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Effect of Drug-Eluting Stents in Coronary Arteries
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EXECUTIVE SUMMARY

Angioplasty is a common procedure used to treat atherosclerosis, a medical condition characterized by the narrowing and constriction of coronary arteries.  A meshed wire-stent is inserted into the coronary artery by means of a balloon catheter to provide structural support and allow blood flow through the artery.  However, in 15-30% of the patients, endothelial cell proliferation occurs in response to the insertion of the foreign metal stent and impedes blood flow in a condition known as restenosis.  Drug-eluting stents have been developed to prevent restenosis by adding a drug-infused polymer layer coated onto the stent which has the effect of arresting endothelial cell-cycle by diffusion into the intima layer, the arterial layer closest to the blood cavity.  Our project models the diffusion of the drug from the drug-eluting stent to determine the concentration profiles of the drug in the intima layer as well the concentration profiles of the drug that remains in the polymer.  Convection due to blood flow had a minimal effect on the diffusion profile.  After one year, the polymer retains 3% of the drug in the polymer, while the remaining diffused into the intima layer.  Sensitivity analysis was also performed to determine which parameters affect the diffusion profile.  Varying the positioning of the stent, and thus, the contact surface area of the stent to the intima layer, had an effect on the amount of drug released to the intima.  Other factors such as k​bind, the affinity for the drug to the intima layer, affected the concentration remaining in the layer.  Polymer thickness affected the concentration profiles the most, while diffusivity of the polymer and intima had no real effects.  We propose that while further experimental data is needed to determine accurate kbind values and the threshold for effective concentration levels, our computational model shows that the drug-eluting stent is able to release most of the drug within 4 months, and retain a steady drug concentration within the intima tissue for over one year.  This is intuitively expected and supported by what experimental data is available in the area.  We conclude that computer modeling is an efficient and economic way to estimate the diffusion of anti-cell proliferation drugs and its effects in preventing re-constriction of coronary arteries following angioplasty treatment.
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INTRODUCTION


Each year, 800 000 angioplasty procedures are performed to treat plaque-clogged coronary arteries.  This procedure consists of inserting a meshed metal-wire stent surrounding a balloon catheter into the coronary artery.  The balloon is inflated to expand and insert the stent into the arterial wall.  The balloon-catheter is promptly removed while the expanded stent provides structural support in the artery wall to relieve constriction.  However, in 15-30% of patients who undergo angioplasty, the artery becomes clogged again in a condition called restenosis in which endothelial cell growth proliferates around the device as part of the body’s natural wound-healing response.  To address this problem, many leading biomedical companies, such as Johnson & Johnson, Boston Scientific, and Medtronic, have developed drug-eluting stents, which have proven to significantly reduce the rate of restenosis.  


The main mechanism of the drug-eluting stent is to allow diffusion of the drug from the polymer coating on the stent, into the arterial wall over a prolonged period of time.  There are two layers of the arterial wall:  the intima which is closest to the lumen or blood cavity and the adventitia which is the outer layer.  Drugs currently on the market act solely in the intima layer by inhibiting microtubule formation and preventing smooth muscle growth in the artery.  Any excess drug not taken up in the intima layer will continue to diffuse through the adventitia layer.  The positioning of the stent can also be adjusted at the time of placement to allow for the maximal surface area of contact between the stent surface and the arterial wall.

Our project models the diffusion profile of a hydrophobic drug from the polymer-coated stent to the artery wall while taking convection effects of blood flow through the artery into account by a species equation.    To model diffusivity, the drug must diffuse through the polymer, the intima layer, and the adventitia layer.  Separate regions for each layer were created and meshed in GAMBIT, and FIDAP was used to determine the transient concentration profiles of the drug in these regions over the course of one year.  The convective effects of blood flow were also visualized through FIDAP.

The benefits of the computational modeling of drug-eluting stents are to provide a better understanding of the drug release kinetics without having to actually perform the experimental trials on patients.  Although the model is only as accurate as the parameters and governing processes provided, it can provide insight on the efficacy of the drug, and the parameters that can affect drug release.  These parameters, such as diffusivity rates and polymer thicknesses can be explored through sensitivity analysis.  Additional sensitivity analysis on the meshing and time step variables may also be performed to ascertain that our solutions do not depend on the computer model parameters themselves.  

DESIGN OBJECTIVE

The objective of our project is to determine how long the drug-releasing mechanism will be effective, and the concentration profiles of the drug released to the intima layer.  The effects of varying the polymer thickness, intima thickness, polymer diffusivity, and intima diffusivity values were also investigated to determine the sensitivity of the drug concentration profiles to these parameters.

SCHEMATIC


To model the drug diffusion in the arterial wall, it was assumed that the drug diffused through three regions:  the drug polymer, the intima layer, and the adventitia layer.  A cross-section of the arterial wall was used for modeling with a single stent strut fully embedded in the intima layer.  The dimensions are given in Figure 1 below.  It is also assumed that the model is axis-symmetric about the center of the lumen to give the complete 3-D cylindrical blood vessel with a length of 10 mm.

[image: image2]
Figure 1.  Cross-section of a stent strut fully embedded in the arterial wall, which consists of the intima and adventitia layer.  The section is modeled as axis-symmetric.


Modeling of multiple stent struts was also performed to see the diffusion effects over the entire stent length.  The length of the stent was given to be 10 mm which includes 11 stent struts, with 0.7 mm between the centers of each strut (see Figure 2 below).


[image: image3]
Figure 2.  Cross-section of multiple stent struts imbedded in the arterial wall.  The distance between the centers of each strut is 0.7 mm.


A mesh for the cross-section of the artery wall with a fully embedded stent was generated using GAMBIT and the TRI/PAVE mode as seen in Figure 3 below.  A high mesh density was used near the outside of the drug polymer layer in order to model the larger drug concentration change in those areas.  The diffusivity through the drug polymer, the intima layer, and the adventitia were 1x10-7 mm2/s, 2.5x10-10 mm2/s, and 1x10-7 mm2/s respectively.  To model the convective blood flow, a mass transfer coefficient of 2.44 x 10-8 mm/s was applied to the bottom of the intima layer.  Because these properties were so small, it was necessary to use non-dimensionalized values.
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Figure 3.  GAMBIT generated mesh of the cross-section of the arterial wall.  The mesh density is greater near the region just outside the drug polymer, where the greatest change in drug concentration will occur.

Additional solution details including schematics, governing equations, boundary and initial conditions, and input parameters, such as non-dimensionalized diffusivity and mass transfer coefficients are included in Appendix A, B, and C of the report.

RESULTS AND DISSCUSION


Our initial model used a single stent-strut that is half-embedded into the artery wall.  Convection was added using the blood velocity profile through an additional region, the lumen.  We encountered several problems with this set-up, including difficulties in generating an appropriate mesh that would not affect the results and in reaching solution convergence with both the species and velocity equations being solved simultaneously by FIDAP.


The revised model used a stent strut that was fully-embedded into the intimal tissue and included two layers in the artery wall, namely the intima and adventitia, with different diffusivities.  Additionally, convection from the blood was modeled with a mass transfer coefficient at the boundary between the intima and the lumen.  


Qualitative results can be seen in Figure 4 below.  After 1 day, the drug polymer of the stent contains a maximum concentration of approximately 63% of the original concentration.  The amount of drug concentration decreases exponentially, and after almost 4 months the stent contained a maximum concentration of approximately 6.9% of the original concentration.   It can be deduced from this that any drug no longer contained within the polymer layer has effectively diffused out of the polymer and into the tissue.  This would suggest that by 4 months following initial drug release, over 93% of the drug has diffused into the intimal tissue and is binding within this region to act to prevent cell proliferation and restenosis.  The contour lines become perpendicular to the bottom of the intima, showing a region of no flux.  We assume that none of the drug will diffuse back into the lumen (bloodstream), but the only source of drug loss will be due to the convective flow of blood.  After almost 8 months, the polymer contains a maximum concentration of approximately 4.3% of the original concentration, and after almost 1 year the stent contains a maximum concentration of approximately 3.2% of the original concentration.  At almost one year, the diffusion profile near the surface of the stent strut is no longer circular because it has reached the end of the intima layer.  The faster diffusivity of the adventitia (1x10-7 mm2/s) than the intima (2.5x10-10 mm2/s) coupled with the low concentration at the intima-adventitia interface results in a flat green concentration at 347.22 days.  The 400 times greater diffusivity value of the adventitia results in a much faster diffusion through it, resulting in an extremely low (negligible) concentration of the drug.
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t = 1.15 days




   t = 115.7 days or 5 months
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     t = 231.48 days or 8 months


       t = 347.22 days or 1 year

Figure 4.  Select contour plots of the drug diffusion through the polymer layer, intima, and adventitia over the course of almost 1 year.


The concentration exponentially decreases from the maximum concentration of 1 g/mm2 for three nodes taken inside the drug polymer layer at the top, bottom, and right sides of the stent strut.  The majority (over 80%) of the drug is diffused out of the polymer layer and into the arterial tissue by day 25.  Additionally, the drug concentration profiles are uniform for each of the three nodes, as the graphs overlap (see Figure 5 below).  The highest diffusion rate occurs from day 0 to day 30, and a drug concentration of 0.14 g/mm2 is shown to be within the polymer and stent on day 30 and decreases to 3% after about half the year. 


[image: image6]
Figure 5.  The drug concentration profile (in g/mm2) over 350 days is displayed for three nodes:  one located at the inside of the polymer near the apex of the stent near the intima/adventitia interface, one located in the inside of the polymer near the right edge of the stent, and one in the polymer in the bottom of the stent near the intima/lumen interface.


The drug concentration profile over time was observed for 2 locations within the intimal tissue that are 10 nodes directly outside the top (apex) and 10 nodes to the right edge of the polymer.  The concentration increases sharply as the drug is released into the intima, but as diffusion occurs, the concentration of drug at the two nodes decreases exponentially and levels out to a uniform concentration of around 0.03 g/mm2 after almost one year.  This increase correlates appropriately to the decrease in the drug concentration within the polymer shown in Figure 5 above.  It further correlates that the drug concentration in the polymer and the intima remains uniform after about half a year and is retained at 3% of initial polymer concentration since steady state is reached with respect to diffusion due to the lack of a concentration gradient for the drug.  The concentration profiles at the two nodes located some distance away from the polymer and stent, considered to be representative of approximate drug concentrations throughout the intimal tissue, are consistent with each other, as the graphs overlap (see Figure 6 below) thereby showing consistent and uniform diffusion across the intima.

[image: image7]
Figure 6.  The drug concentration profile (in g/mm2) over 1 year is displayed for two nodes:  one directly 10 nodes above the top drug polymer layer, and one directly 10 nodes to the right of the drug polymer layer.

SENSIVITY ANALYSIS

The anti-proliferation drug must be monitored throughout the intimal tissue where cell proliferation causing restenosis occurs.  Nodes that are located 10 nodes above and 10 nodes to the right of the polymer layer surrounding the stent are chosen to be representative of the drug concentration throughout the intima and used for comparison in the sensitivity analysis.

Effect of the Positioning of Stent and Polymer within Artery
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Figure 7.  Sensitivity analysis comparing the half-embedded stent to the fully embedded stent.  Concentration profiles are of locations nodes some distance directly above and to the right of the stent in the top and bottom graphs respectively.  

The effect of the positioning (depth) of the stent within the artery wall is significant especially at locations central to the intima layer, as shown in Figure 7 above.  As expected, at locations directly above (23 nodes) [top graph] and to the top-right (10 nodes) [bottom graph] showed lower drug concentrations within the intima layer throughout the one-year period.  The surface area from which diffusion can occur is at a maximum for the fully embedded stent whereas only half of that same area is effective for diffusion into the artery in the half-embedded stent.  It can be concluded that the most desirable for the diffusion of the drug is achieved by inserting the stent entirely into the intima layer.  

Effect of varying kbind coefficient
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Figure 8.  Sensitivity analysis comparing varying kbind values.  Node locations directly above and to the right of the stent are represented in the top and bottom graphs respectively.    

The drug concentration in two separate locations within the intimal tissue (10 nodes above [top graph] and 10 nodes to the right [bottom graph]), are shown in Figure 8 above.  The binding coefficient of the intimal tissue exhibits a strong effect to the retention of the drug.  While varying the kbind values did not change the maximum concentration of drug reached within the intimal layer after about 1 month, there is a clear difference in the concentration of drugs retained within the tissue over the course of the one-year period. Having a higher kbind (25 instead of 20) created a 1% increase in the concentration of drug retained throughout the one-year period, while having a lower kbind (15 instead of 20) created a similar 1% decrease in retention.  Since the original data shows around a 5% concentration retention, a 1% difference either way is very significant.  This shows that the kbind value is a very sensitive parameter and the most realistic model should take into account best measure of the actual kbind within the intima.   

Effect of Varying Polymer and Intima Thickness
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Figure 9.  Sensitivity analysis comparing varying intima and polymer thickness.  Node locations directly above and to the right of the stent are represented in the top and bottom graphs respectively.      

The thickness of the intima layer does not change the concentration of drug retained in the tissue after about 3 months as shown in Figure 9 above.  Since the green and orange concentration profiles pretty much overlap in both graphs, it can be concluded that the overall effect of intima thickness over one year is negligible.  Across the intima tissue, it can be seen that with a doubled polymer thickness and a 4-fold increase in the total amount of drug contained within the polymer, both the peak concentration reached, as well as the concentration retained over one year, is significantly higher than the original result.  The concentration of the thicker polymer model is approximately 150% of that of the original.  While the increase in concentration is small compared to the increase of the total amount of drug within the polymer (50% vs. 400%), this is still one effective way to increase the concentration of drug in the intima over the course of one year. 

Effect of Varying Polymer Diffusivity
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Figure 10.  Sensitivity analysis comparing varying polymer diffusivities.  Node locations directly above and to the right of the stent are represented in the top and bottom graphs respectively.        

The reason we only analyzed the effect of decreased polymer diffusivity and not an increase is because it would not be at all desirable to have the drug diffusing out of the polymer at a rate 4000 times higher than the diffusivity within the intima layer.  Since the diffusivity of the intimal tissue is the lowest, and therefore limiting rate of diffusion, increasing the polymer diffusivity even further would not increase the overall diffusion.  Conversely, lowering polymer diffusivity can affect the rate of diffusion if the drug eluting out of the polymer is being removed by the intima faster than it can diffuse to the polymer-intima boundary.  When we modeled varying polymer diffusivities, we found that little to no effect was seen even when the rate diffusivity was decreased up to 100 times.  Surprisingly, this goes to show that using polymer materiasl with different diffusivities does little to affect the drug diffusion and retention in the intima in our study.

Drug concentrations over time for each of the different polymer diffusivities, shown above in Figure 10, are plotted at a location of 10 nodes above the top of the polymer layer (top graph).  Decreasing diffusivities exhibited slightly lower concentrations over the one-year period.  Yet, at a location of 10 nodes to the right of the polymer (bottom graph), the lower diffusivities exhibited slightly higher concentrations.  The combined or average effect through the entire intima is approximately the same as that of the original polymer diffusivity and therefore changing the polymer characteristics would constitute a vast and easy way to increase the efficacy of the drug-eluting stent.  This analysis shows that changing polymer diffusivities does not yield a significant difference in drug diffusion within the intima.

CONCLUSIONS AND DESIGN RECOMMENDATIONS 


From our modeling and analysis, we were able to determine that a hydrophobic drug such as paclitaxel released from polymer coating in a drug-eluting stent allows diffusion of the drug out of the polymer and into the arterial tissue relatively quickly.  Within one month, over 80% of the drug is lost from the polymer and diffused and bound to proteins within the intima.  This is a good indication that the diffusion is effective and the timing of the initial drug release can be controlled using time-release polymer technology.  The analysis here suggests that effect of the drug eluted out of the polymer can be expected to take effect within one month of the initial drug release.  Further, it can also be concluded that drug concentration with the appropriate conditions is maintained at a concentration of around 3% over the course of over one year and as long as the initial concentration is high enough such that 3% of that concentration is effective for the prevention of restenosis within the intima, it will prove to be effective therapy superior to regular stent placed by angioplasty.  Lastly, we can conclude that if higher drug concentration is needed within the arterial tissue but higher concentrations of the drug within the polymer is not possible due to toxicity or other health or practical constraints, doubling the thickness of the polymer layer and thereby increasing the total amount of drug within the polymer is one way to increase drug concentration in the intimal layer over one year to about 5%.  This is the most effective parameter modeled in this study for increasing drug retention in the intima.

Discussion on Realistic Constraints

The stents were modeled as circular drug-coated rings.  The usual shape of stents are not rings but a mesh network.  Although the circular model would be easier to manufacture, the surface area would be less than that of a highly meshed stent.  The highly meshed stent, with more surface area, would be more effective in eluting the drug into the intima layer of the artery, and thereby better at preventing restenosis.  Also, it is more than likely that the stents used in patients are difficult to produce due to their small size and delicate patterns.

Treatment with these drug-eluting stents are known to effectively reduce restenosis.  Many doctors believe that the health and safety of the patients are not compromised but significantly improve after the operation.  There are, however, a few reported cases of post-surgery deaths.  These deaths probably resulted from other complicating or interfering factors.  The stent itself does not pose a significant threat to any other parts of the body.  This would be ensured if healthcare professionals had access to a more accurate computer simulation model.  This model should ideally include a 3-D mesh representation of the manufactured stent inside an arterial wall, with blood flow.  The data these simulations provide would allow healthcare professionals to make more accurate prognoses for their patients.   

Appendix A:  Mathematical Statement of the Problem
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Figure A.1.  Schematic and relative position in mesh geometry from GAMBIT.  

Governing Equations

Species Equation
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                   Equation A. 1:  Non-dimensionalized reduced species equation.

Velocity Profile (steady state artery flow)
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               Equation A. 2:  Non-dimensionalized velocity profile.
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Boundary Conditions – Non-dimensionalized 
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Figure A.2:  Mesh geometries from GAMBIT with non-dimensionalized boundary conditions shown.  

Initial Conditions - 
Non-dimensionalized
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Figure A.3:  Mesh geometries from GAMBIT with non-dimensionalized initial conditions shown.  

Table A. 1: Input parameters used in PRESTO

	Input Parameters
	

	Dimensional
	Non-Dimensional

	 
	 

	Drug diffusivity: 1x10-7 mm2/s
	Drug diffusivity: 1

	Adventitia diffusivity:  1x10-7 mm2/s
	Adventitia diffusivity: 1

	Intima diffusivity (Kbind = 20): 2.5x10-10 mm2/s
	Intima diffusivity (Kbind = 20) : 0.0025

	 Mass transfer coefficient (hm): 2.44 x 10-8 mm/s
	Mass transfer coefficient:  3.66


Appendix B:  Solution Details

PROBLEM Statement

	Define Models
	FIINP output
	Meaning
	Reason

	Geometry Type
	AXI-
	Axi-symmetric
	System is symmetric about an axis, therefore only one calculation is needed

	Temperature Dependence
	ISO T
	Isothermal 
	System is temperature independent

	Viscous Dependence
	NOMO
	Momentum Turned Off
	System inside the arterial wall is solid and there is no momentum

	Time Dependence
	TRAN
	Transient
	The results depend on time

	Deforming Boundary
	FIXE
	FIXED
	The surface is fixed

	Convective Term
	LINE
	Linear
	No convection

	Fluid Type
	NEWT
	Newtonian
	No fluid flow

	Flow Regime
	INCO
	Incompressible
	All fluid is incompressible, but this is unimportant

	Species Dependence
	SPEC = 1.0
	Species Present
	Drug is diffusing and is considered mass species


SOLUTION Statement

	Commands
	FIINP Output
	Meaning
	Reason

	Solution method
	S.S. = 50
	Successive substitutions of 50 iterations
	This default setting solves the problem with a maximum of 10 iterations for any one time step

	
	VELC = 0.100E-02
	Velocity Convergence
	

	
	RESC = 0.100E-01
	
	

	
	SCHA = 0.00E+00
	Solution Change
	

	Relaxation Factor
	ACCF = 0.00E+00
	
	No relaxation


TIME INTEGRATION Statement

	Commands
	FIINP Output 
	Meaning
	Explanation

	Time integration
	BACK
	Backward
	This is the time integration method for transient analysis

	Time Stepping Algorithm
	FIXE
	Fixed
	Time increment is fixed

	Starting time
	TSTA
	Start time
	Starting time is 0

	End time
	TEND
	End time
	End time is 3

	Time increment
	DT
	Time step size
	Time increment is 0.01

	Number of time steps
	NSTE
	Number of time steps
	The number of time steps is 300


/

/  INPUT FILE CREATED ON 03 May 05 AT  17:10:19

/

/

/ ***  FICONV Conversion Commands *** 

/ ***  Remove / to uncomment as needed

/

/  FICONV(NEUTRAL,NORESULTS,INPUT)

/  INPUT(FILE= "origin.FDNEUT")

/  END

/  *** of FICONV Conversion Commands

/

TITLE

/

/ ***  FIPREP  Commands ***

/

FIPREP

 PROB (AXI-, ISOT, NOMO, TRAN, LINE, FIXE, NEWT, INCO, SPEC = 1.0)

 PRES (MIXE = 0.100000000000E-08, DISC)

 EXEC (NEWJ)

 SOLU (S.S. = 50, VELC = 0.100000000000E-02, RESC = 0.100000000000E-01,

       SCHA = 0.000000000000E+00, ACCF = 0.000000000000E+00)

 TIME (BACK, FIXE, TSTA = 0.000000000000E+00, TEND = 3.0,

       DT = 0.100000000000E-01, NSTE = 300)

 OPTI (SIDE)

 DATA (CONT)

 PRIN (NONE)

 POST (RESU)

 SCAL (VALU = 1.0)

 ENTI (NAME = "intima", SOLI, PROP = "mat1", SPEC = 1.0, MDIF = "C1_intima")

 ENTI (NAME = "drug1", SOLI, PROP = "mat2", SPEC = 1.0, MDIF = "C1_drug1")

 ENTI (NAME = "drug2", SOLI, PROP = "mat2", SPEC = 1.0, MDIF = "C1_drug2")

 ENTI (NAME = "adventitia", SOLI, PROP = "mat3", SPEC = 1.0,

       MDIF = "C1_adventitia")

 ENTI (NAME = "bottom_intima", ESPE, MSPT = "bottom_intima")

 ENTI (NAME = "left_intima", PLOT)

 ENTI (NAME = "right-intima", PLOT)

 ENTI (NAME = "boundary", PLOT)

 ENTI (NAME = "left_adventitia", PLOT)

 ENTI (NAME = "right_adventitia", PLOT)

 ENTI (NAME = "top_adventitia", PLOT)

 ENTI (NAME = "outer_polymer", PLOT)

 ENTI (NAME = "inner_polymer", PLOT)

 DIFF (SET = "C1_intima", CONS = 0.250000000000E-02)

 DIFF (SET = "C1_drug1", CONS = 1.0)

 DIFF (SET = "C1_drug2", CONS = 1.0)

 DIFF (SET = "C1_adventitia", CONS = 1.0)

 SPTR (SET = "bottom_intima", CONS = 3.66, SREF = 0.000000000000E+00,

       POWE = 1.0)

 BCFL (SPEC = 1.0, CONS = 0.000000000000E+00, ENTI = "inner_polymer")

 ICNO (SPEC = 1.0, CONS = 0.000000000000E+00, ENTI = "intima")

 ICNO (SPEC = 1.0, CONS = 1.0, ENTI = "drug1")

 ICNO (SPEC = 1.0, CONS = 1.0, ENTI = "drug2")

 ICNO (SPEC = 1.0, CONS = 0.000000000000E+00, ENTI = "adventitia")

 EXTR (ON, AFTE = 5, EVER = 5, ORDE = 3, NOKE, NOFR)

END

/  *** of FIPREP Commands

CREATE(FIPREP,DELE)

CREATE(FISOLV)

PARAMETER(LIST)

Mesh Convergence Study
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Figure B.1:  Mesh convergence study for three mesh configurations at the same location inside the polymer. 
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Figure B.2:  Mesh convergence study for three mesh configurations at the same location outside the polymer. 

Three Different Meshes

Table B. 1:  Explanation of the three different mesh configurations

	Mesh
	Layer
	Total # of Nodes
	Total # of Elements

	Original
	Intima
	12,056
	23,532

	
	Drug
	574
	480

	More
	Intima
	36,112
	71,196

	
	Drug
	2,106
	1,920

	Most
	Intima
	38,485
	75,902

	
	Drug
	3,434
	3,200




In our Mesh Convergence study, we found that our original mesh was not sufficient.  In Figures B.1 and B.2 above, differences in concentration vs. time were apparent for each of the three different meshes.  With increasing density of nodes and elements, the concentration decreases at a much faster rate.  For future studies, it is recommended that the mesh be refined with the number of nodes and elements in the “Most” mesh (see Table B.1 above).  From the results in Figures B.1 and B.2, the convergence of solution did not occur.  However, due to the small size of the polymer and limited computer memory, it was not possible to refine the mesh even further.  Therefore, it is suggested that studies be done with the highest possible number of elements. 

Appendix C
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Figure C.1:  Concentration contour plots of half-embedded 11 stent model simulation.   Progression of time is from t = 0 days (top left) to t ≈ 1 year (bottom right). 
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