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for image segmentation of blood vessel (lumen) boundaries and prepares the appropri-
ate input files for hemodynamic simulation.

Cardiovascular surgeons currently rely on medical imaging data and past experience
to form an operative plan.  Taylor et. al. [1] proposed a new paradigm in vascular
surgery, namely that computer simulation could be used to provide a surgeon with
quantitative and qualitative comparisons of different operative plans prior to surgery
to augment the information already available.  This requires a software system that can
be used by medical technicians in conjunction with vascular surgeons to perform nu-
merical simulations predicting the blood flow for several different operative proce-
dures.

2  Simulation Based Medical Planning

The first system developed for simulation based medical planning (SBMP) of vascular
surgery was the �Stanford Virtual Vascular Laboratory� [2].  This system predomi-
nantly relied on idealized models of the vascular system.  Specifically, circular cross-
sections were used to describe the surface of each artery branch to be included in the
model and these individual artery models were joined (boolean union) together to
create a solid model representing the vascular system.  This solid model could then be
automatically meshed with unstructured tetrahedral elements using an automatic mesh
generator.  Finally, input files were automatically created for a finite element fluid
mechanics solver to perform hemodynamic simulation of the given vascular system.

A major advantage of using idealized models was the ability to use parametric models,
which enabled studies of a wide variety of vascular anatomy to be performed in a
short period of time.  The major shortcoming of the SVVL was its inability to build
patient specific preoperative geometric models from medical imaging data.  A second
generation system for vascular surgery planning (named ASPIRE) is detailed in [2].
This system had an internet-based user interface specifically designed for a vascular
surgeon.  However, like the SVVL this system also lacked the ability to build 3-D
patient-specific geometric models from medical imaging data.

This paper will detail recent advances in the development of a software system, named
Geodesic, which is a modular framework that greatly simplifies the process of build-
ing preoperative vascular models from medical imaging data and performing subse-
quent postoperative planning.  The Geodesic framework consists of several key mod-
ules including: a level set module for segmentation of imaging data, a solid modeling
module for geometric computation, a meshing layer for querying meshes for informa-
tion required to specify boundary conditions and creating input files for hemodynamic
solvers, and an interactive graphical user interface (GUI) for easily creating alternative
post operative plans.
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For these reasons, the technique used in the current work is to extract 2-D cross sec-
tions of the lumen boundary along the path of a given arterial branch, and then use
solid modeling operations to �loft� an analytic (NURBS) surface skinning the surface
of the contours.  This process can be seen in Fig. 3.  The process is repeated for each
desired branch in the image data.  In more detail, the first step is for the user to define
a path for a given branch.  This can be done in two ways, with the user selecting mul-
tiple points defining the path or automatically using a custom program to extract the
path given an initial and final point.  Once the path is obtained, level set simulations
are performed on selected cross sections along the path.  Typically, a subset of these
cross-sections are chosen by the user to create a lofted solid model of the given
branch.

When desired branches have been created, they are joined (i.e. boolean union) to-
gether in the solid modeler to create a single solid representing the vascular system.
This solid model is then meshed using automatic mesh generation methods [6], and
hemodynamic solver input files are automatically created (see Fig. 5).  Note that an
additional advantage of building the system from a set of branches is the information
needed to assign boundary conditions for simulation is implicitly specified during the
creation of the resulting solid.  That is, the �cap� of each branch is a planar cross sec-
tion tagged with an integer id and the branch name (the tagged parameters are called
�attributes�).  The solid modeler being used propagates the attributes during boolean
operations, so when the final solid is being created all of the outflow boundaries are
automatically marked.  This is because for all branches, except possibly the aorta, one
of the two caps will be absorbed (i.e. eliminated) in the final solid.  The remaining

          (a)                                        (b)                                          (c)

Fig. 3:  Solid model construction of a bypass model for a pig with an artificially cre-
ated stenonsis.  (a) shows the image data, (b) shows the paths along which selected
level set curves have been extracted, and (c) shows the resulting solid model after the
joining of the bypass and aorta branches.
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named surface is then assumed to be the outflow boundary.  This eliminates the user
from needing to interact with the mesh to select element faces or nodes for boundary
conditions, which is key to going automatically from patient geometric models to
simulation results.

5  Creating Alternative Operative Plan Models

The ability to evaluate different treatment options and predict the impact of different
procedures on a given patient is of critical importance in patient specific vascular
surgery planning.    Additionally, these procedures should be planned in the presence
of the imaging data so that the validity of the proposed procedure is insured.  Fig. 4
shows several different images of potential treatment options for an individual patient.
The operative planning GUI inside of Geodesic is simple, yet powerful.  Slide bars
control the location of three image slices (x, y, z) oriented in the image volume.  In
addition, a cursor is controlled by slide bars and positioned in 3-space.  The user se-
lects desired points by moving the cursor, and the path is highlighted in the rendering
window as the user selects points.   This allows the user to verify that the proposed
operation is physically possible given the patient anatomy.  Currently this operation
requires significantly less time than the preoperative model construction, as three or
four clinically relevant operation alternatives can be created in less than one hour.

       (a)                             (b)                                         (c)

Fig. 4:  Two different operative plans for a human patient.  (a) and (b) show two differ-
ent views of a bifurcating bypass, while (c) shows a femoral-femoral bypass.  These
bypasses were created with slices of the image data in the same rendering window to
assist in making anatomically correct (i.e. physically possible) bypasses.
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6  Mesh Generation and Simulation

As a first approximation, it can be assumed that the vessel walls do not deform (i.e.
are rigid) and that blood can be approximated as a Newtonian fluid with constant
material parameters.  In addition, it is assumed that the outlet pressure of each of the
branches is known and can be set to a constant pressure (i.e. p=0).  With these as-
sumptions, the hemodynamic simulation reduces to solving the Navier-Stokes equa-
tions of fluid mechanics with periodic inflow boundary conditions.  Two types of
boundary conditions have been explored.  First, as an approximation the analytic in-
flow profile (which assumes fully developed, axisymmetric flow) proposed by
Womersley [7] can be prescribed on the inflow boundary.  The only required input for
the analytic profile is the volumetric flow rate as a function of time.  Second, the inlet
velocity can be directly determined from physiologic data using phase-contrast MRI.

Fig. 5 shows a mesh of a pig that underwent an aortic bypass, as well as a simulation
of blood flow in the system.  This model was created completely inside of Geodesic
and is currently being compared with in vivo experimental results.

7  Conclusions and Future Work

A software framework, called Geodesic, was introduced that reduces the time required
to build patient-specific models from medical imaging data from several weeks to less
than one day. Further improvements in the model construction, mesh generation and
flow solution processes are essential for these simulation-based medical planning
methods to be clinically feasible. In addition, work still remains in automating the

                   (a)                                                                   (b)

Fig.5: Mesh and simulation results of a pig aortic-bypass.  (a) shows a close up of the
surface mesh near the stenonosis, while (b) shows the magnitude of the flow velocity
(blue low, red high) in the aorta and bypass.
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specification of physiologic inflow boundary condition data from PC-MRI. In vivo
studies comparing animal (pig) experiments and the simulation results to validate the
assumptions being used are currently underway.
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