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Abstract — This case-study examines the release time of the
everolimus drug from an experimental biodegrading coating of
a Rontis corp. drug eluting stent (DES). The controlled drug
release is achieved by the degradation of the coating, which
consists of a mixture of polylactic co-glycolic acid (PLGA) and
everolimus (55:45). In our analysis, we used the outcome of
another study, which contains the geometry of an in-silico
deployed Rontis corp. stent in a 3D reconstructed coney arterial
segment. Using this geometry as input, the everolimus release
was simulated using a computational model that includes: i)
modeling of the blood flow dynamics, ii) modeling of PLGA
degradation, and iii) modeling of the everolimus advection and
diffusion towards both the lumen and the arterial wall. The
results show the rapid release of everolimus. This is justified due
to the high porosity of the coating, which is caused by the initial
high concentration of everolimus in the coating.

Clinical Relevance — The methodology presented in this work
is an additional step towards predicting accurately drug release
from DES. Also, the results of our work prove that high drug
concentration in the coating causes its rapid release, which could
be used as input in the design of new DES.

1. INTRODUCTION

Since the beginning of the 21st century, cardiovascular
disease (CAD) remains the leading cause of death worldwide,
according to the World Health Organization (WHO) [1].
Atherosclerosis is the dominant cause of CAD, and therefore
it is a major research focus of several studies [2].
Atherosclerosis is identified by the development of plaque
within the arterial walls, which causes arterial wall thickening
and subsequently, lumen narrowing, and may lead eventually
to cardiovascular events. Over the past century, the major risk
factors of CAD have been discovered, identifying high serum
lipids, smoking, diabetes and obesity as the major culprits of
atherosclerosis [3].  Nowadays, atherosclerosis can be
prevented either by regulating the patient’s diet and exercise
program, or by providing medications to lower the serum
lipids. However, in the case of a cardiovascular event, blood
flow in the throttled arteries can only be restored by invasive
techniques, such as percutaneous coronary revascularization
(balloon angioplasty or stent deployment) and coronary artery
bypass.

Percutaneous coronary revascularization by balloon
angioplasty was first introduced in 1977 by Gruentzig.
Although remarkable as a discovery, balloon angioplasty is
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prone to coronary dissections, arterial recoil and neointima
formation [4]. Endoluminal coronary stenting was realized
nine years later in 1986 by Ulrich Sigwart to prevent the elastic
recoil of the throttled vessel and limit the arterial dissections
[5]. However, the stenting procedure did not resolve the
problem of neointima formation that results in restenosis.
Neointima formation develops from damage in the arterial
wall and it is caused by smooth muscle cells’ accumulation in
the intima region of the vessel. At the beginning of this
century, drug eluting stents (DES) were developed to avoid
restenosis, which gradually release medication to inhibit
restenosis [6].

Several studies were performed to investigate the risks of
the first generation DES deployment, which showed the
delayed re-endothelialization of the treated wvessel that
eventually lead to high rates of myocardial infraction and late
thrombosis after the dual antiplatelet therapy (DAPT) ends [7].
To address this issue, researches developed the second
generation of DES in 2016 having the desired features
regarding biocompatibility. More specifically, these features
include biocompatible materials, such as cobalt-chromium,
platinum-chromium and cobalt-nickel alloys for the stents’s
metal core, while polylactic acid and polylactic-co-glycolic
acid for the polymeric coatings. Moreover, better stent designs
were developed to respond better in stretching, while being
thinner to allow for a faster re-endothelization.

The significant factor of a DES drug release rate had been
regulated by modeling approaches, which enabled the
prediction of the drug release from the deployed stents in order
to eliminate the cases of high and low drug concentrations in
the arterial wall, leading to toxicity or restenosis respectively.
One of the first modeling approaches was provided by Zunino
et al. in 2009, who performed a 2D case study of the heparin
drug release from the coating surface towards the adventitia
layer of the porous arterial wall using the advection-diffusion
equation for drug release and Darcy’s law for the momentum
losses due to porosity [8]. A more complicated geometry of
the arterial wall, was examined by both Pontrelli and de Monte
in 2010, and McGinty et al. in 2011, where at least 3 layers of
the arterial wall were considered in their drug release analyses
[9], [10]. In 2013, O’Brien ef al. performed a 2D analysis of
the stent coating’s drug release towards both the lumen and the
arterial wall, taking into consideration the pulsatile blood flow
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[11]. Drug elution models were refined by Zhu et al. in 2014,
who used an analytical model for the coating’s polymerization
resulting in a transient porosity, as well as a transient
diffusivity for the studied drug. In their approach, the drug
binding in the arterial wall was also considered [12]. A
realistic case study was performed by Rikhtegar et al., which
includes the geometry of a deployed stent in a 3D
reconstructed arterial segment [13]. In 2016, Saha and Mandal
investigated the effect of the struts’ distance on the distribution
of the free and the bound drug in the arterial wall by
performing a parametric analysis [14]. Saha and Mandal
performed another study, in which they used their previous
model and extended it to include the pulsatile blood flow and
an atherosclerotic area in the arterial wall [15]. Further efforts
involve the drug binding into specific and non-specific
receptors in the arterial wall, as proposed by Tzafriri et al. [16],
as well as the shrinking coating based on polymerization, as
proposed by Vo et al. [17]. The majority of these studies
utilized either 2D or 3D idealized and non-realistic arterial
geometries.

This study examines the transient release of the drug
everolimus from the polylactic co-glycolic coating of a Rontis
corp. stent, which was previously deployed in silico in a
realistic 3D reconstructed coney arterial segment. This is
achieved using a modeling approach that includes an analytical
model for the PLGA degradation, which is based on the
polymerization process as proposed by Zhu et al., and an
explicit model for the everolimus release towards both the
lumen and the porous arterial wall due to advection and
diffusion forces. To the best of our knowledge, this is the first
study that applies a detailed drug release model to the resulted
geometry of an in silico deployment of a DES in a 3D
reconstructed coney arterial segment.

II. MATERIAL AND METHODS

A. Dataset

Despite the majority of the drug delivery modeling studies
that implement ideal 2D or 3D arterial data, this work uses real
coney arterial imaging from the BioCoStent study.
Specifically, the BioCoStent study provides optical coherence
tomography (OCT) imaging data from coney coronary arterial
segments. The OCT imaging data include information of the
lumen border as well as the adventitia border, which can be
used to reconstruct the arterial segment using a straight line as
the arterial centerline. In the case of existent corresponding
angiography data, the arterial centerline can be properly
calculated.

B. 3D reconstruction of coronary arteries

The 3D reconstruction of the OCT imaging was performed
using an in house 3D reconstruction tool [18]. In brief, the 3D
reconstruction methodology can be separated in the pre-
processing of the imaging data, that includes both the removal
of the blooming effect caused by the calcified plaques and the
identification of the potential vessel borders, as well as the
segmentation, which is enabled using a 3D level set algorithm.

C. In-silico deployment of drug eluting stent

To maintain the integrity of the study, instead of virtually
deforming the drug eluting stent to fit into the reconstructed
arterial segment, it was deployed in-silico using an already

Figure 1. The resulted geometry of the arterial wall and the deployed stent,
which is used as an input to this analysis [20].

developed mathematical model [19]. This step is necessary to
maintain the realism of this case-study. Figure 1 illustrates the
in silico deployed stent in the reconstructed arterial segment.

D. Drug delivery model

Drug elusion is predicted wusing the presented
computational model that includes the blood flow in the lumen
and the arterial wall, the degradation of the polymeric coating
and the transient drug release towards the lumen and the
arterial wall by diffusion and advection forces.

The coating of the examined stent contains everolimus at
45% w/w, resulting in an everolimus concentration of 563.55
mol/m? using Eq. 1. In addition, the porosity of the polymer
can be calculated using Eq. 2.

() - Rt () r )
drug 1
_ . E pdrug (%)
Po = Ratlodrug( ) * —pPLA (%) , (2)

where Cgyr,g is the molar concentration of the drug, Ratiog,, 4
is the mass percentage of the drug in the coating, pp, 4 is the
density of the PLA (ppa = 1.2g/cn’® [20]), MWgyq is the
molecular weight of the drug (MWeverotimus = 958.2 g/mol
[21]), Parug is the density of the drug (peveroimus = 1.2 g/em?
[22]) and ¢, is the coating’s initial porosity due to the presence
of the drug (¢q = 0.45).

The release of everolimus from the polymeric coating is
based on diffusion forces (Eq. 3). However, the degradation
of the polymer creates an altering environment in the coating,
where the coating’s porosity gradually increases and affects
the diffusivity of everolimus. Therefore, the equation of the
active diffusivity is used for everolimus (Eq. 4) instead of a
steady term, that considers both the diffusivity of the porous
and the solid phase (Eq. 5) of the coating [12].
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where D, is the active diffusivity of everolimus, Dg is the
diffusivity of everolimus in the solid phase, D; is the diffusivity
of everolimus in the porous regions that are filled with blood
(D, = 0.985um%s [23]), Dy, is the initial diffusivity of
everolimus in the non-degraded polymer (Dsy = 0.0224pm?/s
[23]), k,, is the molecular degradation rate of the polymer (k,,
=2.5x107 1/s [12]), a is a parameter for the molecular weight
change model (a = 1.714 [24]) and ¢ is the coating’s porosity.

In the domains of the lumen and the arterial wall, drug
transport depends also on advection forces. The blood flow in
the lumen is laminar, incompressible and Newtonian, which
can be described by the Navier-Stokes equations (Eq. 7-9),
while the released everolimus in the lumen can be described
by the advection-diffusion equation (Eq. 10) [25].
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where U, p, P and p are the velocity, the density, the pressure
and the viscosity of blood (p = 1060 kg/m* [26], u = 0.0035
Pa s [27]), respectively, while T is the shear stress tensor and §
is the Kronecker delta.

In the porous arterial wall, blood’s plasma enters through
endothelium and flows in between the cells’ interspace. The
blood and plasma have almost equal transport properties, and
therefore, in our analysis, we assume them as a single liquid.
The plasma flow is described by the modified Navier-Stokes
equations (Eq. 11-15), while everolimus transport is described
by the modified advection-diffusion equation (Eq. 16). These
equations are modified to account for the momentum loss due
to the porosity of the arterial wall [25].
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where, K is the area porosity tensor, y is the volume porosity,
Sy 1s the momentum losses due to porosity, everolimus in the
solid phase and K., is the Darcian permeability.

Velocity
Streamline 1

5.000e-002

3.750e-002

2.500e-002

1.250e-002

1.000e-009
[m s*1]

Figure 2. The simulated streamlines, colored according to the magnitude of
the velocity.

III. RESULTS & DISCUSSION

Our analysis is realistic as we used as an input the
presented model the in-silico deployed stent in a reconstructed
coney arterial segment as it resulted from [19]. The timeframe
of our analysis considers one month, while each timestep
consists of 4 hours. Figure 2 illustrates the simulated
streamlines in the domains of the lumen and the arterial wall.
The flow velocity in the arterial wall is nine orders of
magnitude larger than in the lumen domain, which is in
agreement with other works [25]. Figure 3 shows the
everolimus distribution of the arterial wall in 4 different time-
points at the period of 0-24 hours. It shows a sharp increase of
the everolimus concentration in the arterial wall at the first 8
hours, as well as, a subsequent sharp decrease, that proves the
rapid release of the drug from the stent’s coating. This is also
observed in the Figure 4, which shows the rapid release of
everolimus as a function of its mass fraction in the coating in
relation to time.

initial conditions

8 hours

Everolimus
1.000e+00
3.981e-01
1.585e-01
6.310e-02
2.512e-02
1.000e-02
3.981e-03
1.585e-03
6.310e-04
2.512e-04
1.000e-04

[mol m*-3]

Figure 3. Everolimus distribution in the arterial wall at 8-hour intervals.
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Figure 4. The fraction of the remaining everolimus in the stent coating in
relation to time.

In this case-study, the resulted drug release rate is much
larger from the corresponding ones presented in most DES
studies, where the complete drug release requires three to six
months of time [17]. However, short release periods have also
been observed and studied [10]. In relation to other DES, our
case differs in the initial drug concentration in the coating.
Specifically, in this study, the initial everolimus concentration
of the coating was 45% w/w, which is much larger than in
other DES [12]. To the best of our knowledge, such a coating
drug concentration has never been examined before as a
possible solution to prolong the drug elusion period. However,
the results showed that the high initial drug concentration
requires a low polymer concentration in the mixture, resulting
in a highly porous coating, which favors the drug release rates.
Therefore, the high drug concentration leads to rapid release,
instead of a prolonged one in homogeneous coating mixtures.

Last, another novelty of this work, is that it uses the
geometry of an in silico deployed DES in a 3D reconstructed
coney arterial segment as an input to a detailed drug release
model that couples a polymer degradation model and a model
for drug release towards both the lumen and the arterial wall.
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