within this bandwidth, is added to the output data
set. The process is repeated recursively to each point added
to this data set until the whole image has been analyzed.
Also, multiple seeds with multiple bandwidths may be used.
In this case, the seed point was chosen within the artery to
be analyzed and the external contour of the output data set
determined the geometry of its 3D model, which was used
as input for the mesh generation process. For more infor-
mation about the image segmentation process and other re-
lated topics refer to [5] and references therein. The surface
obtained after processing the image must be properly mani-
pulated to generate a high-quality mesh. This manipulation
involves smoothing, addition of nodes, removing needle-
like elements among other classical techniques. Once the
triangulation of the surface is satisfactory, the volume mesh
generation is performed using a Delaunay technique. The

algorithms used for both surface and volume mesh genera-
tion are detailed in [17, 18].

5.2 Numerical Approximation of the
Blood Flow Model

The numerical approximation of the problem is quite
classical and we refer again to [3] for further details. The
time discretization is performed by means of a single step
finite difference method corresponding to a classical 6
scheme for both 1D and 3D parts. The spatial discretiza-
tion is carried out through the finite element method. Vari-
ables (), A, p of the 1D model are discretized with P; finite
elements, while u, p in the 3D model are discretized with
PP — PP, finite elements. The index B stands for bubble
functions for the velocity field according to the mini ele-
ment formulation [2]. The domain displacement, d, is also
approximated with IP; finite elements, and the reference ve-
locity w is computed from the displacement by a backward
Euler difference scheme. For both 1D and 3D parts, stabi-
lization terms must be included in order to avoid the non—
physical oscillating solutions present in standard Galerkin
approximations. For the 1D model these terms are incor-
porated along the characteristics lines and correspond to a
Galerkin Least Squares formulation [16]. For the 3D model
the stabilization terms correspond to the Streamline Upwind
Petrov Galerkin technique with a suitable stabilization pa-
rameter [15]. In all cases, nonlinearities are treated with
Picard iterations.

6 Results

In order to show the capabilities of the tool described
above, we present the results of the flow simulation inside
a segment of the right interior carotid artery in two situa-
tions: (i): when an aneurysm was added with the tool de-
scribed before and (ii) when the healthy artery was used in
the simulation, for comparison purposes. It was used an
SGI Altix 3700 BX2 workstation. This machine consists
of 32 Itanium?2 1.5 GHz processors with 64 GBRAM. The
operational system is SUSE Linux Enterprise Server 9. The
numerical solver is written in FORTRAN90 and the HeMo-
Lab system is developed in C++, using the VTK library.

Firstly, Figure 5 shows the interface of the HeMolab sys-
tem and, specifically, of the tool developed. Figure 6.a
shows the geometry for the two cases, while in Figure 7 it
is shown the position within the 1D arterial network of the
coupling locations (red segment between the green and blue
points), Figure 6.b shows details of the mesh in the region
of the aneurysm, where it can be seen the smoothness in the
transition between the two merged geometries.

The simulation was carried out within two cardiac peri-
ods of T" = 0.8sec each starting from the at-rest situation.
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Figure 5. HeMoLab interface. The sphere is
interactively positioned over the surface.

Although some time-varying transition should be expected
before reaching the time-periodic regime, the main charac-
teristics of the flow patterns are present even when starting
the simulation from the at-rest state. The blood flow char-
acteristics are here put into evidence by visualizing the ve-
locity profiles and also some well-known indicators such as
the OSI (measures the oscillatory behavior of stresses along
a cardiac cycle) and the WSS (measures the mean value of
stresses along a cardiac cycle) indexes.

Figures 8.a and 8.d show the flow pattern along the artery
for each case at ¢ = 0.105sec, with details in the region
of the aneurysm. Notice that in the region downstream the
aneurysm, both cases led to similar flow patterns and velo-
city magnitudes. However, after the aneurysm, the velocity
is such that higher stresses take place. Also, a natural re-
duction in the velocity magnitude can be seen inside the
aneurysm (see Figures 8.b and 8.e), where more complex
flow patterns develop. This region within the aneurysm is
also the place where higher values of OSI take place (see
Figures 8.c and 8.f): these values were about two times
higher in case with aneurysm when compared to the healthy
case, while the peak in WSS occurs at the inlet and outlet of
the aneurysm where, as it is well-known, the arterial wall is
more affected by the blood flow.

Finally, Figure 9 shows the evolution profile of an iso-
surface of velocity magnitude 20 cm/sec. Here it is possible
to appreciate the recirculation pattern of the flow when en-
tering in the aneurysm region.

(b)
Figure 6. In (a) Arterial geometry, with and
without aneurysm and in (b) mesh details on
the region affected by the aneurysm.

Figure 7. Positioning and coupling points of
the 3D arterial district considered within the
1D model.
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Figure 8. (a) and (d) Velocity profiles and in (b) and (e) stream lines along the vessels for T=0.105s
(c) OSI and (f) WSS distribution over the arteries with and without aneurysm.

h A A
4 4

(d) (e)

Figure 9. Time evolution of an iso surface of velocity magnitude equal to 20 cm/s. From left to right,
top to bottom: ¢ = 0.05 sec, t = 0.0625 sec, t = 0.0925 sec, t = 0.0995 sec and ¢ = 0.105 sec.



7. Conclusions

In this work, it has been presented a first approach model
and simulate pathologies arising in cardiovascular modeling
such as Aneurysms and Stenoses. The geometrical models
can be interactively constructed through the manipulation
of spherical widgets over a given geometry representing an
arterial district of interest.

After the reconstruction of the geometrical singula-
rity that represents the pathology, the system allows in a
straightforward way the computation of an approximate so-
lution through the numerical simulation. The numerical re-
sults have been then analyzed using several visualization
techniques such as stream lines, isosurfaces, arbitrary slices,
warping techniques, etc. From the obtained numerical evi-
dences it can be said that this kind of tool permits the the
characterization, through diverse numerical indicators, of
the altered physical phenomena that occur when different
anomalies are present in the cardiovascular system.

Although the present model allows only spherical wid-
gets, this is the first step to model more general and real
situations such as elliptic-like perturbations or even free-
form perturbations.
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