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Abstract

Balloon angioplasty is one of the standard treatments for coronary artery disease, but it can often trigger a process called intimal hyperplasia.  This process produces changes in the state of the artery that can eventually lead to restenosis of the artery due to migration by chemotaxis of vascular smooth muscle cells (SMCs) from the middle (media) layer of the arterial wall into the inner (intimal) layer.  This migration occurs when collagen and other structural components of the extracellular matrix (ECM) are broken down by matrix metalloproteinases (MMPs), which are released as a natural response to injury of the artery.  The approach to modeling intimal hyperplasia has been to model the migration of SMCs using discrete event simulation and the chemotaxic agent, platelet derived growth factor (PDGF), using continuous simulation.  The focus of this project was on the development of a biochemical diffusion model of PDGF that could be incorporated into the larger model of intimal hyperplasia.  The finite difference method was used to model the diffusion of PDGF within the arterial wall.  Initially this model was developed in one dimension using C++; it was later extended to two and three dimensional models.  The model assumed a no flux boundary condition on all sides and the initial values were chosen to reflect the conditions present in the Boyden chamber experiments conducted at UT Medical Center.  This three dimensional model for chemical diffusion of the SMC chemotaxic agent PDGF was successfully incorporated into the hybrid modeling environment for cell migration.  Future work will incorporate MMP kinetics to describe the breakdown of collagen in the ECM.  This model shows that the cells will preferentially migrate toward higher concentrations of PDGF.  General methods to describe kinetics of biochemicals using extensible markup language (XML) within the kinetic modeling environments SBW and JSim were also investigated.  The ultimate goal is the integration of the kinetics described using the XML format with the spatial and time-dependent diffusion of biochemicals and cells.  This integration will rely on the development a common, integrated modeling language that extends beyond the present capability.
Introduction
Intimal hyperplasia is a process that occurs as the body’s response to injury.  It is generally not seen as a problem, but in certain locations in the body, it can cause major complications.  One of these locations is the arterial wall where intimal hyperplasia can occur as a response to injury due to a balloon angioplasty used to treat coronary artery disease or other arterial diseases.   This process triggers the migration by chemotaxis of vascular smooth muscle cells (SMCs) from the middle (media) layer of the arterial wall into the inner (intimal) layer.  This migration occurs due to the presence of the chemoattractant Platelet Derived Growth Factor (PDGF) and the breakdown of collagen in the extra cellular matrix (ECM) by matrix metalloproteinases (MMPs) released as a response to injury.  The migration of these SMCs results in restenosis, or renarrowing of the artery.  
In order to gain a better understanding of this process, a hybrid model of intimal hyperplasia is being developed at Oak Ridge National Laboratory in collaboration with UT Medical Center.  The overall goal of creating the hybrid intimal hyperplasia model is to eventually be able to predict when restenosis of the artery will occur.  The model being developed is a hybrid model in that it incorporates two different modeling environments.  A discrete event system simulator (ADEVS) is used for the cell migration model, and the chemical diffusion model is described by the solution of a partial differential equation [1].  The cell migration portion of this model was recently extended to three dimensions, and therefore, a three dimensional diffusion model was needed to match the cell migration portion of the hybrid model [2].   The goal of this project was the development of the three dimensional diffusion model.  
Model Interoperability

Before beginning the development of the diffusion model, several XML based programs were tested for compatibility of their modeling formats.  The programs tested were Cellular Open Resource (COR), Systems Biology Workbench (SBW), and JSim [3,4,5].  It was found that models developed in one program did not always work within the other programs as they should have.  It was also discovered that these programs could not incorporate three dimensional partial differential equations and therefore could not be used for the diffusion model.  
Model Development
The three dimensional diffusion model of PDGF was developed using the C++ programming language.  This language was chosen so the diffusion model would be in the same language as the cell migration model.  The three dimensional diffusion equation describing how PDGF diffuses within the arterial wall is
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where D is the diffusion coefficient, U is the concentration of PDGF, t is time, and x, y, and z are the spatial dimensions.  The finite difference method was used to solve this partial differential equation.  This finite difference approximation uses a forward time and central space, or FTCS, discretization.  This type of method is explicit because the solution at the current time step is used to find the solution at the next time step.  The two dimensional FTCS method described in [6] was expanded to the discretization of the three dimensional equation as 
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where D is the diffusion coefficient, ∆a is the spatial step size, U is the concentration of PDGF, t is time, and x, y, and z are the spatial dimensions.  In this model, an equal spatial step size was used for all dimensions.  The diffusion coefficient of PDGF in solution of 10-6 cm2/s was used for D [7].  
The stability of this system also had to be taken into account when executing the model.  As described in [6], when a Fourier stability analysis is done on the three dimensional diffusion equation, the stability criteria for choosing ∆t and ∆a is defined as  
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If this equation is not satisfied, then the system will be unstable.  No flux boundary conditions were applied to this system in order to achieve a condition similar to that of the Boyden Chamber experiments that were conducted at UT Medical Center.  The FTCS difference discretization of the diffusion equation was used as well as a central spatial finite difference method for the no flux condition.  
Results
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The model was developed initially in one dimension and then extended to two and three dimensions.  This process was used because it allowed for an incremental development.  The initial conditions for the model are as seen in Fig. 1 with a unit concentration in the upper half and and zero in the lower half of the chamber.  The output of these three models were visualized using MatLab for the one dimensional (Fig. 2) and two dimensional (Fig. 3) models and VisIT, a visualization program, for the three dimensional model (Fig. 4).  Visualizing the models was useful in validation.  
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Figure 4 - VisIT visualization of three dimensional diffusion model results
Integration into Hybrid Intimal Hyperplasia Model
There were two algorithms in the cell migration model that needed to be changed in order to integrate the three dimensional diffusion model into the cell migration model.  These changes were necessary because the new model is three dimensional where the previous model was one dimensional.  
The first algorithm that needed to be changed was an interpolating algorithm that calculated the concentration of PDGF at a specified point within the grid for use in the cell migration model.  The trilinear interpolation method was used to determine this concentration [8].  This method works by using the linear interpolation method seven times.  First, the eight corners of the cube, as seen in Fig. 5, within the grid are broken into four pairs.  Then a linear interpolation is performed for each of these pairs generating four more points, a,b,c, and d, which are again broken into pairs.  After a linear interpolation is completed on these pairs, a final linear interpolation is done on the two new points, e and f, to determine the concentration at the specified point, U, within the grid. 





The algorithm that interpolates the spatial derivative at a specified location also needed to be changed in order to calculate the partial derivatives in all three spatial directions.  A Lagrange Interpolating Polynomial was used for this algorithm [9].  Using this method, a polynomial of degree n-1 is fitted through n points.  In this case, three points were used to determine a second degree polynomial.  These three points were obtained along each spatial direction using the trilinear interpolation method.  This results in three sets of three points, one set for each spatial direction.  The three sets are then used with the Lagrange interpolating polynomial method to create three polynomials that approximate the concentration along each direction.  Finally, the derivatives of these polynomials are taken and used to calculate the partial derivatives in each direction at the specified point within the grid.  
These two algorithms were incorporated into the three dimensional diffusion model, which was then incorporated into the hybrid intimal hyperplasia model.  
Future Work

There are two more major elements that need to be incorporated into this intimal hyperplasia model.  The enzyme kinetics of MMP2 and MMP9 are very important for modeling how collagen is broken down.  In the present model it is assumed that the breakdown of collage occurs at a constant rate, but a more detailed model would actually use the kinetics reactions to breakdown this collagen.  There are currently models of these reactions developed with SBW and JSim, but they would need to be rewritten in C++ to work within the ADEVS environment.  Another way to incorporate these models would be to develop a parser within the ADEVS environment to read the XML files.  The effect of hormones from hormone replacement therapy is another factor that currently is not included in the intimal hyperplasia model.  
Conclusions
A successful implementation of the three dimensional diffusion model into the intimal hyperplasia model was achieved.  The MMP enzyme kinetics reactions and the effects of hormone replacement therapy still need to be incorporated into the model.  The creation of an XML based modeling language that would work within multiple modeling environments, including ADEVS, would be useful in incorporating these kinetics models.  
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Figure 3 – MatLab visualization of two dimensional diffusion model results





Figure 2 – MatLab visualization of one dimensional diffusion model results
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Figure 5 – This is a diagram of one cube of the grid.  A trilinear interpolation was done to find the concentration at the point U.  
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