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Abstract

Drug-eluting stents (DES), which release anti-proliferative drugs into the arterial wall
in a controlled manner, have drastically reduced the rate of in-stent restenosis and revolu-
tionized the treatment of atherosclerosis. However, late stent thrombosis remains a safety
concern of DES, mainly due to delayed healing of the wound inflicted during DES implan-
tation. We present a framework to optimize DES design such that restenosis is inhibited
without affecting the healing process. To this end, we have developed a computational
model of blood flow and drug transport in stented arteries which provides a metric for
quantifying DES performance. The model takes into account the multi-layered structure of
the arterial wall and incorporates a reversible binding model to describe drug interaction
with the cells of the arterial wall. The model is coupled to a novel optimization algorithm
that minimizes the DES performance metric to identify optimal DES designs. We show that
optimizing the period of drug release from DES and the initial drug concentration within the
coating has a drastic effect on DES performance. Optimal paclitaxel-eluting stents release
the drug either within a few hours or slowly within a year at concentrations considerably
lower than current DES. Optimal sirolimus-eluting stents require a slow drug release. Op-
timal strut shapes for DES are elongated and can be streamlined only if the drug release
occurs quickly. The results offer explanations for the performance of recent DES designs,
demonstrate the potential for large improvements in DES design relative to the current
state of commercial devices, and define guidelines for implementing these improvements.

Résumé

L’utilisation de stents actifs (DES) a révolutionné le traitement de l’athérosclérose. Le
relargage contrôlé de médicaments anti-prolifératifs dans la paroi artérielle (PA) a permis
de réduire fortement le taux de resténose intra-stent. Mais le risque de thromboses intra-
stents tardives demeure un enjeu majeur des DES en partie lié au retard de cicatrisation de
la PA endommagée lors de l’implantation. Cette thèse présente une méthode d’optimisation
du design des DES afin d’inhiber la resténose sans affecter la cicatrisation. Pour quantifier
la performance des différents designs, un modèle numérique décrivant l’écoulement san-
guin et le transport de médicaments dans les artères stentées a été développé. Il prend en
compte la structure multi-couches de la PA et les interactions du médicament avec les cel-
lules. Un algorithme d’optimisation est couplé au modèle afin d’identifier les DES optimaux.
L’optimisation du temps de relargage ainsi que de la concentration initiale du médicament
dans le revêtement du DES ont un effet significatif sur la performance. Lorsque le médica-
ment utilisé est le paclitaxel, les solutions optimales consistent à relarguer le produit à des
concentrations nettement inférieures à celles des DES actuels soit pendant quelques heures,
soit pendant une durée d’un an. Pour le sirolimus, un relargage lent est nécessaire. Les
formes optimales des spires du DES sont toujours allongées mais profilées seulement lorsque
le relargage est rapide. Ces résultats permettent d’expliquer en partie les performances des
différents DES récents et révèlent un fort potentiel d’amélioration dans la conception des
DES par rapport aux dispositifs commerciaux actuels.
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Rel lumenal Reynolds number
Red Reynolds number based on the hydrodynamic strut diameter
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CHAPTER 1
Introduction

1.1 Atherosclerosis: a human condition?

Ischemic heart disease, stroke, and other cerebrovascular disease are the leading cause of
mortality in the world accounting for one in four deaths [195]. In most cases, the development
of these pathologies is attributed to the slow but steady process of narrowing and calcification
of arteries, known as atherosclerosis.

Though sometimes referred to as a “disease of affluence” [46] or “lifestyle disease”, the
factors contributing to the development of atherosclerosis go beyond a high cholesterol diet, a
sedentary lifestyle, and smoking. Diabetes, reduced levels of high density lipoprotein (HDL)
to low density lipoprotein (LDL) ratio in the bloodstream, male gender, family history of
cardiovascular disease, and hypertension all point to an important involvement of genetics in
the development of atherosclerosis. A recent investigation performed on 137 mummies from
four different ancient cultures (including pre-agricultural hunter-gatherers) [176] shows that
atherosclerosis has afflicted humans for at least four millennia and suggests the possibility that
atherosclerosis may be a condition inherent to human aging.

The development of atherosclerosis is a complex process initiated, according to current
understanding, by an inflammation of the endothelium [109]. The endothelium, the cellular
monolayer lining the inner surfaces of blood vessels, usually acts as a selective permeability
barrier that protects a healthy arterial wall from antagonistic substances in the bloodstream.
Inflammation increases endothelial permeability, enabling the deposition and accumulation of
plasma proteins, most prominently LDL, in the subendothelial space (SES) of the arterial wall
[47, 117, 160]. Trapped in the SES, LDL is oxidized, which positively reinforces the inflamma-
tory response of the endothelium. Simultaneously, monocytes are recruited to the site of inflam-
mation and transmigrate through the endothelium, where they differentiate into macrophages
and take up oxidized LDL. The rapid uptake of oxidized LDL transforms macrophages into
foam cells. The debris created by apoptosis and necrosis of foam cells initiates the formation of
plaque in the SES. Subsequent smooth muscle cell (SMC) proliferation into and migration from
the medial layer of the arterial wall [110, 161] further advances the lesion and its protrusion
into the lumen (Fig. 1.1).

This cascade of events results in the formation of a complex plaque in the arterial wall
which, if sufficiently advanced, can result in restriction of blood supply to the surrounding

1
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Figure 1.1: Development of atherosclerosis. Left: Healthy artery comprising the three arterial layers:
intima (covered by endothelial cells), media (with smooth muscle cells), and adventitia. Right: Artery
diseased by atherosclerosis – lipids, marcophages, and smooth muscle cells have penetrated the intima
at a site of dysfunctional endothelium; foam cells and cellular debris form the atheroslcerotic plaque.
Adapted from Encyclopædia Britannica Online.

tissue. If the obstructed artery is a coronary artery, the reduced oxygenation, referred to as
myocardial ischemia, leads to pathological consequences that range from chest pain under
stress conditions (stable angina) to constant pain even at resting conditions (unstable angina).
In the most severe cases, the blood supply to parts of the heart muscle is cut off entirely (acute
coronary syndrome) resulting in a heart attack.

A central question in the study of atherosclerosis is to identify the mechanism that initiates
the inflammation and subsequent dysfunction of the endothelium. Although this question has
attracted tremendous scientific attention, it has yet to be conclusively answered. A critical
observation in this regard, however, is that atherosclerosis is a focal disease with early lesions
developing preferentially in regions of arterial branching and curvature [159, 169]. Within
these regions of abrupt changes in arterial geometry, arterial blood flow is “disturbed”, strongly
suggesting fluid mechanical implication in the initiation of atherosclerosis [8, 14, 28–30, 33,
58, 98, 133].

Understanding the role of arterial flow disturbance in the development of atherosclerosis
requires elucidating the effect of flow on endothelial cell (EC) function and dysfunction. Over
the past two decades, numerous studies have demonstrated that flow elicits humoral, metabolic,
and structural responses in ECs [13, 32, 41]. The mechanisms by which ECs sense fluid me-
chanical forces and subsequently transduce these forces into biochemical signals that regulate
cellular function remain incompletely understood and are under intense investigation. One of
the most well documented flow responses in the literature is the effect of flow on EC morphol-
ogy. ECs exposed to steady flow or to non-reversing pulsatile flow become highly elongated and
aligned in the direction of flow [15, 43, 45, 75, 115, 134]. On the other hand, ECs subjected
to “disturbed” flow in the form of very low or directionally oscillating flow maintain a cuboidal
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morphology similar to that of cells in static culture [72, 75]. Interestingly, cuboidal ECs appear
to exhibit significantly higher permeability to macromolecules than elongated ECs. Elucidating
possible relationships between EC morphology and cell function and dysfunction promises to
provide critical information regarding the role of flow in the development of atherosclerosis.

1.2 Treatment of atherosclerosis: a brief history

While treatment of stable angina typically involves administration of medication and specific
recommendations for lifestyle changes [22], lesions leading to unstable angina or even acute
coronary syndrome require surgical intervention. In 1977 Andreas Grüntzig opened an entirely
new chapter in the treatment of obstructed coronary arteries by inflating a catheter-mounted
balloon at the site of the stenosis to re-open the artery [130]; percutaneous coronary inter-
vention (PCI) was thus born. The great benefit of catheter-based balloon angioplasty (today
referred to as "plain old balloon angioplasty" or POBA) for the patient was that the treatment
was minimally invasive and did not require open heart surgery leading to significantly reduced
recovery times.

Despite representing a major advance in cardiovascular intervention, POBA was not without
its problems. In more than 50% of the cases this treatment failed due either to immediate
vessel recoil or arterial restenosis (re-occlusion of the blood vessel due to uncontrolled growth
of smooth muscle cells (SMCs) in reaction to the injury inflicted by the balloon). Another
major advance was made in 1986 when Jacques Puel performed the first PCI on a human with
a Palmaz-Schatz stent mounted on the balloon. The stent1, a tubular wire-mesh, remained in
the artery after the intervention to serve as a permanent scaffold (Fig. 1.2). Although the use
of a stent in PCI cut the rate of restenosis in half compared to POBA, restenosis remained a
major complication in an unacceptably large fraction of the procedures. Restenosis occurs due
to the uncontrolled proliferation of SMCs and their migration from the media into the intima
(neointimal hyperplasia) and ultimately into the lumen where they form a new obstruction to
blood flow.

The breakthrough that would eventually lead to almost complete elimination of restenosis
[157] was the development of drug-eluting stents (DES) which involve the addition of an anti-
proliferative drug to the metallic bare-metal stent (BMS). The drug, most commonly sirolimus
(or one of its derivatives) or paclitaxel, is released into the arterial wall where it inhibits
SMC proliferation and hence prevents neointimal hyperplasia. With more than 7 million stent
implantations per year worldwide (most of which are DES), the stent has become the most
successful medical device for the treatment of advanced coronary atherosclerosis today.

The drawback of using anti-proliferative drugs on stents is that these drugs also retard the
healing process following the implantation process, mostly (but not exclusively) by delaying the
recovery of the endothelium [54, 84, 85, 190]. Delayed endothelial recovery is associated with
an elevated risk of late and very late stent thrombosis [53, 69, 84, 116, 131]. Stent thrombosis
is the sudden formation of blood clots at the site of stent implantation. Depending on the time
of occurrence relative to the intervention, stent thrombosis is classified in four types [170]:
acute, within the first 24 hours; sub-acute, within the first 30 days; late, within the first year;
and very late, after the first year.

Whereas acute and sub-acute stent thrombosis are inherent to the foreign body response
following implantation of stents (BMS or DES) [150], late and very late stent thrombosis

1named after English dentist Charles Thomas Stent (1807–1885) [21, 104, 154]
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Figure 1.2: Stenting procedure. A: A balloon-mounted stent is introduced to the site of the occlusive
atherosclerotic lesion via a catheter. B: The balloon is inflated at high pressure so that the ballon and
stent compress the atherosclerotic plaque thereby re-opening the artery and restoring blood flow. C: The
balloon is retracted and the stent remains as a permanent scaffold. Source: Encyclopædia Britannica
Online.

are far more likely to occur with DES than BMS. The unpredictability and high mortality of
stent thrombosis make this complication, though rare, particularly serious. Addressing this
complication requires extending the duration of an anti-thrombotic treatment in the aftermath
of the surgery. The optimal duration of anti-thrombotic treatment remains, however, unknown.

In light of these complications, questions have recently arisen on whether the scaffolding
and drug elution characteristics of a stent are needed for longer than 6 months after the surgery.
Proliferation of SMCs is significant for only the first few weeks [150], and complete remodeling
of the arterial all is achieved within approximately 3 months [137]. In recent years, the above
considerations have resulted in the development of biodegradable stents [61, 137] and in
the revival of balloon angioplasty but now using balloons coated with an anti-proliferative
drug, usually paclitaxel [66]. While both treatment options show very promising results, their
long-term efficacy are yet to be established.

1.3 Anti-proliferative drugs: bliss and curse of drug-eluting stent
design

A DES is comprised of three components: a stent body which provides the structural support,
the drug to be eluted, and the drug carrier in which the drug is loaded and through which
it is delivered. Each of these components has its own requirements [27, 101, 142]. The
stent body needs to supply sufficient radial and axial strength, it needs to be very flexible to
be easily deliverable even to the most complicated lesion, and the struts need to have a low
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profile to limit arterial damage at implantation and to minimize disturbance of the flow field
in order to reduce the risk of thrombosis and facilitate re-endothelialization [33, 44, 96]. The
geometry of the stent body also determines the release pattern for the drug into the arterial
wall [11, 24, 51, 125, 127, 128, 162, 183, 201].

The drug carrier (typically a polymer) should be bio-compatible to prevent an inflammatory
or rejection reaction. It should also enable controlled and sufficient release of drug, such that
drug concentration in the arterial wall remains within the therapeutic window, i.e. sufficiently
high to be effective and yet sufficiently low to avoid toxicity. The drug itself should effectively
inhibit SMC proliferation within the first few weeks after the implantation [150] without
causing secondary or long-term effects that compromise the integrity of the arterial wall. Finally,
all of the stent’s components need to be finely tuned for the treatment to be successful both in
the short and long terms.

How crucial stent design is to the success of a stenting procedure was emphasized by the
results of the Swedish Coronary Angiography and Angioplasty Registry (SCAAR) study [157]
which demonstrated the superiority of second generation DES over both first generation DES
and BMS. Second generation DES have undergone major design changes in their geometry, drug
composition, and the composition of the drug carrier relative to the first generation devices [60].
Even among different second generation DES, significant differences in re-endothelialization
outcomes have been observed with different stent designs [85, 132, 172].

The release kinetics of the drug from the drug carrier also play a crucial role for determining
the therapeutic efficacy of a DES [7, 68, 102, 152, 165]. Moreover, the drug itself can be a
design variable; interestingly, all drug-coated balloons currently under development use paclita-
xel as the therapeutic agent of choice which is in contrast to developments in second generation
DES, where manufacturers have for the most part opted for sirolimus (or its analogues) as the
drug of choice.

1.4 Modeling drug transport in the arterial wall

The transport of an eluted drug within the arterial wall is governed by convection and diffusion
through the tortuous pore space and to interactions with the cells of the arterial wall, most
notably ECs and SMCs. If we want to understand and evaluate the therapeutic performance
of DES, we need to first understand the processes occurring in the arterial wall, for which
computational models would be particularly helpful. Consequently, significant scientific effort
has been dedicated to study and model the transport of drugs [38, 81, 82, 105, 114, 179–
181] in the arterial wall, resulting in a variety of different modeling approaches ranging from
relatively simple models that assume either a low drug diffusivity in the arterial wall [128]
or a constant partition of bound and free drug [200] to more sophisticated models where
drug interactions with the arterial wall are described by a second-order reversible reaction
[24, 179]. With very few exceptions [51], these models approximate the arterial wall as a
single homogeneous layer and often neglect convective drug transport within the wall.

1.5 Stent design optimization

The broad variability in therapeutic success of DES in clinical use suggests that today’s DES
designs are not necessarily optimal. Recognizing the shortcomings of today’s stents, pioneering
studies of stent design optimization have been conducted over the past few years [9, 70, 71,
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140, 141, 171]. These studies have so far been limited to optimizing geometrical features of
stents.

Modeling the physiologically relevant phenomena associated with stenting leads to complex
computational models (see Chapter 2, [24, 51, 139]) that are computationally expensive to
evaluate. A very versatile optimization framework used in the case of expensive computational
simulations is the surrogate management framework (SMF) [23], since the use of classical
optimization methods is often rendered infeasible. The SMF algorithm is a derivative-free
optimization method which explores the space of possible designs by repeatedly evaluating the
computational model for different sets of design variables. The algorithm uses a succession of
search and poll steps to identify a set of design variables that yields the most optimal design.
This method has previously been applied to the optimization of various aerospace [118, 119]
and bioengineering [120, 198] systems.

1.6 Scope and outline of the present dissertation: optimization of
drug-eluting stents

The present dissertation applies computational modeling to derive guidelines for novel stent
designs that optimize DES performance. Recovery of the endothelium is particularly important
for the success of a DES. Thus, we will focus our attention on the phenomena that appear to
have a crucial impact on the endothelium: transport of the anti-proliferative drug eluted from
the stent drug carrier and disturbance of the flow field due to the geometric design of the stent.

In this work we will try to answer the following questions: What is an optimal stent? What
design elements are crucial for obtaining an optimal stent? What should these design elements
look like for an optimal stent? What is the role of the choice of drug in the optimization?

We propose the following strategy to answer these questions: 1) We develop a computa-
tional model of fluid flow and drug transport in stented arteries which serves to evaluate the
performance of DES design. 2) We formulate a metric that quantifies DES performance. 3) We
use a derivative-free optimization algorithm to minimize the cost function derived from the
metric and hence identify optimal DES designs.

In Chapter 2 we develop a computational model of drug transport that takes into account
the multi-layered structure of the arterial wall, includes both convective and diffusive transport
in the arterial wall, and incorporates a reversible binding model to describe drug interactions
with the cells of the arterial wall [179]. The computational model is applied to study the
transport dynamics of the two hydrophobic drugs paclitaxel and sirolimus. The sensitivity of
the model predictions to several modeling parameters is also presented. The results of the
simulations indicate a strong coupling between the drug dynamics in the arterial wall and the
release kinetics of the drug from the stent drug carrier. This finding motivates the optimization
of the drug delivery strategy, which we perform in Chapter 3.

In Chapter 3 we introduce a cost function that serves as a quantitative measure of DES
performance that assesses how well the applied drug delivery strategy maintains efficacious but
sub-toxic drug concentration in the media while simultaneously minimizing drug concentration
at the endothelial surface to facilitate re-endothelialization. We then minimize this cost func-
tion by coupling a novel SMF optimization algorithm [16, 17] with our physiologically-based
computational model derived in the previous chapter. Applying this approach, we identify the
different drug delivery strategies that are needed for paclitaxel and sirolimus to yield optimal
DES performance.
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Once drug delivery is optimized, Chapter 4 moves on to optimize DES strut shape. To this
end, we extend our cost function to include a measure of the flow disturbance caused by the
stent geometry. The particular SMF algorithm used here, which to our knowledge has never
before been applied to engineering optimization, is particularly well suited to perform these
more complex optimizations due to its regular and dense discretization of the design space
and its novel poll step procedure. An analysis of the sensitivity of our cost function motivates
the refinement of the optimization of the DES drug delivery strategies. The results of our
investigation demonstrate that, to achieve optimal DES performance, strut shape and drug
delivery need to be tailored to the drug dynamics in the arterial wall.

The concluding remarks at the end of the dissertation contain a comprehensive summary of
the results of all three chapters and make specific recommendations for future investigations.





CHAPTER 2
Modeling the Transport of Drugs

Eluted from Stents

2.1 Introduction

Despite the recent data of the Swedish Coronary Angiography and Angioplasty Registry (SCAAR)
study [157] that suggest that the overall performance of drug-eluting stents (DES) is superior
to that of bare-metal stents (BMS), the long-term safety and efficacy of DES remain controver-
sial. The primary concern stems from the risk of late and very late stent thrombosis, thought
to be principally attributable to delayed endothelial healing at the site of stent implantation.
In an attempt to avoid the complications associated with DES, an emerging technology is the
use of drug-coated balloons (DCB), either with or without subsequent stent implantation [66].
Interestingly, all DCB devices currently under development use paclitaxel as the therapeutic
agent of choice. This is in contrast to developments in the latest generation DES, where manu-
facturers have for the most part opted for sirolimus or its derivatives as the drug of choice. DCB
and DES have fundamentally different strategies for delivering drugs to the arterial wall: DCB
deliver a very high drug dose (200− 300 µg/cm2) in a very short time whereas DES deliver a
considerably lower dose (100 µg/cm2) over a period of several weeks.

Another important finding of the SCAAR study is that second-generation DES (such as
Medtronic’s Endeavor Resolute stent or Abbott’s Xience V stent), which have undergone major
design changes in their geometry, drug composition, and the composition of the polymeric coat-
ing within which the drug is embedded relative to first-generation DES, exhibit clearly superior
performance. Most investigations to date of the effect of stent design on stent performance
have focused on the role of detailed geometric features [11, 99, 163] or of DES polymeric
coating [73]. The role of the drug elution process itself [12] and its coupling to the specific
drug used [181] have received less attention and have thus far been limited to sirolimus.

Computational models of the transport of drugs eluted from DES or DCB within the arterial
wall promise to significantly enhance our understanding of the performance of these devices. A
number of different modeling approaches have been proposed ranging from relatively simple
models that assume either a low drug diffusivity in the arterial wall [128] or a constant partition
of bound and free drug [200] to more sophisticated models where drug interactions with the
arterial wall are described by a second-order reversible reaction [179]. Multi-dimensional

9
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models ([24, 128]), with the exception of the 3D model by Feenstra et al. ([51]), approximate
the arterial wall as a single homogeneous layer and often neglect convective drug transport
within the wall. Only 1D studies ([124, 146]) have thus far included the layered structure of
the arterial wall into their models for describing the elution of drugs from stents. The diversity
of modeling approaches, the different assumptions on which the models are based, and the
limited experimental validation of the models render it difficult to compare the predictions of
the different models and to make general conclusions. In some cases, different models can even
lead to contradictory predictions: for example, the calculations by Vairo et al. [183] indicated
insensitivity of the drug concentration profile in the arterial wall to lumenal blood flow, while
the work by Balakrishnan et al. [11] reached the opposite conclusion.

In an effort to better understand the validity and applicability of different model assump-
tions, the present work develops a computational model of the transport of the two drugs
paclitaxel and sirolimus eluted from DES in the arterial wall. The model takes into account
the multi-layered structure of the arterial wall and incorporates a reversible binding model to
describe drug interactions with the constituents of the arterial wall. The effects of assuming a
one-layer model for the arterial wall or equilibrium reaction conditions are explored. Finally,
the model is used to study the coupling between the drug release kinetics from the stent and
the drug dynamics in the arterial wall.

2.2 Materials and methods

2.2.1 Model geometry

A 2D axisymmetric geometry is used in all simulations. We consider a straight arterial segment
within which a model DES represented by 10 circular struts is deployed (Fig. 2.1). Stent strut
size, polymer thickness, and stent inter-strut spacing are adapted from the geometry introduced
by Mongrain et al. [127] and recently also used by Vairo et al. [183]. Due to the reduction in the
number of struts relative to those studies (10 struts instead of 15), our geometry is considered
to represent a smaller lesion (7 mm). We have verified that this has no significant impact on
the parameters of interest. Embedment of the stent struts in the arterial wall is assumed to
be 50%. A sensitivity study investigating the effect of strut embedment in the 20% to 80%
range revealed that while the magnitude of drug concentration in the arterial wall changes,
the overall behavior and the conclusions drawn are not altered. We also define a therapeutic
domain that extends three inter-strut spacings both upstream and downstream of the stent (Fig.
2.1) and that we consider to be the target zone for drug delivery. All computed variables are
for this therapeutic domain.

2.2.2 Physical model

The mathematical framework for the description of the arterial wall is based on the two-layer
model presented by Formaggia et al. [55]. We apply this model to the elution of the two
small hydrophobic drugs paclitaxel and sirolimus from DES and complement it with a recently
developed reaction model in the arterial wall [179]. Wherever possible, the model input
parameters are derived from experimental data available in the literature.

The arterial wall is assumed to be rigid and is modeled as a two-layered structure with the
subendothelial space (SES) and the media defined as distinct domains while the endothelium
and internal elastic lamina (IEL) are treated as interfacial matching conditions. The adventitia
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Figure 2.1: A: Model geometry with stent strut diameter ds = metallic strut diameter + 2 ·
polymer thickness = 0.15 mm + 2 · 0.05 mm = 0.25 mm. All scales are given in mm. Geometry not
drawn to scale. B: Computational mesh: Left: Close-up on struts 4 through 6. Right: Detail of the
intersection of polymer, lumen, SES and media with indication of boundary layer elements.

is not modeled as a distinct layer but rather as a boundary condition at the outer surface of
the media. Because stent deployment is thought to lead to near complete denudation of the
endothelium at the deployment site, we assume in the modeling a baseline configuration where
the endothelium is absent within the stented portion of the vessel but is intact otherwise.

Drug transport is assumed to occur in the following four different domains: the arterial
lumen, the stent polymer coating, the SES, and the media. Different physical phenomena
dominate transport in each of these domains. In the polymer coating, we assume drug transport
to be purely diffusive. In the lumen, drug is transported via both convection and diffusion.
Each of the two layers of the arterial wall, i.e. the SES and the media, is modeled as a porous
medium with its distinct homogenized (but in some cases anisotropic) properties. The SES is
assumed to be devoid of all cells, so that drug transport within this layer occurs by convection
and diffusion. In the media, three different processes govern drug concentration: convective
and diffusive transport within the pore space, specific binding of the drug to smooth muscle
cells (SMCs), and non-specific binding of the drug to the extracellular matrix accounted for
through hindered diffusion.

2.2.3 Governing equations and boundary conditions

Unless stated otherwise, variables and equations are presented in non-dimensional form. Di-
mensional quantities are denoted by a tilde, and the reference values used in the non-dimen-
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sionalization are provided in Table 2.1.

2.2.3.1 Momentum transport

In the arterial lumen, blood flow is assumed to be steady and is thus governed by the time-
independent Navier-Stokes equations:

�

u l∇
�

u l =−∇pl+
1

Re0
∆u l , (2.1)

∇u l = 0 , (2.2)

where u l and pl respectively denote the velocity and pressure in the lumen. Blood is assumed
to be a Newtonian fluid, and a lumenal Reynolds number of Rel = ˜̄ud̃lρ̃/µ̃b = 400 is considered
based on blood velocity magnitudes typically encountered in coronary arteries.

The SES and the media are considered as porous layers, and flow within these layers is
assumed to be governed by Darcy’s Law:

∇p j =−
µp, j

PD, jRe0
u j , (2.3)

where the subscript j denotes either the SES or the media, u j is the average fluid velocity in the
total volume (matrix plus pores), and µp, j and PD, j are the non-dimensional dynamic viscosity

Table 2.1: Reference values for the non-dimensional equations and reference non-dimensional quantities

Quantity Reference expression

(free and total) concentration c, cT initial drug concentration c̃0

(bound) concentration b maximum binding site density b̃max
hydraulic conductivity Lp ρ−1

0 u−1
0

second Damköhler number Da2 Da0
2 =

k̃f b̃max L2
0

(1−ε j)D0

fluid density ρ blood density ρ0 = ρ̃
diffusion D diffusivity in blood D0 = D̃b

length r, z strut diameter L0 = d̃s

Peclet number Pe Pe0 =
u0 L0

D0

Darcy permeability PD L2
0

permeability P diffusive velocity scale ũD =
D0

L0

pressure p dynamic pressure p0 = ρ0u2
0

Reynolds number Re Re0 =
u0 L0ρ0

µ0

time t diffusive time scale t0 =
L2

0

D0

fluid dynamic viscosity µ blood dynamic viscosity µ0 = µ̃b

velocity ~u= (u v w)T mean inlet velocity u0 = ˜̄uin =
ũmax,in

2
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and Darcy permeability, respectively. In the polymeric coating of the stent, the flow is assumed
absent and thus drug transport occurs solely by diffusion.

The following boundary conditions apply: at the inlet of the lumen region a laminar
Poiseuille velocity profile is prescribed:

wl,in = 2ū

�

1−
�

2r

dl

�2
�

, (2.4)

while at the outlet the pressure is fixed at the physiological excess pressure value of p̃out =
100 mmHg. The top boundary of the lumenal domain is the symmetry axis of the problem. The
endothelium and IEL are approximated as semi-permeable membranes with the endothelium
coupling flow in the lumen to that in the SES and the IEL serving as an interfacial matching
condition between the SES and the media. To describe these membranes, we use the Kedem-
Katchalsky equation [91] governing the fluid flux Jv across these membranes. Due to the
very small size of the drug molecules (≈ 1 nm [76]) compared to the junction size of the
endothelium (leaky junction size ≈ 20 nm) or the pore size of the IEL (≈ 150 nm), the osmotic
reflection coefficient is very small (∝ �rmol/rpore

�2), and the flux simplifies to [55]:

Jv, j = n ju j = Lp, j∆p j , (2.5)

where Lp, j is the hydraulic conductivity of the respective membrane. In the central region
where endothelial cells do not hinder the fluid flow across the arterial wall, the matching
condition simplifies to continuity of radial velocity (ul = uses). In all cases, the axial velocity
at the lumen/arterial wall interface is set to zero (wl = 0). A zero axial pressure gradient
is assumed normal to the upstream and downstream boundaries of the arterial wall layers
resulting in no fluid flux across these boundaries and imposing a strictly radial flow field at
these boundaries. This assumption is strictly valid in an axially homogeneous arterial wall; the
upstream and downstream boundaries are sufficiently far from the therapeutic domain so that
these boundary conditions have no effect on the results. On the adventitial boundary (outer
boundary of the arterial wall), an excess pressure of p̃eel = 30 mmHg is assumed.

2.2.3.2 Drug transport

Drug transport in the lumen is governed by the unsteady convection-diffusion equation:

∂ cα, j

∂ t
+ Pe0uα, j∇cα, j =∇

�

Dα, j∇cα, j

�

. (2.6)

Equation (2.6) describes the concentration cα, j of a drug transported in the liquid phase
(intrinsic drug concentration) with a non-dimensional diffusion coefficient Dα, j at a refer-
ence Peclet number Pe0 (see Table 2.1). To describe mass transport in the porous arterial
wall, averaging is required. Neglecting dispersion, superficial averaging (averaging over both
phases of the porous medium containing the pore space and the solid tissue space) as described
by Whitaker [193] yields the following macroscopic transport equation in the arterial wall
(henceforth simply referred to as transport equation):

∂ c j

∂ t
+Λ jPe0u j∇c j =∇

�

D j∇c j

�

+ R j , (2.7)

where the reaction term R j accounts for drug flux to and from the tissue corresponding to
the binding and unbinding of drug molecules to their binding sites in the arterial wall. The
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two parameters that arise in the averaging process, the non-dimensional lag coefficient Λ j and
the effective non-dimensional diffusivity D j, will be discussed later. For a pure fluid (porosity
ε = 1), Λ j = 1 and the effective diffusivity equals the diffusion coefficient Dα, j in the fluid (in
our case, Dα,l = 1 and uα,l is the velocity calculated from the Navier-Stokes equations in the
lumen.) In this case the liquid concentration cα, j equals the superficial average concentration
c j.

A general way of expressing the reaction term R j is by:

R j =−
1

fcb

∂ b

∂ t
, (2.8)

which describes reaction as the negative of the rate of creation of bound drug concentration b
as the drug binds to the porous material. The factor fcb is defined as c̃0/b̃m, the ratio of the initial
concentration c̃0 in the stent polymer to the maximum binding site density b̃max. In recent
literature two common ways of modeling drug uptake by arterial tissue can be found:

1. Equilibrium model: A simplified approach to model drug uptake assuming that the bound
and free states are in a constant equilibrium [183, 200]. This assumption is valid when
the binding and unbinding processes are fast compared to convection and diffusion and
leads to:

R j = (κ− 1)
∂ c j

∂ t
, (2.9)

where κ is the total binding coefficient.

2. Dynamic model: A second order model (discussed in detail in Section 2.2.4.1) that
describes a saturating reversible binding process [179] treating bound drug as a dynamic
variable:

1

fcb

∂ b

∂ t
= Da0

2

�

c j (1− b)− 1

fcbBp
b

�

(2.10)

with the reference Damköhler number Da0 and the binding potential Bp. The baseline model in
the present work uses this dynamic model to describe drug interaction with cells of the arterial
wall; however, we also explore the ramifications of an equilibrium model assumption for the
predictions of drug transport from DES.

The transport equations are subject to the following boundary conditions: zero drug con-
centration at the inlet boundary in the lumen. Because convection is dominant in the lumen,
we set the outlet boundary condition to: ∆c = 0. At the upstream and downstream boundaries
of the arterial wall layers, a zero normal concentration gradient is prescribed. At the adventitial
boundary, we investigated the following three different boundary conditions:

1. cm = 0: considering the adventitia as a perfect sink.

2. −∇�Dm∇cm
�

= 0: assuming drug transport across the adventitia to be purely convective.

3. Js,eel = Peelcα,m + c̄α,eelJv,eel: modeling the external elastic lamina (EEL) as a Kedem-
Katchalsky membrane assuming the drug concentration in the adventitia to be negligible.

We have verified that the choice of boundary condition has no significant effect on the param-
eters of interest. The baseline model uses the third option since it is considered the closest to
the physiological situation.
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At both the lumen-arterial wall interface and the SES-media interface, the Kedem-Katchalsky
formulation is used to describe the concentration discontinuity across the thin endothelium
and IEL:

Js, j =−n j

�

Λ jPe0u jc j − D j∇c j

�

= Pj∆cα, j + s j c̄α, jJv, j , (2.11)

where Pj is the permeability of the respective interface and the local average liquid concentra-
tion c̄α, j is calculated as the weighted average concentration of the layer (for more details see
Appendix A).

At the outer boundary of the stent polymer, drug flux continuity is prescribed:

Js,c =−nc
�

Dc∇cc
�

= n j

�

Λ jPe0u jc j − D j∇c j

�

. (2.12)

Drug flux across the stent strut surface is zero, and the polymer is the only initial drug reservoir
yielding the following initial condition:

• c̃
�

t̃ = 0
�

= c̃0 = 100 molm−3 in the polymer.

• c = 0 elsewhere.

This intital concentration is representative for a high dose stent [152].

2.2.4 Determination of physiological parameters

Special attention was paid to the choice of the physiological parameters of the model. We use
experimental data wherever available, complemented with values from fiber matrix and pore
theory ([55] and references therein) when necessary. The solely tissue-dependent parameters,
namely the hydraulic conductivity L̃p, the porosity ε, the Darcy permeability P̃D, and the proper-
ties of blood and plasma are well documented in the literature. All values with their respective
sources are summarized in Table 2.2. Fluid density is assumed to be the same for plasma and
whole blood with ρ̃ = 1060 kg m−3. The hydraulic conductivities of the endothelium and IEL
were calculated from Lp, j = PD, j/(µp L j) following the approach in [4] and [148]. In agreement
with [55], the fiber matrix porosity and total porosity of the media were respectively set to

Table 2.2: Fluid model parameters

Symbol Unit Lumen ET SES IEL Media

µ̃ Pas 3.5·10−3 (a,b)7.2·10−4 (a,b) 7.2·10−4 (a,b)7.2·10−4 (a,b) 7.2·10−4 (a,b)

P̃D m2 N/A 3.22·10−21 (a)2.2·10−16 (a) 3.22 · 10−19 (a) 2.0 · 10−18 (a)

L̃p m2 s kg−1 N/A 2.2·10−12 N/A 2.2·10−9 N/A
ε – 1 5·10−4 (a) 0.983 (d) 4·10−3 (a) 0.25 (c)

L̃ µm d̃l = 3 mm 2 (a) 10 (a) 2 (a) 500 (a)

a [4]
b [148]
c [55]
d [79], [197], [92]

values without a reference are computed as presented in this section
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εf,m = 0.45 and εm = 0.25, yielding a SMC fraction in the media of εSMC = 1− εm/εf,m = 0.44,
which agrees well with previous data [89].

The effective diffusivities for the different layers D j, the lag coefficients Λ j, the membrane
permeabilities Pj and the sieving coefficients s j depend on the interplay of the drug with the
surrounding tissue. Here we will mainly focus on the diffusivities used in the model. The
calculation of the remaining parameters can be found in Appendix A.

In the present study, we will consider the two DES drugs paclitaxel and sirolimus. Paclitaxel
is a small hydrophobic agent with a molecular weight of M̃PAX = 853.9 Da [105] and an average
radius of r̃PAX

mol = 1.2 nm [76]. Diffusion of paclitaxel in blood is reduced due to non-specific
binding to blood proteins; therefore, the free diffusivity in plasma for paclitaxel is taken as the
measured value in calf serum as determined in [114] D̃free,p,PAX = 20.3 · 10−12 m2 s−1. Using this
value, the free diffusivity in whole blood is determined using the Stokes-Einstein equation as:

D̃free,b,PAX =
µ̃p

µ̃b
D̃free,p,PAX = 4.176 · 10−12 m2 s−1 . (2.13)

The effective diffusivity D j in Eq. (2.7) is a lumped parameter that arises from the averaging
process of the diffusive term which accounts for the reduced transport of the solute on its
tortuous path through the fibrous structure of the extracellular matrix. Apart from this passive
effect, it can also account for an active reduction due to non-specific binding to the tissue of
the arterial wall. No experimental work on the effective diffusivity in the SES is known to the
authors. Given the assumptions of our model, we will consider the effective diffusion coefficient
to be a simple scaling of the free diffusivity D̃free by a factor that depends solely on material
properties [192]. We will thus approximate the effective diffusivity as

D̃eff,f, j = D̃free exp
�

−
�

1− εf,i

�
1
2

�

1+
r̃mol

r̃f

��

, (2.14)

where r̃mol is the average radius of the drug molecule and r̃f is the average radius of the fibers
of the extracellular matrix. Levin et al. [105] determined experimentally anisotropic effective
bulk diffusion coefficients for paclitaxel, corresponding to the diffusivities in the media of the
arterial wall. These measurements suggest a very high anisotropy between radial and axial
diffusivities with Dz/Dr ≈ 1000. The work conducted in [81] suggests an anisotropy between
radial and circumferential diffusivities in the media of Dϕ/Dr ≈ 10. The structure of the media as
investigated in [136] suggests that the circumferential and axial diffusion coefficients are of the
same order of magnitude, whereas the diffusion coefficient in the radial direction is significantly
smaller. Therefore, in our baseline model, we assume the axial and circumferential effective
diffusivities to be of a comparable order of magnitude [188] and Dz/Dr = 10. Because the
importance of anisotropic diffusion has been highlighted in [80], we will explicitly investigate
the effect of different anisotropies. A summary of all coefficients for the transport of paclitaxel
can be found in Table 2.3.

Similar to paclitaxel, sirolimus is a small hydrophobic drug that binds to the FKBP12 receptor
of SMCs and endothelial cells. To calculate the transport properties of sirolimus, we applied
the same procedure as described for paclitaxel. Due to the slightly larger molecular weight
of M̃SIR = 914.2 Da [105], the Stokes-Einstein radius and blood plasma diffusivity need to be
adjusted (details in Appendix A). All transport coefficients for sirolimus are summarized in
Table 2.3.

It can be readily seen that the diffusivities of paclitaxel and sirolimus are not very different.
Rather, the primary difference between the two drugs stems from differences in their reaction
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Table 2.3: Transport model parameters for paclitaxel (upper part) and sirolimus (lower part)

Drug Symbol Unit Lumen ET SES IEL Media

Pa
cl

it
ax

el

Λ – 1 N/A 1.02 N/A 3.4
s – N/A 0.86 N/A 1.0 N/A
P̃ ms−1 N/A 3·10−6 N/A 9.8·10−6 N/A
D̃r m2 s−1 4.2·10−12 N/A 1.7·10−11 N/A 2.0 · 10−(11+n) (a,b)

D̃z m2 s−1 4.2·10−12 N/A 1.7·10−11 N/A 5.0·10−11 (a)

Si
ro

lim
us

Λ – 1 N/A 1.02 N/A 3.4
s – N/A 0.855 N/A 1.0 N/A
P̃ ms−1 N/A 3.6·10−6 N/A 9.6·10−6 N/A
D̃r m2 s−1 4.1·10−12 N/A 1.67·10−11 N/A 7.0 · 10−(11+n) (a,b)

D̃z m2 s−1 4.1·10−12 N/A 1.67·10−11 N/A 4.0·10−11 (a)

a [105]
b n= 1,2, 3

values without a reference are computed as presented in this section

kinetics. More specifically, sirolimus binds and unbinds significantly more rapidly than pacli-
taxel as seen in Table 2.4 (discussed in more detail in Section 2.2.4.1). The diffusion coefficient
in the stent polymer coating is the result of an interplay of several factors including the polymer
matrix, the drug, and the stent platform release kinetics. Balakrishnan et al. [12] showed that
simple diffusion is appropriate to model this complex process. Reported values for diffusion co-
efficients range from D̃c = 1 · 10−13 m2 s−1 [183] down to D̃c = 1.5 · 10−17 m2 s−1, representing
the range from fast to slow release kinetics. The baseline configuration in this study assumes a
drug diffusivity in the polymer at the fast release end of this range (D̃c = 1 · 10−13 m2 s−1).

2.2.4.1 Time scales and dimensionless quantities for drug transport

In order to better interpret the results, it is useful to analyze the time scales introduced by
the dynamic reaction model (Eq. (2.10)) and compare them to the other time scales in the
transport equation (Eq. (2.7)). Considering the dimensional form of Equation (2.10):

∂ b̃

∂ t̃
=
�

1− ε j

�−1
k̃f c̃ j

�

b̃max− b̃
�

− k̃r b̃ , (2.15)

Table 2.4: Non-equilibrium reaction model parameters for paclitaxel and sirolimus [179]

Drug Da2 Bp =
b̃max

(1−ε j)K̃d
K̃d =

k̃r

k̃f
(mol m−3) b̃max (molm−3)

Paclitaxel 2700 41 3.1 · 10−3 0.127
Sirolimus 5 · 104 139 2.6 · 10−3 0.366
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the first term on the right hand side (RHS) represents drug binding to sites in the arterial
wall which requires the presence of both free drug and free binding sites. The binding rate is
additionally controlled by the forward reaction coefficient k̃f and the porosity ε j of the tissue.
Thus, the characteristic time scale for drug binding is:

t̃f =

�

1− ε j

�

k̃f b̃max

. (2.16)

The second term on the RHS of Equation (2.15) describes the drug unbinding due to the
assumed reversible nature of the reaction. The typical time scale characterizing this process is
determined by the reverse reaction rate k̃r:

t̃r =
1

k̃r

. (2.17)

The ratio of the forward to reverse reaction coefficients K̃d = k̃r/k̃f is the equilibrium dissociation
constant [179] and characterizes the overall affinity of the drug to its binding sites with low
values corresponding to high affinity.

We would now like to compare the time scales of drug binding and unbinding to those of
drug convection and diffusion. The typical flow velocity in the arterial wall is very different
from that in the lumen. The characteristic (radial) convective flow velocity in the arterial wall
can be written as:

ũw =
p̃out− p̃eel

µ̃pH̃w
= 1.5 · 10−8 m s−1 (2.18)

with

H̃w =
∑

j

L̃ j

P̃D, j
, (2.19)

with j summed over the endothelium, SES, and media. With this we can now calculate the
typical time scale for convection in the media as

t̃C =
L̃m

Λmũw
(2.20)

and for diffusion

t̃D =
L̃2

m

D̃r
m

. (2.21)

To weigh the relative importance of these various processes, we form the following three
dimensionless quantities:

• Peclet number Pe: ratio of diffusion time scale to convection time scale,

• First Damköhler number Da1: ratio of convection time scale to forward reaction time
scale,

• Second Damköhler number Da2: ratio of diffusion time scale to forward reaction time
scale.
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The resulting computed time scales and dimensionless quantities, summarized in Table 2.5
(the different magnitude of the second Damköhler number compared to [179] stems from the
adapted length scale ( L̃m) and diffusivity (D̃r

m) used), indicate that due to differences in their
reaction properties, paclitaxel and sirolimus concentration profiles in the arterial wall may be
very different despite the fact that both drugs have largely similar transport properties. For
both drugs, convection and binding clearly dominate diffusion. The major difference in the two
drugs lies in the relative importance of convection compared to reaction: sirolimus’ binding
rate is so high that it even dominates the convective transport (Da1� 1), whereas paclitaxel is
more sensitive to convection (Da1 < 1). This table reveals an additional important time scale
for the transport problem, namely the release time from the stent, which approximates the time
over which the stent effectively releases its drug load from the polymer coating. Thus, for the
baseline stent, fresh drug supply only lasts for several hours.

The two Damköhler numbers defined above compare the initial maximum reaction rate
to the rates of convection and diffusion. This is adequate when considering a first-order
reaction process but is limited in its informative value when the reaction is second-order and is
reversible. To get a more comprehensive view of the binding and unbinding process, we define
an integral time-dependent first Damköhler number which compares the averaged magnitude
of the reaction term to that of the convection term in the media at each time point:

Daint (t) = Da1

∫

Vm

�

cm (1− b) +
b

fcbBp

�

dV

∫

Vm

cmdV

. (2.22)

Daint (t) thus estimates the relative importance of reaction to convection in the media over
time.

2.2.4.2 One-layer approximation

Due to the small thickness of the intima compared to the media, it is tempting to simplify the
problem and represent the intima as a single Kedem-Katchalsky matching condition. Conse-
quently, the arterial wall would consist of a single porous layer representing the media. We
wanted to probe the validity of this assumption and to compare the results of the one-layer

Table 2.5: Time scales and dimensionless quantities for the stented part of the media for paclitaxel and
sirolimus

Drug Convection Diffusion Binding Unbinding Stent emptying Peclet 1st Damköhler 2nd Damköhler
time (h) time (h) time (h) time (h) time(a) (h) number number number

t̃C =
L̃m
Λm ũw

t̃D =
L̃2

m
D̃r

m
t̃f =

(1−ε j)
k̃f b̃max

t̃r =
1
k̃r

t̃E =
π L̃2

c

4D̃c
Per = t̃D

t̃C
Da1 =

t̃C

t̃f
Da2 =

t̃D
t̃f

Paclitaxel 2.8 34.7 5.1 210.7 5.5 13.0 0.5 6.75
Sirolimus 2.8 9.9 0.08 11.2 5.5 3.7 34 125.0

a [186]: assuming the stent elutes into a perfect sink surrounding
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model to those of our baseline two-layer model. To generate the equivalent effective hydraulic
conductivities for the matching boundary condition with and without endothelial coverage, we
reinterpreted the different layers involved (endothelium, SES, and IEL) as flow resistances in
series [148] and used the total resistance to obtain an effective hydraulic conductivity as:

Lp,eff =






µp

∑

j

L j

PD, j







−1

. (2.23)

For the effective parameters for solute transport, we choose the same values as for the endothe-
lium in the non-denuded case and those of the IEL in the denuded case, since these correspond
to the largest resistance to transport.

2.2.5 Numerical methods

The governing equations are discretized by means of the finite element method (FEM) using
the commercial software package COMSOL Multiphysics 4.3 (COMSOL AB, Burlington, MA,
USA). The following types of elements are used:

• Momentum transport: third-order Lagrangian elements for the velocity and second-order
Lagrangian for the pressure (P3-P2)

• Drug transport: second-order Lagrangian elements

• Reaction equation: second-order discontinuous Lagrangian elements

The tolerance threshold for the relative error of the solution (relative tolerance) of the mo-
mentum equations was set to 10−9. An analysis of the transport problem showed no change
of the solution below a combination of relative tolerance 10−3 and absolute tolerance 10−4.
The computational domain of the momentum equations was extended beyond that of the drug
transport to ensure insensitivity of the results to the inflow and outflow boundary conditions.
The time advancing scheme is a backward differentiation formula (BDF) with variable order
and time step size [77]. The maximum time step size is restricted to 1 hour (h). Reducing the
maximum time step to 1/8 h did not change the solution, validating our choice for the maximum
step size.

The minimum mesh element size is set to two times the concentration boundary layer
thickness δ̃c as estimated by δ̃c ≈ 2

p
3d̃hRe−1/2

d Sc−1/3
b using the Reynolds number Red based on

the hydrodynamic stent diameter d̃h and the Schmidt number in blood Scb [183]. We note
that Red = Re0 in this particular case, since the reference length and velocity scales used to
non-dimensionalize the governing equations are the same as the length and velocity scales
used to compute Red. The mixed triangular and quadrilateral mesh (Fig. 2.1) is enhanced
with boundary layer elements (BLE) at the interface between lumenal flow and arterial wall
and at the interface of the stent polymer coating with the arterial wall. To smoothen the sharp
initial condition from the stent polymer to the surrounding domain, the inner boundary of
the triangular polymer mesh is enhanced with BLEs and the initial condition itself transitions
from c (t = 0) = 1 to c (t = 0) = 0 using an infinitely differentiable step function. The classical
approach of a mesh independence study [5] determined the number of elements in the lumen,
the SES and in the polymer. We consecutively increased the number of mesh elements in each
of these layers by a factor of 1.5 to 2 until the time evolution of the average concentration
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in the SES and the polymer showed a relative difference of less than 1% from one mesh
iteration to another. Similarly, we used the average wall shear stress along the lumen-wall
interface and the flow profile downstream of the stent as the test quantities to verify grid
independence in the lumen. In the media, however, the maximum cell size was limited by the
occurrence of spurious oscillations in the solution. This resulted in an overall very fine mesh
with approximately 290 000 elements. Computation time for the baseline simulation performed
on 4 cores of an Intel® Xeon® CPU X5680 @ 3.33GHz processor is about 1 h.

2.3 Results

2.3.1 Baseline model

To capture the global predictions of the baseline model, we compute the spatially averaged
normalized mean concentration (NMC) of the eluted drug in each of the layers ( j) of the
arterial wall. The NMC at any instant in time is defined as follows:

NMC j (t) =
1

Vj

∫

Vj

�

c j (x , t) +
b j (x , t)

fcb

�

dV . (2.24)

In the case of the one-layer model (OLM), the theoretical subendothelial space (SES) NMC can
be calculated from:

NMCses (t) =
1

Γses

∫

Γses

εses c̄α,ses (s, t)dΓ . (2.25)

Figure 2.2 shows simulation results for the baseline model eluting paclitaxel from the stent
coating at the fastest rate of the presented range. Representative for the entire stent, Fig. 2.2
A compares the total drug concentration (i.e. bound drug b plus free drug c) distribution
in the upstream region of the therapeutic domain up to the first two stent struts. The three
time points after stent implantation shown are: t̃ = 50 min, which corresponds to the time of
maximum NMC in the media; t̃ = 1 day (d); and t̃ = 7 d post implantation. At t̃ = 50 min,
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Figure 2.2: Baseline simulation (paclitaxel). A: Normalized concentration (NC) distribution in the
media and the SES at three different time points: t̃ = 50 min, t̃ = 1 d, and t̃ = 7 d post stenting. B:
Temporal evolution of the normalized mean concentration (NMC) in the SES and the media.
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the drug has already completely invaded the arterial wall. From the second strut onwards, a
symmetric drug distribution pattern surrounds the struts. The concentration is highest close to
the struts and is relatively low close to the lumen between the stent struts. The concentration
field around the first strut is asymmetric and skewed upstream. This is due to the fact that the
endothelium is denuded between the stent struts but intact upstream of the stent. Crossing the
intact endothelium the pressure drops by more than 50% from the lumen to the arterial wall
while in between struts, the pressure drop is virtually negligible. Thus, convection is higher in
between struts than at the upstream and downstream end of the stent, creating a recirculation
zone around the strut that distorts the symmetry in the concentration distribution.

Over the course of the next few days, the concentration distribution pattern homogenizes in
the media while the SES rapidly empties of drug. After one day, the concentration level in the
media has already dropped by an order of magnitude compared to the maximum concentration.
This is due to the fact that the fast-release kinetics of the baseline stent has already emptied the
entire drug supply at this point. After a week, the maximum concentration in the therapeutic
domain has dropped by two orders of magnitude. The radial concentration distribution is now
skewed towards the adventitia (rather than the intima) while a small concentration reservoir
has formed upstream of the stent where convective transport forces are not as strong because
the endothelium is not denuded.

Figure 2.2 B depicts the temporal evolution of the spatially averaged NMC in the SES and
media. Peak concentration in the SES occurs minutes after stent implantation and attains only
a quarter of the peak concentration in the media. Within the first day, the drug vanishes from
the SES. The high concentration in the media (≈ 8 · 10−3) is followed by a rapid drop within
the following 12 h to an NMC of 1 · 10−3, which corresponds well to the value of the maximum
binding site density of paclitaxel (bmax = 0.127). The decrease then slows down considerably
for the remainder of the week.

2.3.2 Sensitivity analysis of the model

In light of the uncertainty in some of the transport model parameters, we studied the sensitivity
of the baseline results to the drug diffusivity coefficients in the SES and the media while
maintaining the first Damköhler number constant. Given that all equations are non-dimensional,
the analysis is presented in terms of the sensitivity of the NMC to the Peclet number in the
different layers:

Pei
j =

ũw L0

D̃i
j

. (2.26)

Figure 2.3 illustrates the sensitivity of the model results to the Peclet number in the SES as
well as to the radial and axial Peclet number in the media. We have selected two different
parameters to measure the sensitivity of the model: 1) the magnitude of the peak NMC in the
SES and in the media (Fig. 2.3 A, C, E) and 2) the ratio of the NMC after one day, 5 days and
7 days compared to the maximum value (Fig. 2.3 B, D, F); this retention coefficient quantifies
the drop following maximum concentration in the media.

Varying the Peclet number in the SES over several orders of magnitude has a fairly small
effect on the concentration levels in the SES and media (Fig. 2.3 A). More specifically, varying
the SES Peclet number over 4 orders of magnitude leads to an increase in the maximum NMC
of ≈ 55% in the SES and only ≈ 10% in the media. The retention coefficient at one day changes
only by 6% (Fig. 2.3 B). The NMC in the wall is more sensitive to a variation of the radial
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Figure 2.3: Sensitivity analysis (paclitaxel). Dependence of maximum NMC in the SES and media on
A: SES Peclet number, C: radial medial Peclet number, and E: axial medial Peclet number. Dependence
of retention coefficient at three different time points ( t̃ = 1 d, t̃ = 5 d, and t̃ = 7 d post stenting) on B:
SES Peclet number, D: radial medial Peclet number, and F: axial medial Peclet number.
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Peclet number in the media (Fig. 2.3 C and D). While the peak NMC in the SES changes by
only a moderate 32%, the peak concentration in the media changes by ≈ 300%. The highest
sensitivity is observed as one goes from Per

m = 0.02 to Per
m = 0.2. With the peak concentration

increasing, the retention coefficient at one day decreases by 75% over the entire Per
m range.

Here, too, the majority of the variation occurs in the Per
m < 1 domain. The retention coefficients

at 5 and 7 days decrease by more moderate values of ≈ 45% and ≈ 34%, respectively.

The NMC in the SES appears to be largely insensitive to the axial Peclet number in the
media (Fig. 2.3 E), whereas the medial NMC is weakly affected, with a ≈ 14% total decrease
over a two order-of-magnitude change in Pez

m. The retention coefficients for all three time
points decrease by ≈ 30%. Interestingly, in all cases the retention coefficients at 5 and 7 days
(Fig. 2.3 B, D, F) are less sensitive to Peclet number variations than the day one retention
values, implying that the long term evolution is affected differently than the short term.

A value commonly used in computational models for the medial porosity is εm = 0.25.
However, the porosity of the media largely depends on its state of health. With the fiber matrix
porosity of the media fixed at εf,m = 0.45, we varied εm in the range of 0.1− 0.4 so that the
model remains consistent with its definition of the fraction of SMCs (εSMC). Fig. 2.4 depicts the
sensitivity of the peak concentrations in the SES and the media (Fig. 2.4 A) and the retention
coefficient in the media (Fig. 2.4 B) to εm. The SES concentration is unaffected by the medial
porosity; however, the maximum NMC in the media more than doubles in the considered εm
interval. Accordingly the magnitude of the drop at one day increases by 38%. Drug retention
at 5 and 7 days is largely unaffected by the porosity variations.

Changing the lumenal Reynolds number in the physiological range (Rel ∈ [100,800]) re-
veals a significant dependence of the concentration evolution in the SES on blood flow in the
lumen (Fig. 2.5). The maximum NMC in the SES decreases significantly (more than 85%) with
increasing Reynolds number; however, consistent with previous results [128], the maximum
total NMC in the media is only weakly affected.
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Figure 2.4: Sensitivity analysis (paclitaxel). A: Dependence of maximum normalized mean concentra-
tion (NMC) in the subendothelial space (SES) and media on medial porosity. B: Dependence of the
retention coefficient at three different time points: t̃ = 1 d, t̃ = 2 d, and t̃ = 7 d post stenting on medial
porosity.
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Figure 2.5: Sensitivity analysis (paclitaxel). Dependence of the maximum NMC in the SES and media
on Reynolds number in the lumen.

2.3.3 Effect of one-layer modeling

It is currently common in DES modeling to treat the arterial wall as as a single layer with
homogenized transport properties mostly representing the media. However, it was shown in
[80] that the layered structure of the arterial wall can affect the deposition and distribution of
drugs. Figure 2.6 illustrates the differences in the concentration distribution occurring when a
one-layer model (OLM) is used instead of the two-layer model (TLM). To amplify the effects,
we have reduced the total strut size of the baseline with a diameter of ds = 250 µm to a diameter
of ds = 150 µm (representing a second generation DES strut) and considered a case where the
SES is thickened by a factor of three compared to the baseline situation due to the development
of atherosclerosis. Figure 2.6 shows the superimposed flow and drug concentration field around
the first strut of the stent. Both the TLM and OLM predict a back flow pattern around the first
strut; however, the TLM predicts a more pronounced back flow whereby the back flowing fluid

0 0.5 max

max NC = 0.02

arterial wall

lumen

two-layer one-layer

max NV = 

Figure 2.6: One-layer vs. two-layer modeling (paclitaxel). Normalized velocity (NV) and normalized
concentration (NC) field around the first stent strut for a situation where the SES has been thickened
by a factor of 3 and the total stent strut size has been decreased to 150 µm. Time shown is the point of
maximum concentration in the media.
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enters the SES, while the OLM is incapable of capturing this characteristic flow feature. We
can also see that the local changes in the flow field affect the concentration distribution and
magnitude close to the stent strut.

Fig. 2.7 compares the OLM and TLM predictions for the NMC in the SES and in the media
for the baseline model. Using equation (2.25) recovers the qualitative temporal evolution
of the NMC in the SES. However, the peak concentration is underestimated by about 30%,
and this offset continues to grow to ≈ 100% at 2 hours post implantation. For a “diseased”
configuration with a three-fold thickened SES, the differences between the TLM and OLM
become yet more pronounced, and the peak concentration is underestimated by 100%. In the
media, the agreement is very good qualitatively and quantitatively. Here also the discrepancies
grow when the SES thickness is increased.

2.3.4 Effect of reaction modeling

We wished to establish if an equilibrium reaction model adequately represents drug transport
in the arterial wall. Fig. 2.8 compares the temporal evolution of the total concentration (NMC)
in the media for the reversible binding reaction model to the case where free and bound drug
are assumed to be in a constant equilibrium. Using an equilibrium assumption, the very early
behavior predicted by the non-equilibrium model can be qualitatively recovered. However,
the peak concentration predicted by the equilibrium model occurs considerably later and is
significantly higher compared to the dynamic reversible binding model. For the commonly used
value of κ = 20 [183], the peak concentration is ≈ 3 times higher than that predicted by the
dynamic reversible reaction model and occurs ≈ 9 h later. With increasing κ, the peak becomes
progressively higher and is predicted to occur later. In all cases including the dynamic reaction
model, the arterial wall becomes completely void of drug within a week of stent implantation.
The emptying time is quicker for smaller values of κ.
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Figure 2.7: One-layer vs. two-layer modeling (paclitaxel). NMC for two different SES thicknesses
(Lses = Lses,0 and Lses = 3Lses,0) A: in the SES (both predictions of the OLM collapse onto one curve) B:
in the media.
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Figure 2.8: Temporal evolution of the total NMC in the media as predicted by a reversible binding
reaction model (baseline model) compared to an equilibrium model for different values of the total
binding coefficient κ.

2.3.5 Effect of the choice of drug

All results presented thus far focused on paclitaxel. Another common drug used in DES is
sirolimus. Although different in their mode of action in preventing smooth muscle cell (SMC)
proliferation and migration [60], sirolimus and paclitaxel have similar transport properties (see
Table 2.3). With a binding potential Bp > 40, both drugs fall in the category of strongly retained
drugs [179].

Figure 2.9 compares the distribution of the bound drug fraction (b) in the upstream region
of the therapeutic domain for paclitaxel and sirolimus at the time of maximum total NMC in
the media ( t̃ = 50 min) and one day after stent implantation. Within the first hour binding has
occurred over the entire width of the arterial wall for both drugs. Binding is maximal close to
the stent struts and drops gradually with distance away from the polymer. The concentration

flow

paclitaxel sirolimus

0 0.5 1

t = 50 min

t = 1 d

Figure 2.9: Paclitaxel vs. sirolimus. Bound drug fraction b at two different time points: t̃ = 50 min (first
row) and t̃ = 1 d (second row).
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gradient is sharper in the case of sirolimus. For paclitaxel, there is a region near the lumenal
surface in between the struts where little drug binding occurs; such a region exists but is
considerably smaller in the case of sirolimus. At one day, the binding pattern has spread further
upstream. Interestingly, paclitaxel has invaded a larger portion of the upstream therapeutic
domain than sirolimus, although the axial diffusion coefficient of sirolimus is larger. These
observations underscore the more convection-dominated transport of paclitaxel compared to
sirolimus. Following the emptying of the stent, the unbinding process becomes the dominant
effect: the binding fraction in the case of paclitaxel drops to ≈ 70% on average while the
equivalent value for sirolimus is ≈ 60%.

Fig. 2.10 compares drug transport characteristics for stents loaded with either paclitaxel
or sirolimus for the baseline fast-release case (panels A, C and E) and for the case of a slow-
release stent (panels B, D and F). Figures 2.10 A and C demonstrate that for the fast-release
stent, the differences between paclitaxel and sirolimus are rather minor. Peak concentration
magnitude and timing in the SES and media are comparable. The one difference is the slower
drop following peak concentration in the media in the case of sirolimus compared to paclitaxel:
for paclitaxel the drop to 25% of the peak average concentration takes ≈ 6 h while for sirolimus
the same drop almost requires one day.

The slow-release stent is geometrically identical to the fast-release stent; only the diffusion
coefficient in the polymer coating has been reduced by three orders of magnitude to D̃c =
1 · 10−16 m2/s. When comparing the concentration profiles for the two drugs in the SES (Fig.
2.10 B) and media (Fig. 2.10 D) for the slow-release stent, a very different picture emerges:
while the qualitative behavior for both drugs remains similar, the concentration levels of siro-
limus are continuously above those of paclitaxel. At peak concentration in the SES, the NMC
of sirolimus is ≈ 50% higher than that of paclitaxel. This discrepancy grows to more than
100% at 8 weeks. The peak concentration of sirolimus in the media is three times the peak
concentration of paclitaxel, and after 8 weeks the NMC remains more than twice as high.

Figures 2.10 E and F compare the time-evolution of the integral Damköhler number for both
drugs for the fast-release and slow-release stent platforms. In the fast-release case, paclitaxel
begins in the convection-dominated regime (Daint < 1) and after the first half day transitions
into a slightly more binding-dominated regime. The transition is faster for sirolimus since
with the exception of the first few hours after the beginning of drug elution, the transport of
sirolimus is dominated by the binding and unbinding process. For the slow-release stent, the
balance of convective and reactive terms is less variable: paclitaxel remains in a regime where
convection and binding/unbinding are of comparable importance, whereas sirolimus is clearly
dominated by the binding/unbinding process over the entire time.
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Figure 2.10: Paclitaxel vs. sirolimus. Temporal evolution of the NMC in the SES for a A: fast-release
and B: slow-release stent. NMC in the media for a C: fast-release and D: slow-release stent. Integral
Damköhler number for a E: fast-release and F: slow-release stent (the horizontal line indicates the
Daint = 1 threshold).
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2.4 Discussion

2.4.1 Drug release is coupled to the drug and its transport properties in the
arterial wall

Considering the differences in the binding and unbinding time scales of paclitaxel and sirolimus
(see Table 2.5), it might appear surprising that both drugs behave so similarly in the case of a
fast-release stent platform. The integral Damköhler number sheds light on this: for paclitaxel,
the drug is initially predominantly in the free (and thus mobile) state and invades the media
driven by plasma flow in the arterial wall, since the time scale of convection is faster than that
for binding. This phase determines the initial distribution of the drug within the arterial wall.
With rising concentration levels of free drug in the media, the binding rate increases, leading
to an increased Daint and a transitional passage through a phase of competition between the
binding and convection terms. Once all binding sites are saturated, any excess drug is washed
out. As soon as the stent polymer is empty and the arterial wall has become void of all excess
drug, the transport becomes dominated by unbinding since t̃r� t̃C and t̃r� t̃D. For sirolimus,
on the other hand, the initial dominant process is binding. When the drug enters the media,
binding sites are very rapidly occupied, since t̃f is several orders of magnitude smaller than t̃C
or t̃D, and only drug exceeding the maximum binding capacity invades new areas of the media.
At the same time, this exhaustion of binding sites reduces the binding rate which initiates a
shorter, transient passage through a more convection-driven phase. Once the stent polymer
coating is empty, the behavior becomes dominated by the unbinding of drug from its binding
sites, since the time scale of the unbinding process is longer than that of either convection or
diffusion.

As a result, we can subdivide the activity of DES releasing hydrophobic drugs into two
phases: an initial release phase where new drug is supplied from the stent and a secondary post-
release phase where the drug effect is predominantly determined by the binding and unbinding
process. The first phase is prone to changes in the convective and diffusive transport of the free
drug. The relevance of this sensitivity is determined by the two Damköhler numbers and not
only depends on the release rate (determined by D̃c) but also on the initial concentration in the
polymer c̃0. As demonstrated by the evolution of the integral Damköhler number for the fast-
release stent, even the highly reactive sirolimus transport can become convection-driven, which
explains the similarity in concentration distributions of both drugs. The sensitivity analysis of
the radial Peclet number in the media Per

m and the medial porosity εm illustrate this nicely: in
the first case we do not simply vary the relative importance of diffusion and convection but also
bring the second Damköhler number down from a regime where binding/unbinding dominates
to a diffusion-dominated regime and, thus, we get such a large variability for the low Per

m range.
Once Da2 > 1 the results become almost insensitive to further variation. The same is true for
the variation of the medial porosity where effectively the first Damköhler number is varied:
going from a low to a high porosity we approach Da1 ≈ 1, and the peak variability goes down.
At the same time the retention coefficient almost does not vary since, with the free drug gone,
it is solely determined by the unbinding process.

Once we reduce the drug release rate significantly, we obtain a very different picture: the
slow, long-lasting drug supply balances the otherwise rapid unbinding process of sirolimus
ensuring a high, only slowly decaying concentration level. The transport of paclitaxel does
not benefit as significantly from the more permanent release since the very slow time scale of
unbinding determines the retention characteristics independent of the release kinetics.
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The present results demonstrate that paclitaxel and sirolimus have widely different transport
dynamics in the arterial wall. These differences suggest that different drug delivery strategies
should be used for these drugs. Moreover, both drugs have different therapeutic behavior: pacli-
taxel has a broad therapeutic window with a minimum effective concentration of c̃eff = 1 · 10−5

molm−3 and a maximum concentration level of c̃tox = 1 · 10−2 mol m−3 above which the drug
becomes toxic [87, 124], while for sirolimus to be effective, saturation of the FKBP12 binding
sites appears to be required [187], raising the minimum effective concentration significantly.
Thus, the choice of a drug delivery strategy for a particular drug becomes a crucial design
parameter in DES development. Based on the present results and for the present geometric and
flow conditions considered, a paclitaxel stent platform should optimally employ fast-release
kinetics with a low initial drug load, whereas a sirolimus stent should target slow-release
kinetics with a higher initial drug load. It was well established in [12] that drug release kinetics
are an important factor in the DES design process. Our results complement those findings and
highlight the close coupling between the drug chosen and the applied drug delivery strategy.

The interplay between stent, flow, and drug parameters provides an opportunity for im-
plementing sophisticated optimization strategies for targeting “desirable” drug concentration
profiles in the arterial wall. Optimal drug profiles would be defined in terms of various criteria
including how uniformly the drug is distributed within the arterial wall and whether or not
drug concentrations fall within the therapeutically efficacious window.

An additonal conclusion from the present results is that the uncertainty in the diffusion
coefficients in the arterial wall are of a relatively minor importance for the concentration
distribution as long as the relevant dimensionless quantities, most notably the Peclet and
Damköhler numbers, remain in the appropriate physiological range.

2.4.2 Multi-layer model offers improved accuracy for pathological situations

Delayed re-endothelialization occurring with DES motivates the need for more detailed drug
concentration information, especially close to the endothelial surface. The SES and media are
characterized by fundamentally different transport properties (Table 2.3). Accounting for these
differences in the TLM revealed that higher concentration levels can be obtained in the SES
than in the media especially early after stent implantation (Fig. 2.7 A). The strong sensitivity
of the SES drug concentration to the lumenal flow field (Fig. 2.5) underscores the differences
between the two layers of the arterial wall. This also indicates that assuming a steady arterial
flow may not be sufficient to make accurate predictions for the concentration levels in the
arterial wall close to the lumen. In the future, time-dependent flow computations should
investigate this issue.

A detailed description of drug concentration within the SES is only available in the TLM.
The concentration in the SES as an averaged quantity can be extracted from the OLM with the
presented approach (Eq. (2.25)). Except for an offset, the qualitative behavior of this global
metric is very well recovered and even the distribution pattern at the endothelial surface is in
good agreement between the TLM and OLM cases. The reason for this offset is the absence of
the drug flux from the stent polymer entering the SES in the model equation. Accordingly, the
offset increases with thickening of the SES where the drug flux from the polymer into the SES
increases due to the larger contact area between the SES and polymer. This weakness could be
overcome by adding an averaged source term to the equation (Eq. (A.5)). However, averaged
concentration levels might not be the only information necessary for unraveling the processes
leading to delayed re-endothelialization (especially when incomplete endothelial coverage can
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be observed even up to five years after DES implantation [151]). As the diseased configuration
in Fig. 2.6 A demonstrated, predictions of the flow field diverge significantly depending on the
model. Convective forces can contribute considerably to the drug distribution in the arterial
wall when free drug levels are elevated (Figs. 2.9 and 2.10 E).

The representation of a diseased arterial wall as presented in this study are drastically
simplified for demonstration purposes. In its early stages, atherosclerosis affects primarily the
intima and as such the TLM offers the potential to account for different diseased states. For
example, the presence of SMCs that have migrated into the SES can be modeled by adding a
reaction term to the transport equation in the SES with customized reaction parameters (like
the maximum binding site concentration) or changes to the transport parameters in the SES.
This could also enable improved evaluation of experimental results that are often performed
on healthy vessels [152] and facilitate conjectures to the diseased case.

2.4.3 Reduction of the reaction model fails to capture important features of the
transport dynamics

As we could see, the drug transport process is highly dynamic and intertwined with the release
process. From a computational point of view, it would certainly be desirable if possible to avoid
the stiff (especially in the case of sirolimus) and computationally expensive reaction equation.
Tzafriri et al. [179] explored several possible concentration-dependent simplifications of the
dynamic reaction model. As considered here, the crudest simplification to account for drug
binding is to assume a constant partitioning of bound and free drug inherent in the equilibrium
model (eqn. (2.9)). Fig. 2.8 illustrates that an equilibrium reaction model fails to capture
essential features of the transport process: the binding coefficient κ reduces the transport term
permanently and thus the predicted accumulation of drug far exceeds that of the dynamic
reaction model. Moreover, the coupling of the convection-diffusion and reaction equations
transfers free (i.e. mobile) drug into a bound (i.e. stored) state. This cannot be reflected with
the equation obtained by the equilibrium model and thus the residence time of the drug in
the arterial wall is underestimated. Matching the prediction of the drug accumulation by the
equilibrium model to that of the dynamic reaction model requires a reduction of the partition
coefficient, while matching the drug residence time demands an increase. Both objectives
cannot be achieved simultaneously.



CHAPTER 3
Optimized Drug Delivery for

Drug-Eluting Stents

3.1 Introduction

A primary concern associated with the use of drug-eluting stents (DES) is late stent thrombosis
(LST). LST, which involves the formation of blood clots at the site of stent implantation, can
occur up to several years after the intervention [20, 26, 151]. Although its development is
incompletely understood, LST is thought to occur as a result of the delayed healing of the
endothelium following its denudation by both the stent and the balloon upon which the stent
is deployed. In support of this notion, a recent study has demonstrated that DES can in some
cases remain unendothelialized five years after stent placement [151]. In contrast, bare metal
stents (BMS) are typically covered with new endothelium within six months of the stenting
procedure [156, 182].

Drugs eluted from DES, typically paclitaxel or sirolimus, act on smooth muscle cells (SMCs)
in the arterial wall to arrest their proliferation and hence inhibit vascular restenosis. A likely
reason for the delayed endothelial healing in the case of DES is that these same drugs also affect
endothelial cell (EC) migration and proliferation [40, 54, 107, 112, 116] and thus greatly limit
endothelial wound healing. A key question that arises in the design of DES is whether or not
it is possible to deliver anti-proliferative drugs at sufficiently high concentrations to SMCs to
prevent restenosis while simultaneously maintaining a sufficiently low drug concentration at
the EC surface to allow sufficiently rapid endothelial wound closure.

In the previous chapter, we developed a computational model for the transport of drugs
eluted from DES within the arterial wall. The model considered the arterial wall to consist
of a two-layered porous structure comprising the subendothelial intima and the media. Drug
release from the stent was assumed to occur by diffusion and drug transport in the arterial wall
was assumed to occur by convection and diffusion with the drug also undergoing a reversible re-
action in the media to represent its binding to SMCs. The baseline model assumed a completely
denuded endothelium in the stented portion of the artery, while the endothelium remained
intact both upstream and downstream of the stent. The model was applied to the transport
of both paclitaxel and sirolimus, and the results revealed important differences between the
two drugs in transport characteristics and dynamics. Importantly, the results suggested that

33
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drug distribution within the arterial wall depends on a number of parameters including the
drug, its release rate into the arterial wall, and its initial concentration in the stent polymer.
These findings serve as the primary motivation for the present chapter which focuses on the
optimization of drug delivery strategies from DES for both paclitaxel and sirolimus.

The notion of using optimization in stent design and performance assessment has previously
been invoked in other contexts. For instance, previous studies have reported the optimization
of stent strut geometry with the goal of minimizing blood flow disturbance in the arterial lumen
[9, 70, 71, 171], stresses in the stent itself [196], or stresses in the arterial wall [178]. Pant and
collaborators recently reported the first attempt at including multiple cost functions and multi-
ple physical phenomena in the optimization process with the use of a steady (time-independent)
transport model to investigate the effect of DES geometric design on the homogeneity of drug
distribution and its average concentration in the arterial wall [140, 141]. In all previous
studies, stent geometric design served as the design space under consideration. DES drug de-
livery strategies, which are determined by the release kinetics (elution process) in the polymer
coating and the drug concentration initially loaded onto this coating, were not part of these
investigations. Release kinetics have been at the heart of experimental [7, 57, 68, 102, 138]
and computational [12, 181] investigations over the past few years. However, optimal release
kinetics remain an open question in the design process of DES [175, 185]. Optimizing the
delivery process of the eluted drug holds the promise of providing strategies that at least in
part address the problem of delayed endothelial healing.

In the present chapter, we focus on the development of a strategy to identify optimal drug
delivery strategies of DES. To this end, we begin by formulating a cost function that needs
to be minimized. The cost function evaluates how well a particular drug delivery strategy
maintains an efficacious but sub-toxic drug concentration in the arterial media, provides mini-
mal drug concentration at the endothelial surface in order to allow stent re-endothelialization,
and results in a spatially homogeneous drug distribution within the arterial wall. For the
purpose of the optimization, the design space is assumed to consist of two parameters: the
initial drug concentration on the drug coating and the drug release rate from the coating; thus,
these two parameters are assumed to provide an adequate representation of the drug deliv-
ery strategy. Minimization of the cost function is accomplished by coupling a novel surrogate
management framework optimization algorithm [16, 17] with our physiologically-based com-
putational model of drug transport in stented arteries (see Chapter 2). This approach is applied
to determine optimal drug delivery strategies for paclitaxel- and sirolimus-eluting stents.

The results of the optimization suggest that the concentration that needs to be initially
loaded onto a DES is dependent on the therapeutic window of the drug. Thus, paclitaxel-eluting
stents require very low initial concentrations to comply with the aforementioned objectives.
We also observed that optimal drug release times are dependent on the drug kinetics in the
arterial wall; this allows either very rapid (quasi-bolus) or long-term zero-order release kinetics
for paclitaxel-eluting stents but restricts the release of sirolimus-eluting stents to long-term
zero-order kinetics. For both drugs intermediate release kinetics (implying first-order release
kinetics) are inappropriate to achieve optimal stent designs.
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3.2 Materials and methods

3.2.1 Computational model

Chapter 2 described the computational model for drug transport used in the present optimiza-
tion analysis. The optimization is performed on a DES consisting of three circular struts spaced
at intervals of 0.7 mm and deployed within a straight and rigid-wall arterial segment repre-
sented as an axisymmetric cylinder. The stent struts have a diameter of 100 µm to which a
10 µm-thick polymeric coating is applied reflecting approximate dimensions of typical second
generation DES [60]. We apply the transport model of Chapter 2 to the elution of the two small
hydrophobic drugs paclitaxel and sirolimus. The baseline simulations consider an endothe-
lium that is completely denuded within the stented portion of the vessel but intact otherwise
(configuration E1 in Fig. 3.1 A). Some simulations assume a second model configuration
where the endothelium is considered denuded not only in the stented zone but also upstream
and downstream of the stent for a distance half the length of the inter-strut spacing, always
measured from the strut centers (configuration E2 in Fig. 3.1 B). As a consequence of removing
the shielding capacity of the endothelium upstream and downstream of the stent, the flow field
becomes symmetric around all struts, effectively increasing convection in those two domains of
the arterial wall. We define the therapeutic domain as the volume of the arterial wall containing
the stent and extending by 2/3 of the stent length both upstream and downstream of the stent.

3.2.2 Cost function

As already mentioned in the Introduction, we propose a cost function that needs to be mini-
mized for optimal drug delivery from DES. Minimization of the cost function serves to accom-
plish the following three objectives:

1. Therapeutically efficacious but sub-toxic drug concentration in the media: The eluted drug
needs to have its desired therapeutic effect. We assume that as long as the local drug
concentration in the media remains within the drug’s therapeutic window, i.e. above an
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Figure 3.1: Two configurations of the computational model used in the simulations. A: Configuration E1
considers an endothelium that is completely denuded within the stented portion of the vessel but intact
otherwise. B: Configuration E2 considers an endothelium that is completely denuded in the therapeutic
domain but intact otherwise.
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efficacious minimum threshold and below a toxic maximum concentration, the drug effec-
tively arrests SMC proliferation thereby having the desired effect of preventing neointimal
hyperplasia and vascular restenosis.

2. Minimal drug concentration at the arterial wall lumenal surface: We need to minimize
drug concentration at the lumenal surface in order to allow endothelial wound healing
to occur. We postulate that if the drug concentration at the lumenal surface remains
below the lower limit of the drug’s therapeutic window, then EC proliferation will be
unhindered.

3. Maximal homogeneity of the drug concentration distribution in the media: We assume that
local concentration extrema are detrimental and that a homogeneous drug distribution
in the media is desirable.

How well a particular stent design performs in accomplishing the three above goals can serve
as a metric of the quality of the design. For the purpose of the current investigation, a design
is defined by the two parameters that determine the drug delivery strategy from DES: the
initial drug concentration c0 in the stent polymer coating within which the drug is loaded
and the characteristic drug release time from this polymer coating. Because drug release is
assumed to occur by diffusion only, this characteristic time is given by tE = πL2

c/(4Dc), where Lc
is the thickness of the polymer coating and Dc is the drug diffusion coefficient in the coating.
The two parameters defining a particular design serve as input for a simulation using our
computational model. The resulting concentration distribution is then used as the basis to
quantify the performance of a particular design by means of the following cost function:

JETH
�

c0, tE
�

= Im+
1

3

�

T l+ T ses+ Tm

�

+Hm . (3.1)

The cost function is formulated as the sum of three scores evaluated within the therapeutic
domain of the numerical model: a score that denotes drug inefficacy in the media ( Im), an
overall toxicity score that consists of the arithmetic average of the three toxicity scores in the
lumen, subendothelial space (SES), and media (T l, T ses and Tm, respectively), and a drug
homogeneity score (Hm). The shapes of the cost function JETH as well as the inefficacy, toxicity,
and homogeneity scores are schematically depicted in Fig. 3.2. We will now describe the three
scores that constitute the cost function in detail.

Inefficacy score

The inefficacy score in the media Im is defined as follows:

Im =
1

Vm,th

∫

Vm,th

ϕ dV where ϕ =

(

1, if cT,m ≤ ceff,

0, otherwise.
(3.2)

Every point in the medial portion of the therapeutic domain with a drug concentration below
the minimum efficacious threshold ceff is assigned a score of 1 and a score of 0 otherwise (Fig
3.2 A). The inefficacy score Im is obtained by integrating the point-by-point scores over the
entire medial therapeutic domain volume (Vm,th) and then dividing by this volume. Therefore,
Im represents the percentage of the media within the therapeutic domain where the total drug
concentration cT,m (i.e. sum of free and bound drug) falls below the minimum efficacy threshold.
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Figure 3.2: Shape of the cost function and its contributing scores. A: inefficacy score Im; B: toxicity
score Tm; C: homogeneity score Hm; D: cost function JETH representing the sum of the individual scores.

Equation (3.2) is evaluated for every time point of the simulation and then averaged over the
entire simulation time tend yielding the time-averaged inefficacy score Im. The simulation time
tend corresponds to the period of time over which the optimization is performed.

Toxicity score

While the minimum efficacious concentration ceff sets the lower limit of the drug therapeutic
window, the toxic concentration ctox defines the upper limit. In the media, the toxicity score Tm
is obtained through the following series of steps. First, similar to the inefficacy parameter, the
expression

ϑm =
1

Vm,th

∫

Vm,th

ϑ dV where ϑ =







cT,m− ctox

γthrctox
, if cT,m ≥ ctox,

0, otherwise.
(3.3)

is evaluated. This integral quantifies the fractional volume of the media in the therapeutic
domain that is exposed to toxic drug concentrations, with the score weighted by the relative
deviation from the toxic threshold so that the higher the concentration above the toxic threshold,
the higher the score (and hence the larger the penalty). The scaling factor γthr provides a
mechanism for adjusting the weighting to establish which deviation from the toxic threshold is
considered equally harmful as a concentration that is not efficacious (i.e. a score of 1). Once
this first step is completed, the second step consists of mapping the result of Equation (3.3)
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onto a hyperbola whose asymptote is at the limit value ϑlim:

Tm =







1+
ϑlim− ϑthr

ϑlim− ϑm

ϑm

ϑthr
, if 0≤ ϑm < ϑlim,

∞, otherwise.
(3.4)

The slope of this hyperbola is adjusted such that it passes through 1 at the threshold value
ϑthr. Furthermore, the hyperbola is lifted by 1 to emphasize that any toxic concentration is
undesirable. The rapid increase in toxicity score as drug concentrations increase above the
toxic threshold emphasize that these concentrations should be avoided by all means and serve
to drive the optimization away from these concentrations. Fig. 3.2 B schematically depicts the
variation of the toxicity score with drug concentration.

The arterial wall lumenal surface is handled virtually identically to the media with the
following two equations:

ϑS,l =
1

Sl,th

∫

Sl,th

ϑS dS where ϑS =







cl− ceff

γthrceff
, if cl ≥ ceff,

0, otherwise.
(3.5)

Tl =







1+
ϑlim− ϑthr

ϑlim− ϑS,l

ϑS,l

ϑthr
, if 0≤ ϑS,l < ϑlim,

∞, otherwise.
(3.6)

There are two differences to point out: 1) Given that we are now considering the lumen-wall
interface, the integral in Equation (3.5) becomes a surface integral rather than a volume inte-
gral. 2) At the lumenal surface we do not want the drug to impair EC proliferation; therefore,
we consider that the “toxic” concentration limit is the minimum efficacious concentration and
formulate the toxicity score in a manner to drive the algorithm towards concentrations lower
than this threshold. We note that because a concentration jump occurs across the lumenal
surface whenever endothelium is present, we evaluate the interfacial toxicity parameter from
both the lumenal side (denoted by ϑS,l and Tl) and the SES side (denoted ϑS,ses and Tses). The
SES evaluations are similar to those shown above for the lumen but with the concentration cl
replaced by cses. The arithmetic mean of the toxicity scores from the lumenal and SES sides
provides the toxicity score of the lumenal surface Te. As in the case of the inefficacy score, the
toxicity scores are evaluated for every time point of the simulation and then averaged over the
entire simulation time tend yielding the desired time-averaged toxicity scores.

Homogeneity score

The final term appearing in the cost function is the homogeneity score Hm which is defined as
follows:

Hm =
1

Vm,t

∫

Vm,t

η dV where η=







cT,m− ctol

ctox− ctol
, if ctol ≤ cT,m < ctox,

0, otherwise.
(3.7)
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The portion of the therapeutic domain of the media with a concentration superior to a tolerable
value ctol but inferior to the toxic threshold ctox is weighted on a scale that increases linearly
from 0 to 1 as the drug concentration approaches ctox (see score function in Fig. 3.2 C).
The spatially-averaged Hm is then averaged over the simulation period tend to form the final
homogeneity score Hm.

The primary purpose of Hm is to drive the optimization to designs with a more spatially
homogeneous drug distribution in the arterial wall. Designs which lead to concentrations that
lie within the reduced concentration window bound by ceff and the tolerable concentration
threshold ctol have a smaller concentration variation and are thus more homogeneous. They
are favored over less optimal designs with concentrations that lie in between ctol and ctox. In
addition to this role role, the tolerable concentration ctol as formulated here also serves the
purpose of creating a buffer region in the optimization by penalizing concentrations close to
the toxic limit. This ensures a certain robustness of the optimization, in the sense that optima
that are immediately adjacent to non-optimal regions would be avoided.

Choice of cost function parameters

The cost function described above provides a set of calibration parameters that offer flexibility
in balancing the relative importance of the efficacy against toxicity. While the two concentration
thresholds ceff and ctox need to be determined experimentally, the remaining four parameters
ctol, γthr, ϑthr and ϑlim allow calibration of the stringency of the toxicity constraint. Thus, it
might be deemed acceptable to live with a certain level of wall toxicity in some cases but
not in others, and these adjustable parameters allow this form of fine tuning. In light of the
severe consequences of delayed endothelial healing [53, 69] and in view of currently available
experimental data, we chose the calibration parameters summarized in Table 3.1.

The choice of parameter values for ctol, γthr, ϑthr and ϑlim is rather conservative and is
expected to allow us to avoid arterial wall toxicity. Lacking experimental data on the relative
severity of toxic concentration in the different layers of the arterial wall covered by each
toxicity score we (arbitrarily) assume the three toxicity scores to be of equal importance. As a
consequence we choose the same set of calibration parameters for each of the toxicity scores
and a weight factor of 1/3 multiplying each toxicity score of the cost function. It should be
recognized, however, that new experimental results or clinical studies might lead to future
changes in some or all of these parameters as well as choosing a different set of parameters for
each individual score.

Both paclitaxel and sirolimus inhibit the proliferation of SMCs and ECs by arresting the
cells at a point in their cell cycle. At sufficiently high concentrations, paclitaxel is cytotoxic
and leads to cell death [112]. Values for toxic paclitaxel concentrations are available in the

Table 3.1: Calibration parameters of the cost function

Drug ctol γthr ϑthr ϑlim ceff (mol m−3) ctox (molm−3)

Paclitaxel 90% · ctox 1% 1% 5% 1 · 10−5 1 · 10−2

Sirolimus 90% · ctox 1% 1% 5% 0.29 0.73
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literature [87, 102]. The values of minimum efficacious concentration and toxic concentration
for paclitaxel used in the present work, ceff = 1 · 10−5 molm−3 and ctox = 1 · 10−2 molm−3, are
taken from [124].

Unlike paclitaxel, sirolimus is a cytostatic agent, i.e. its arrest of the cell cycle is not
associated with cell death even at relatively elevated concentrations. This behavior allows for
a wider therapeutic window for sirolimus than for paclitaxel. While the minimum sirolimus
efficacious concentration may be as low as 1 · 10−6 mol m−3 [94, 123, 147, 191], the toxic
threshold is less clear, even if limited toxic reactions to sirolimus have been reported [83, 191].
In the present work, we investigated two different therapeutic windows. The first is based
on the results of Wang et al. [187] that suggest that for effective inhibition of restenosis, it
is desirable to maintain the cellular binding sites for sirolimus occupied; thus, we use a very
narrow therapeutic window spanning only 80% to 200% of the maximum binding site density.
The second therapeutic window we study aims to isolate the effect of the drug itself on our
results and thus uses the same three order of magnitude-wide therapeutic window used for
paclitaxel.

The effect of total drug dose (integral of drug concentration over time) is not considered
as a separate metric in the present cost function because the experimental evidence in the
literature of the effect of drug dose is too sparse to be translated into a reliable metric. Also,
we did not include any measure of the homogeneity of the drug concentration distribution per
se, as the homogeneity score considered here is completely dependent on the choice of the
therapeutic window and ctol, both of which are specified model parameters.

Practical considerations

To avoid spending valuable calculation time on undesirable parameter configurations, we
implemented additional criteria terminating the evaluation process of the cost function if the
toxicity parameter ϑm surpasses a value of 5% or if beyond five days of simulated time the
maximum total concentration in the media cT,m drops below the efficacious limit. The latter
criterion automatically discards designs that do not lead to efficacious concentration levels
within that five day period. If the simulation is terminated early, we take the score calculated at
the last computation prior to termination as the basis for the remaining time in the averaging
process. The toxicity parameter was capped at a maximum value Tmax = 10, since this already
corresponds to a ten-fold increase over what by design is considered an undesirable situation.

To impose a gradient in the case of non-efficacious designs, we add 1− max(cT,m)/ceff to Im.
Based on typical DES release times and motivated by the pathobiology following stent implan-
tation, we set four weeks as the target simulation time tend [3, 94, 121, 150]. A sensitivity
study of the cost function has shown that our results are fairly insensitive to a variation of the
evaluation period between one and eight weeks.

To keep the simulation time of each function evaluation to a minimum and as has already
been mentioned, we only include three stent struts in our numerical model with the endothe-
lium completely denuded in the stent region and intact upstream and downstream of the stent.
Thus, the overall stent length simulated is considerably smaller than real stents. Our simula-
tions have shown that the concentration distribution around the struts within the arterial wall,
with the exception of the first and last strut, is symmetric (Chapter 2). Since this concentration
distribution serves as the basis for the evaluation of our cost function, we can approximate
a longer stent by appropriately multiplying the score obtained for the symmetric mid-section
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of our strut setup. A sensitivity analysis has revealed that the final results are only minimally
altered by this manner of stent prolongation.

3.2.3 Optimization framework

We use a Surrogate Management Framework- (SMF-) type optimization algorithm [23] to
minimize the cost function JETH. Here we will only outline the basic concepts of this method.
The reader is referred to Chapter 4 for more details.

The SMF method belongs to the class of pattern search algorithms for numerical optimiza-
tion. These algorithms minimize a given cost function by gradually exploring the design space.
Booker et al. [23] introduced the idea of a global search step that efficiently leverages informa-
tion obtained from previously evaluated points of the design space. All previously evaluated
points are used to create an approximation of the cost function hypersurface which serves as an
inexpensive surrogate to identify potential new minimum points in the entire design space. As
long as the potential minimum points revealed by the search step yield improved cost function
values, the information from these points is added to the approximation surface and a new
search is performed.

The most common interpolation method used in this context is the Kriging method [97, 122].
A major advantage of this interpolation method is that on top of an estimation of the function
value, it also provides an uncertainty about the estimated value. This information can then be
used to enhance the search procedure: instead of minimizing the Kriging interpolant directly,
new prospective optimum points are identified by maximizing the probability of improvement
over the current optimum by a predefined margin [86].

The optimization procedure begins with the evaluation of a set of initial sampling points to
create the very first surrogate surface. We use the latin hypercube sampling algorithm presented
in [56] to assure a uniform distribution of these points throughout the design space. We use
20 initial designs for our 2-dimensional design space.

When a search step fails to provide a new minimum a poll step is initiated. Starting from
the current minimum point of the design space, a set of new points is chosen in the design
space. The choice of these points is restricted to a grid which discretizes the design space and
follows a distinct set of rules which defines the search pattern. The cost function values at these
points are then evaluated (a process referred to as polling). If any one of these points yields
a cost function value that is lower than the value associated with the initial point, then this
point becomes the new minimum point from which the next poll step originates. If, however,
none of these points is able to improve the cost function, then the grid spacing is refined and
a new set of points is chosen on this new grid. As long as certain conditions are met in this
process, convergence to a minimum is guaranteed. A new search step succeeds the poll step,
independent of its outcome.

We consider the design space to have been exhaustively explored once the mesh of the
poll step is refined 10-fold and the search step fails to identify new optimum points in five
consecutive search steps. At this point the optimization is terminated.

We employ a novel SMF algorithm which was developed by our collaborators Belitz and
Bewley and is described in detail in [16, 17]. The major novelty of this algorithm lies in the
choice of the underlying lattice used for the optimization: instead of the classical Cartesian
lattice, the search and poll steps are performed on a “laminated” lattice [16], which maximizes
the regularity and density of the grid points for the respective dimension of the design space.
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Also, the poll step of our method uses a new mesh adaptive direct search (MADS) algorithm,
dubbed “λ-MADS” [16].

3.2.4 Optimization cases

In this chapter, we performed six different optimization runs in total: two runs with the baseline
model as described in section (configuration E1 in Fig. 3.1 A) with paclitaxel and sirolimus as
the eluted drugs and two runs with a modified model where the endothelium was considered
denuded upstream and downstream of the stent (configuration E2 in Fig. 3.1 B) (again both
drugs). The fifth run investigated the effect of having paclitaxel loaded only onto the part
of the stent coating that was embedded in the arterial wall. The final run was performed on
the baseline model with sirolimus as the eluted drug but assuming the therapeutic window of
paclitaxel.

3.3 Results

We wish to determine the optimal drug delivery strategy, defined here as the combination
of the drug concentration initially loaded onto the stent c0 and the drug release time tE as
characterized by the diffusion coefficient of the drug Dc within the 10 µm-thick polymeric matrix
in which it is embedded. The optimization is performed for both paclitaxel and sirolimus.

3.3.1 Paclitaxel delivery optimization

Figure 3.3 A depicts the surface of the cost function obtained using the default model setup of
paclitaxel elution. The axes span equivalent release periods of a few minutes to several years
and concentration values from 0.1 to 100 µg cm−2. The plot is the result of a natural neighbor
interpolation [166] of the evaluated designs indicated by the gray dots. Point 1 indicates the
design with the lowest value of the cost function and is thus considered the global minimum.
Borrowing terminology from topographical maps (equating function value magnitude with
elevation), we can describe the resulting shape of the cost function as a mountain range with
two valleys marking two optimal regions. Further exploiting this analogy, we will refer to the
direction pointing towards increasing concentration as north, while we denote the direction of
increasing release times as east. As indicated by the black coloring, no feasible designs can be
found for initial loading concentrations that exceed 10 µg cm−2 (demarcated by a horizontal
white dashed line). Below 10 µgcm−2 the optimization reveals two valleys separated by a
ridge. The separation occurs at the one week mark. We distinguish the following three regions
demarcated approximately by the white dashed lines in the figure: a rapid release (release
time of only hours) region labeled QB representing quasi-bolus administration of the drug; an
intermediate release (weeks) region labeled FO where release is concentration-dependent and
follows first-order kinetics; and a slow release (months) region labeled ZO where drug release
becomes concentration-independent and thus follows zero-order kinetics. The first row in Fig.
3.4 illustrates typical release profiles for these three cases. Points 1 - 3 are typical example
designs for each of these regions. Their scores are decomposed in Table 3.2.

Three colored contours are shown in Figure 3.3: the green contour line traces Im = 1 and
thus defines a border for inefficacious designs; the yellow contour line traces Tm = 1 and thus
marks the threshold of toxicity in the media; the red contour line traces T e = 1 and hence
demarcates the zone of unacceptable endothelial toxicity. At the northern border of the QB
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Figure 3.3: Paclitaxel baseline optimization. A: Filled contour plot of the cost function over the design
space of initial concentration in the stent polymer c0 and release time tE. The scale for the cost function
representation is truncated at a maximum of 1; all values larger than 1 are colored black. The white
dashed vertical lines separate the three regions of quasi-bolus, first-order and zero-order release kinetics.
The dashed magenta line marks the time scale for drug unbinding. The green contour line traces Im = 1,
the yellow contour line T m = 1, and the red contour line T e = 1. The horizontal axis on top of the plot
marks the time points of 1 (h)our, 1 (d)ay, 1 (w)eek, 1 (m)onth and 1 (y)ear. Detailed scores of the
representative design points 1 - 4 are summarized in Table 3.2. B: Time evolution of the endothelial
toxicity score T e for points 1, 2, and 3 taken respectively from the QB, FO, and ZO regions. C: Time
evolution of the inefficacy score Im for points 1, 2 and 3.



44 CHAPTER 3. OPTIMIZED DRUG DELIVERY FOR DES

Table 3.2: Detailed cost function score data of the points 1 - 4 in Fig. 3.3 and 5 - 7 in Fig. 3.5

# c0 (mol m−3) Dc (m2 s−1) J Im T l T ses Tm

1 3.4 1.8 · 10−14 0.059 0.012 0.060 0.060 0.020
2 2.0 2.6 · 10−18 0.13 0.13 0 0 0
3 3.1 2.8 · 10−17 5.2 0.0091 5.6 10.0 0
4 0.37 3.5 · 10−17 0.48 0.10 0.32 1.1 0.037
5 9.7 2.4 · 10−18 0.080 0.080 0 0 0
6 2.3 2.6 · 10−14 0.11 0.071 0.060 0.060 0.024
7 3.4 1.9 · 10−14 0.062 0.016 0.060 0.060 0.020

valley, the medial and endothelial toxicity almost coincide. It is important to highlight that
care should be taken when interpreting the results. The interpolated surface is only as good
as the underlying evaluated designs (indicated by gray dots). While the western bound of the
QB valley is a good representation of the actual shape, the shape of the northern bound is less
certain since no designs have been evaluated east of the optimum point 1. While this limits our
ability to come to detailed conclusions in some local regions of the design space, the overall
conclusions are unaffected.

Figure 3.3 broadly reveals two optimal regions. The first lies in a polygonal, relatively flat
valley spanning an initial concentration range of 0.3 to 3 µg cm−2 and covering a release time of
1 to 6 hours. The second optimal region is in a chasm beginning at a release time scale of ≈ 5
months and an initial concentration of ≈ 0.2 µgcm−2 and ending at a release time of ≈ 6 years
and an initial concentration of ≈ 8 µg cm−2. It is interesting to note that designs corresponding
to today’s stents are found in the release range of a few weeks to a few months with initial
concentration loads beyond 10 µg cm−2 [152] and thus lie on top of the central mountain in
the north of our landscape.

Figure 3.3 B compares the time evolution of endothelial toxicity (Te) for the three different
release strategies defined by points 1, 2, and 3 in panel A over the 4-week simulation period. As
already mentioned, point 1 (in the QB region) corresponds to the overall optimum of the cost
function. Point 2 (ZO region) is the local optimum within the chasm described above. Point
3 (FO region) has a release time scale of about one month with a similar initial concentration
as point 1. The endothelial toxicity score of point 1 exhibits a very short but high peak within
the first day after stent implantation. Except for a very small bump on day two (not visible
on the current scale), the endothelial toxicity associated with point 2 has a constant value
of zero. Point 3 shows a maximal toxicity score for more than a week before beginning to
decrease gradually. The transition to a level of Te = 5 in the following weeks reflects the fact
that drug release decreases so that the concentration from the lumenal side drops below the
toxic threshold. The concentration on the SES side, on the other hand, remains above this
threshold for the entire 4-week period.

Figure 3.3 C depicts the time evolution of the inefficacy score in the media Im over the
4-week simulation period for the same three points as in panel B. The behavior is very similar
for points 1 and 3 with Im attaining minimum inefficacy (i.e. maximum efficacy) within a day
of stent deployment and remaining at this level for almost the rest of the time. The inefficacy
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associated with point 1 begins to increase marginally after about 3 weeks leading to a slightly
worse average inefficacy Im score than point 3 (see Table 3.2). The inefficacy score of point 2
is considerably larger than that of the other two points but becomes quite small at the 1-week
time point and beyond.

Point 4 in Figure 3.3 A is a point of additional interest in that it is characterized by a
similar release time as point 3 but with an initial drug concentration that is ten-fold smaller.
As shown in Table 3.2, this point still allows significant exposure of the endothelial surface to
unacceptably high concentrations despite the low level of initial stent loading. This observation
underscores the generally poor drug delivery strategies associated with the intermediate release
(FO) region.

The results thus far have focused on quantitative assessments averaged over the entire stent.
In order to gain additional physical insight into the optimization results, we now turn our
attention to a more local level and consider the drug concentration distributions around the
stent struts. Fig. 3.4 depicts the normalized concentration distributions around the stent strut
furthest downstream (third strut) at the 1-hour, 2-week, and 4-week time points and for the
three representative design points 1, 2, and 3 representative respectively of quasi-bolus release,
zero-order release, and first-order release as was defined above.

The quasi-bolus drug release kinetics (left column in Fig. 3.4 B) lead to the release of all
of the drug within the first few hours after implantation. Accordingly, the highest drug concen-
trations are attained at the 1-hour time point with very high local concentrations (exceeding
100 times the toxic threshold) in the media near the stent strut and unacceptably high con-
centrations in the subendothelial space (SES). At this time point, drug concentrations are at
efficacious levels over practically the entire media. The next two time points illustrate how
the magnitude of drug concentration decays over the following four weeks. At the four-week
time point, concentrations in the media in between the stent struts and closest to the stent
surface have lost their efficacy. Because the characteristic time for drug release in this case
is considerably shorter than all of the time scales characterizing drug transport and reaction
(convection, diffusion, as well as drug binding and unbinding), the quasi-bolus release strategy
can be thought of as a transport-limited scenario.

For the first-order drug release kinetics (middle column), large parts of the media are
exposed to efficacious concentration levels at the 1-hour time point. This is also true for the
SES. In the downstream zone close to the strut, the concentration levels reach ten-fold those of
the efficacious threshold. Two weeks later, the concentration levels are elevated in the media
and are efficacious over the entire width. Although the overall concentration in the SES has
dropped, the concentration close to the strut is considerably higher than the concentration that
would inhibit EC proliferation and this remains the case even at four weeks. In the media,
the concentration has decreased and in the areas in between the stent struts has attained
sub-efficacious levels.

For the zero-order drug release kinetics (right column), the concentrations do not attain
the efficacious threshold within the first hour anywhere in the domain. After two weeks, the
concentration levels in most of the media are efficacious, except for the zones in between struts
close to the lumenal surface. The steady release over the next two weeks leads to a very similar
concentration distribution at the end of the simulation. Since all time scales of the transport
and reaction problem in the arterial wall are significantly faster than the release time scale in
this case, we have reached a quasi-steady state of the transport in the arterial wall and hence a
release-limited scenario.

The above simulations were performed for the baseline case where the endothelium was
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Figure 3.4: Release kinetics and resulting normalized concentration distributions for repesentative
designs of the quasi-bolus (point 1), first-order (point 3), and zero-order (point 2) regions. A: Release
profiles as quantified by the time evolution of the remaining mass percentage (RMC) of drug in the
polymer coating. B: Contour plots of the normalized concentration distribution at 1 hour (first row),
2 weeks (second row) and 4 weeks (third row) post stent implantation. The different release kinetics
require adjustment of the color scale in some of the panels. The maximum value of the color scale
for the normalized concentration is indicated by the word “max”. The highest concentration values
encountered close to the stent strut surface are colored in black. With endothelium only present at the
downstream side of the strut, an asymmetric flow is induced around the strut causing an asymmetry
in the concentration distribution. A green contour line marks the threshold between efficacious and
non-efficacious drug concentration in the media: the depicted media at 2 weeks of quasi-bolus and
first-order release kinetics are entirely exposed to efficacious concentration, while drug concentration
in the depicted media at 1 hour of zero-order release kinetics has not yet reached efficacious levels.
Magenta countour lines in the media and vertical arrows at the endothelium indicate cont = c/ctox − 1.
The black horizontal arrow in the very first tile points in the direction of flow in the lumen.
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assumed to be completely denuded in the stented portion of the vessel but intact otherwise. In
order to investigate the sensitivity of our optimization results to this assumption, we performed
simulations where the endothelium was also denuded both upstream and downstream of the
stent. As depicted in Fig. 3.5 A, the resulting contour plot of the optimization in this case is very
similar to that of the baseline case (Figure 3.3 A) with two optimal valleys separated by a non-
optimal mountain. The contour line tracing a value of the cost function of 1 is shown for the
baseline case for comparison. For the present simulation the contour of JETH = 1 approximately
follows the border of the black regions. The quasi-bolus valley is almost unaltered with only
its western border shifted slightly to faster release times. The chasm of the zero-order release
is wider and more elongated compared to the baseline surface. Hypothetically, even initial
concentration values of up to 100 µgcm−2 can now lead to feasible designs; however, that would
require a release time of ≈ 30 years! Qualitatively, the upper bound formed by endothelial
toxicity has shifted to higher concentration values in the range of first and zero-order release.
This becomes evident quantitatively when we compare the score of the global optimum point
(point 5 in Table 3.2) of this optimization to the zero-order release optimum of the baseline
optimization (point 2). For a similar release time of approximately 13 months, the initial
concentration can be raised 5-fold, increasing the efficacy of the design by almost 40% and
entirely avoiding toxic concentration levels at the endothelial surface.

The contour plot in Fig. 3.5 B shows how the optimization results are affected when drug is
initially loaded only in the part of the stent polymer coating that is embedded into the arterial
wall. Again, the white contour line traces JETH = 1 for the baseline otpimization (Fig. 3.3)
whereas for the present simulation the contour of JETH = 1 approximately follows the border of
the black regions. It is important to note that the representation of the region with a release
time tE of months and years (ZO region) of the present simulation is less accurate since only few
designs have been evaluated in that region (indicated by gray dots) during the optimization.
The most obvious difference compared to panel A and to the baseline simulation is that the
bound to the west of the quasi-bolus region is no longer present. The release time can thus
be decreased without causing adverse concentration at the endothelium. The global optimum
(point 7) can be found in this valley. The differences between this optimum and the optimum
of the baseline optimization (point 1) are insignificant.

Figures 3.5 C and D compare the temporal evolution of the endothelial toxicity score and
the medial inefficacy score for points 5, 6 and 7. The detailed breakdown of the averaged scores
can be found in Table 3.2. The global optimum of the simulation with completely denuded
endothelium (point 5) shows zero toxicity at the lumenal surface at all times. The endothelial
toxicity of the quasi-bolus optima in both cases in Figure 3.5 (points 6 and 7) evolves identically,
shooting up to maximum toxicity within seconds after implantation and then decreasing to
zero after 6 hours. Fig. 3.5 C illustrates that the inefficacy of the zero-order optimum of the
denuded endothelium optimization case (point 5) decreases rapidly in the first week and then
more slowly thereafter until the end of the simulation. Both quasi-bolus optima decrease nearly
immediately to near zero inefficacy. At longer times, the inefficacy score of point 6 rises slowly,
whereas that of point 7 remains small for the entire simulation period.

3.3.2 Sirolimus delivery optimization

The above presentation of the results focused on paclitaxel as the eluted drug. When we
change the drug on the stent to sirolimus, we also need to shift the range of the design space
significantly because of sirolimus’ different therapeutic window. Fig. 3.6 A depicts the results
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Figure 3.5: Filled contour plot of the cost function over the design space of initial concentration in the
stent polymer c0 and release time tE for a paclitaxel-eluting stent with A: endothelium denuded both
upstream and downstream of the stent and B: drug initially only loaded in the polymer part embedded in
the arterial wall. The scale for the cost function representation is truncated at a maximum of 1; all values
larger than 1 are colored black. The white contour line traces JETH = 1 for the baseline otpimization
(Fig. 3.3). The horizontal axis on top of the plots marks the time points of 1 (h)our, 1 (d)ay, 1 (w)eek,
1 (m)onth and 1 (y)ear. C and D: Time evolution of the endothelial toxicity (Te) and medial inefficacy
( Im) scores for the representative design points 5 - 7 shown in panels A and B and summarized in Table
3.2. In panel C, points 6 and 7 overlap.

of the baseline optimization (denuded endothelium in the stented portion but intact otherwise)
for sirolimus. The results offer a very different picture from the case of paclitaxel: there is
only a single, narrow, band of optimal release starting at a characteristic release time of ≈ 9
weeks with an initial concentration of ≈ 1.8 · 104 µgcm−2 (point 2) and ending at the global
optimum point (point 1) with a release time of ≈ 2.5 years and an initial concentration of
≈ 2.8 · 105 µgcm−2. The detailed scores shown in the accompanying table reveal that within
this optimal band, the designs gain in efficacy at the expense of increasing toxicity in the media.

The optimal band in Fig. 3.6 A is bounded on one side by the region of unacceptably
high drug toxicity both in the media and at the lumenal surface (delineated respectively by
the yellow and red contour lines which nearly overlap), and on the other side by the zone of
unacceptably low drug efficacy in the media (delineated by the green contour line).

Fig. 3.6 B depicts the contour plot of the optimization when the endothelium is also
denuded upstream and downstream of the stent. The results demonstrate that the effect of
additional endothelial denudation is minimal. Differences between the two cases can only
be found in small details: the optimum value shifts to a lower concentration at an increased
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5 2.4 1.2 · 10−18 0.10 0.10 0 0

Figure 3.6: Sirolimus optimization. A: Filled contour plot of the cost function over the design space of
initial concentration in the stent polymer c0 and release time tE under baseline conditions. The scale for
the cost function representation is truncated at a maximum of 1; all values larger than 1 are colored
black. The green contour line traces Im = 1, the yellow contour line T m = 1, and the red contour line
T e = 1. B: Similar simulation but with the endothelium also denuded upstream and downstream of
the stent. C: Sirolimus simulation using the therapeutic window previously used for paclitaxel. The
white contour traces JETH = 1 of the default paclitaxel optimization (Fig. 3.3) for comparison. The white
dashed vertical lines separate the three regions of quasi-bolus, first-order and zero-order release kinetics.
The dashed magenta line marks the time scale for drug unbinding. The horizontal axis on top of the
plots marks the time points of 1 (h)our, 1 (d)ay, 1 (w)eek, 1 (m)onth and 1 (y)ear. Detailed scores of
the representative design points 1 - 5 are summarized in the table.
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release rate (point 4 in the table of Fig. 3.6), but the medial toxicity and efficacy scores are
not much different from the equivalent point 3 of the baseline optimization run. Moreover, the
toxicity and efficacy contour bounds follow largely the same behavior in both cases.

Figure 3.6 C depicts what the optimization would yield had we assumed sirolimus to have
the same efficacy and toxicity thresholds (and hence the same therapeutic window) as pacli-
taxel. This efficacy threshold would only be about a factor of five higher than the minimum
effective concentration observed in experiments. It is important to point out the different axes
of this plot relative to those in Figure 3.3 A. The contour plot is somewhat similar to the
paclitaxel baseline case, but it exhibits only a single optimal region in the zero-order kinetics
valley. Notably, the yellow and red contour lines respectively marking a value of 1 for the
medial and endothelial toxicity score shift towards lower concentrations; the yellow contour
shifting significantly by almost an entire order of magnitude. Moreover, the inefficacy border in
the southeast zone disappears. The breakdown of the score of the global optimum (point 5) is
very similar to that of the optimum of the baseline sirolimus optimization, the only difference
being that instead of a small medial toxicity score, this point has a very small SES toxicity score.

Figure 3.7 Left depicts the sirolimus concentration distribution in the arterial wall at one
week post implantation for the optimal drug delivery strategy under baseline conditions (point
3 in Fig. 3.6 A). This time point corresponds to the highest toxicity levels in the arterial
wall. Drug concentration is highest near the stent struts, surpassing the 1% toxicity threshold
as indicated by the magenta contour line. Almost the entire remaining therapeutic domain
has attained efficacious drug concentration levels, as can be seen by the green contour line
engulfing most of the medial domain. Figure 3.7 Right shows the concentration distribution of
the optimum at the one-week time point assuming the wider therapeutic window corresponding
to paclitaxel. In this case, the highest concentration close to the struts does not surpass the
maximum toxic concentration. The green contour line confirms that concentrations are effective
in the entire medial domain. The distribution is, however, less homogeneous than the one on
the left.

0 0.5 1 1.5 2 2.5

Figure 3.7: Normalized concentration distribution for optimal release from a sirolimus-eluting stent
at one week post implantation. Left: Narrow therapeutic window; Right: wide therapeutic window
corresponding to the toxicity and efficacy thresholds of paclitaxel. The green contour line traces the
threshold between efficacious and non-efficacious drug concentration in the media, while the magenta
contour (close to the struts) denotes concentrations 1% higher than ctox. The arrow points in the
direction of lumenal flow.
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3.4 Discussion

In this chapter, we used the surrogate management framework to optimize drug delivery
from paclitaxel- and sirolimus-eluting stents. The design parameters in the optimization were
the drug release rate and the initial drug concentration loaded onto the stent. The results
revealed dramatically different results for the two drugs, primarily attributable to their different
therapeutic windows, i.e. their efficacy and toxicity thresholds as well as differences in reaction
kinetics. We now wish to summarize our findings and to gain insight into the physical basis
of the optimization results. Given the assumptions that we have made and the degree of
simplification in our numerical model of drug transport, we will refrain from denoting one
particular combination of design parameters as the optimum and rather focus on a broader
description of regions in the design space identified in the optimization.

3.4.1 Paclitaxel-eluting stents require quasi-bolus or zero-order drug release
kinetics to avoid adverse concentration levels at the endothelium

Optimization of paclitaxel-eluting stents (P-DES) led to a design space that is divided into four
zones. The first zone is characterized by initial drug concentrations higher than 10 µgcm−2.
This zone has no acceptable designs regardless of drug release kinetics. The sub-10 µgcm−2

area contains the remaining three zones of which only the designs with a quasi-bolus or zero-
order release kinetics lead to acceptable designs, while any designs with first-order release
kinetics result in undesirable conditions in the arterial wall.

Detailed inspection of the simulation results reveals that what primarily limits the efficacy of
a particular P-DES design is the excessive supply of drug to the SES, leading to concentrations
that are expected to inhibit EC proliferation. In the computations, we assumed drug concentra-
tion in the SES to be determined by convection and diffusion only; this is expected to lead to
lower drug concentrations in the SES than would be the case had we also taken into account
drug reaction in the SES. In principle, the reaction model that we used to describe drug-tissue
interaction in the media can be extended to the SES.

The baseline simulations assumed that the endothelium was denuded in the stented seg-
ment of the artery but intact both upstream and downstream of the stent. Our simulations
demonstrated that the optimization results are not very sensitive to the extent of endothelial de-
nudation around the stent. Removing the endothelium merely reduced the size of the mountain
of endothelial toxicity and shifted its southern rim to higher concentrations while not affecting
the 10 µg cm−2 demarcation described above. Given that typical P-DES in clinical use sit on
top of this mountain and beyond the 10 µg cm−2 limit, our results shed insight into one aspect
of the multi-factorial reasons for the sometimes poor re-endothelialization of P-DES [19, 50].
Especially notable is the observation of focal cell necrosis close to stent struts associated with
high-load P-DES, which is not surprising in light of the present results [49, 152].

Based on the present findings, we propose a number of recommendations for improved
drug delivery strategies from P-DES. The first recommendation would be to lower the initial
drug load by an order of magnitude and to shift the designs to slower release kinetics on the
order of several months or even a year. The combination of the wide therapeutic window of
paclitaxel and its long retention properties ensures sufficient efficacy in the media while the
slow release of the drug precludes adverse concentrations at the endothelial surface.

The long retention capabilities of paclitaxel also open up a second possible strategy: quick
unloading of the drug within hours thereby flushing the entire wall with paclitaxel and then
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letting arterial wall drug kinetics do the rest. This strategy is largely similar to the idea of a
drug-eluting balloon. If administered at the right concentration and in the right time frame,
the binding process takes up as much drug as is required to provide effective drug concentra-
tion levels in the entire therapeutic domain for weeks. The initial short concentration spike
should pose no significant problems from the standpoint of re-endothelialization because the
endothelium in the vicinity of the stent struts is severely denuded during the first few days, and
the extent of re-endothelialization in the first few days is quite limited in any case. Though
promising, the outcomes associated with this strategy are expected to be quite sensitive to
changes in the convective field within the arterial wall; therefore, a more accurate assessment
of this field is probably needed before implementation of such a strategy.

A third possibility to address the difficulties associated with paclitaxel is to position the
drug onto the stent in such a manner that it is as far away from the endothelial surface as
possible. The optimization performed with our model where only the abluminal half of the
coating contained drug showed, however, that it is not sufficient to only coat the abluminal
side (as is done for example on the BioMatrix® stent by Biosensors). More elaborate designs,
like drug-filled stent designs where the drug reservoir is inside of the stent body and the drug
is eluted directly into the arterial wall via small holes (currently developed by Medtronic) or
stents where small drug patches are applied only to the very abluminal surface of the stent body
(like for example the JACTAX HD stent by Boston Scientific) appear to be more promising.

3.4.2 Sirolimus-eluting stents require zero-order release kinetics due to
sirolimus’ weak retention capabilities

Aside from the differences in their biological mode of action [112], the most significant dif-
ference between sirolimus and paclitaxel is the factor of 20 that separates their time scales of
unbinding. Despite sirolimus’ very high lipophilicity (approximately three times higher than
paclitaxel), its weak retention capability requires constant supply of fresh drug from the stent
and renders the design of a sirolimus-eluting stent (S-DES) with quasi-bolus release kinetics
unfeasible. This sirolimus-specific feature has been reported in the literature [66]. The recent
redesign of the zotarolimus-eluting Endeavour Resolute (Medtronic) stent (zotarolimus is a
derivative of sirolimus) is another example highlighting this requirement: the release time was
increased from 2 weeks in the initial design to 4 months due to the poor restenosis outcome of
the original design [68, 90].

Time scale restriction aside, it should be noted that the kinetic properties of sirolimus make
it a desirable drug for the design of DES: the high lipophilicity renders transport process in
the arterial wall largely independent of changes in the convective field and thus predictable
and robust. Furthermore, initial sirolimus concentration in the stent polymer can be used to
tune the concentration profile to the requirements in the arterial wall, whether the therapeutic
window is wide or narrow. Additionally, cytotoxicity is less of an issue for this drug due to
its cytostatic mode of action. On the other hand, the lipophilicity of sirolimus also leads to
more pronounced concentration peaks close to the stent struts which might compromise tissue
integrity and explain the increased rate of stent strut malapposition observed with S-DES [108].
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3.4.3 Low-dose P-DES and S-DES with zero-order release kinetics lead to a
similar shape of the cost function

Comparing the contour plots of the cost function for paclitaxel and sirolimus with a narrow
therapeutic window, we can identify large similarities between the two drugs in the zero-order
release kinetics region. In this region the release from the stent coating is quasi-steady and the
concentration on the stent surface remains nearly constant over the entire period considered.
The time scales of transport and reaction in the arterial wall are all significantly faster than
the release time scale and we can thus assume that a quasi-steady state is established in the
arterial wall. For the case of constant surface concentration or equivalent constant surface flux,
strongly lipophilic drugs (like paclitaxel and sirolimus) have very similar transport dynamics
in the arterial wall that can be categorized depending on whether or not the applied surface
concentration/flux exceeds a well defined threshold [179].

In the case of above-threshold drug supply, drug concentration in the arterial wall exceeds the
binding capacity of the arterial wall and drug transport is increased since significant amounts
of drug are now in the mobile unbound state. In the case of sub-threshold drug supply, drug
concentration in the arterial wall is below the binding capacity of the arterial wall, and drug
transport is considerably decreased since the drug is now mostly in the bound and thus immobile
state. For paclitaxel and sirolimus this threshold is on the same order of magnitude as their
respective binding capacities. The cost function enforces that drug concentration throughout
the arterial wall remains below the toxic concentration threshold, which in the case of P-DES
and the S-DES optimization with the same therapeutic window is below the respective binding
capacities. Thus, by design of our cost function, the optimal slow-release P-DES and low-dose
S-DES both fall into the sub-threshold category, hence explaining the similarity of the resulting
cost function surfaces in the region of zero-order release kinetics. The optimized high-dose
S-DES falls in the above-threshold category.

3.4.4 The cost function responds to drug kinetics in the arterial wall

The shapes of the landscape of the cost function for both paclitaxel and sirolimus are a mere
reflection of the drug-related processes in the artery, confirming that the initial goal of creating
a cost function that scores designs rather than forcing designs in a distinct direction could be
achieved. At the same time, it leaves the designer with a necessary degree of liberty allowing
him to weigh the severity of inefficacious designs against designs that surpass preset concen-
tration thresholds in a physically meaningful way. The very conservative approach of choosing
very strict penalties at the toxic limit has identified stent designs of high efficacy throughout the
period of the first four weeks after stent implantation, almost entirely avoiding any exposure of
the endothelium to adverse and the media to toxic concentrations. Finally, comparing the con-
centration distributions of optimal S-DES for the two different therapeutic windows, we were
able to show that it is possible to control the degree of concentration distribution homogeneity
in the arterial wall without including a direct measure of homogeneity in the cost function.

3.4.5 Paclitaxel vs. sirolimus: a settled debate?

About a decade ago the FDA approved the first two DES: one eluting sirolimus (Cypher stent
by Cordis) and the other eluting paclitaxel (Taxus stent by Boston Scientific). When we look at
the current generation of DES that are either commercially available or at the clinical research
stage, the initial 50:50 split has shifted significantly in favor of sirolimus and its derivatives
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to the point where P-DES appear almost “exotic” [61, 62]. This trend appears to be driven
by clinical evidence which often ranks first- and second-generation S-DES ahead of their P-
DES counterparts [1, 20, 151, 168, 174]. Another explanation may be the aforementioned
robustness of sirolimus alluded to above.

However, our results also offer a different perspective on the sub-optimal performance of P-
DES: the applied concentrations and associated release kinetics in first-generation P-DES might
just have been unsuited for the kinetics of paclitaxel. Other numerical studies (see Chapter 2
or [124]) and several experimental studies [49, 50, 102, 152] point in a similar direction. The
recent success of paclitaxel-coated balloons [6, 37, 66, 158] indicates a level of incompletely
tapped potential of paclitaxel.

Late stent thrombosis remains the biggest risk in the clinical use of DES. The occurrence
of this viscious complication is strongly correlated with delayed endothelial healing [19, 53,
69, 74]. The cost function developed in the present study operates on the premise that drug
concentrations between efficacious and toxic levels would lead to favorable stent outcomes.
What is not accounted for in this model is a dependence of the efficacy and/or toxicity on the
amount of time that the tissue has been exposed to a certain concentration, i.e. the cumulative
dose. While both paclitaxel and sirolimus show dose-dependent behavior [7, 57, 87, 94, 142,
165], it is not clear how cumulative dose affects delayed endothelial coverage. If cumulative
drug dose plays an important role in delaying arterial re-endothelialization, then sirolimus
would be less flexible in its application than paclitaxel.



CHAPTER 4
Optimizing the Strut Design of

Paclitaxel- and Sirolimus-Eluting
Stents

4.1 Introduction

Drug-eluting stents (DES) have revolutionized the treatment of occlusive coronary disease. By
coating existing bare-metal stents (BMS) with an anti-proliferative drug that is released in a
controlled manner into the arterial wall, the occurrence of in-stent restenosis has been reduced
from ≈ 30% to less than 5%. Shortly after the introduction of first generation DES, major safety
concerns were raised: early data [173] suggested that the overall rate of late stent thrombosis
(LST) of DES was significantly increased compared to BMS. Although these concerns have been
ameliorated for second generation DES [157], the long-term safety of DES (especially after
cessation of anti-thrombotic treatment [26, 145]) remains a controversial and timely topic in
the design of DES [83].

LST is an incompletely understood complication that is associated with a particularly high
mortality rate when it occurs. Currently, a low incidence rate of LST is assured with post-surgical
anti-coagulation medication. The ideal duration of this treatment is currently unknown and
is a controversial topic [34, 67, 88, 143, 167, 184, 194]. It appears, however, that LST is
strongly related to poor and delayed recovery of the endothelial cell layer damaged by DES
implantation [53, 54, 69]. Delayed endothelial healing is a more acute problem for DES
than BMS and is thought to be related to the effect of the anti-proliferative drug, traditionally
sirolimus (or one of its derivatives) or paclitaxel, on endothelial cell wound healing. As we
showed in Chapter 3, drug release kinetics of DES can lead to drug concentration levels at the
endothelial surface that would inhibit the proliferation of endothelial cells and thus interfere
with stent strut re-endothelialization. However, drug release kinetics cannot entirely explain
poor endothelialization of DES that can be observed up to 5 years after surgery [151], long after
all of the drug has been eluted from the stent. Therefore, there is a need to better understand
factors that influence re-endothelialization following DES deployment.

Implantation of a stent (BMS or DES) in an artery perturbs the arterial flow field around the
stent struts and downstream of the stent [18, 31, 44, 149, 163]. Endothelial cells are known to
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exquisitely respond to hemodynamic forces [32, 33, 42] which can even affect wound healing
[64]. Changes in the local flow field at the site of stent implantation have also been associated
with the incidence of in-stent restenosis and stent thrombosis [96].

In a review of first generation DES, Pendyala et al. conclude that “the optimal DES should
have minimal impact on endothelial cell structural and functional recovery along with maximal
inhibitory effect on SMC proliferation and migration” [144]. Considering the multiplicity of
physical phenomena involved, devising an optimal DES becomes quite a challenge. An added
source of complexity is that the fluid dynamics in the lumen and the drug transport in the
arterial wall are coupled [11, 127, 128, 162, 183]. Accounting for all contributing phenomena
leads to complex computational models (see Chapter 2, [24, 51, 139]) that are expensive to
evaluate.

Studies that have performed optimization of stent design have often focused on minimizing
blood flow disturbance in the arterial lumen [9, 70, 71, 171], but also stresses in the stent
itself [196] or stresses in the arterial wall [178]. Pant and collaborators conducted the most
comprehensive optimization to date by including multiple objectives and multiple physical
phenomena [140, 141]. More specifically, they incorporated six performance measures includ-
ing fluid dynamic stent performance metrics based on time-dependent momentum transport
and drug-related metrics based on steady drug transport. Other studies optimized geometric
features of stents including stent strut width [140, 171], stent strut height [171], the number
of consecutive stent segments [70, 71], and the shape of stent strut connectors [141] with
either circular or rectangular stent struts. The time-dependent character of drug transport and
its effect on optimal strut shapes as well as optimal properties of polymeric stent coatings for
the two different drugs have not been included in these studies.

A second issue stemming from the complexity of the computational model is that classical
optimization methods are rendered unfeasible by the very long computational time necessary
to explore a multi-dimensional parameter space. A very common optimization framework used
with this type of expensive computational models is the surrogate management framework
(SMF) [23]. This method has previously been applied to the optimization of aerospace [118,
119] and bioengineering [120, 198] problems. In all of these studies, a Cartesian lattice is used
to discretize the design space, i.e. the parameter space that is explored by the optimization.
Belitz and Bewley [16, 17] demonstrated that the use of other lattices with a denser and more
regular discretization of the design space can lead to significantly improved performance of
these algorithms in finding an optimal design.

The primary purpose of the present chapter is to determine optimal stent strut designs for
DES eluting paclitaxel or sirolimus. The design objective is to maximize drug efficacy in the
arterial wall while avoiding adverse concentrations and simultaneously minimally disturbing
the flow field in the lumen. Optimal designs are identified by a novel SMF optimization
algorithm [16, 17] that uses a lattice with optimal discretization properties to discretize the
design space of the parameters that define the stent strut design. The strut shape can be
varied continuously from circular to rectangular. Cost function scores are determined from the
drug concentration distribution and lumenal flow field obtained by the numerical simulation
of the computational model of drug transport in stented arteries described in Chapter 2. A
sensitivity analysis on the cost function reveals that the optimal properties of single-layered
polymer coatings of DES which were previously determined (see Chapter 3) can be re-used in
the context of the present strut design optimization. Our results demonstrate that optimal strut
designs need to be tailored to the drug transport in the arterial wall.

The analysis of the cost function also motivates a second set of optimization runs which
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aim at identifying optimal properties of two-layered polymer coatings where an additional thin
top-coat encases a thicker polymeric layer. The thick layer contains either of the two drugs
paclitaxel or sirolimus while the thin top-coat is void of drug. This investigation complements
our previous investigation of optimal one-layered polymer coating properties (see Chapter
3). In addition to the initial concentration and diffusion coefficient of the drug in the thick
polymeric layer, we optimize the thickness of this layer and the permeability of the additional
top-coat. The results of this study demonstrate that an optimal polymer coating of paclitaxel-
eluting stents can be relatively thin and does not require a top-coat while an optimal coating
for sirolimus-eluting stents needs to be thick with an added top-coat.

4.2 Materials and methods

4.2.1 Computational model

We will begin by briefly recalling the most important features of the computational model used
to carry out the numerical simulations. A detailed discussion of this model can be found in
Chapter 2. We consider a 2D axisymmetric straight arterial segment of radius rl = 1.5 mm
within which a model drug-eluting stent (DES) with three struts spaced at intervals of 0.7 mm
is deployed (Fig. 3.1 A). We define the strut shape using the so-called “Superformula” [63]:
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The six parameters of the Superformula
�

as , bs , ms , n1 , n2 , n3
�

allow the generation of a large
diversity of shapes. Fixing ms = 4 and setting n1 = n2 = n3 = n restricts the set of attainable
shapes to variations ranging from diamonds (n = 1, Fig. 4.1 A) to rectangles (n� 1, Fig. 4.1
C). The parameters as and bs set the semi-strut height as and width bs, respectively. Setting
n= 2 we recover the familiar equation describing an ellipse (Fig. 4.1 B). A 10 µm-thick polymer
coating containing the drug is applied to the stent strut reflecting typical dimensions of second
generation DES [164]. We apply the transport model of Chapter 2 to the elution of the two
commonly used hydrophobic drugs paclitaxel and sirolimus.

We use two different configurations of the computational model for the simulations. The first
configuration considers an endothelium that is completely denuded within the stented portion
of the vessel but intact otherwise (configuration E1 in Fig. 3.1 A). The second configuration
considers endothelium that is denuded not only in the stented zone but also upstream and
downstream of the stent for a distance half the length of the inter-strut spacing and intact
otherwise (configuration E2 in Fig. 3.1 B). The two different assumptions result in a change
in the convective field in the arterial wall around the upstream and downstream strut due to
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bs
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Figure 4.1: Different shapes generated with the Superformula. A: diamond; B: ellipse; C: rectangle.
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the shielding function of the endothelium (see Chapter 2 Fig. 2.6). We define the therapeutic
domain as the volume of the arterial wall containing the stent and extending by 2/3 of the stent
length both upstream and downstream of the stent.

In the literature, the drug concentration that is initially loaded onto a DES is typically pre-
sented in terms of drug mass per unit stent strut surface area [152]. However, the physically
relevant quantity is the drug concentration in the polymer coating. In Chapter 3, the thickness
and shape of the polymer coating were constant, so we could simply convert the drug concen-
tration to drug mass per unit strut surface area. In the present chapter, the shape and thickness
of the polymer coating are variable, so we will express drug load in terms of concentrations,
since the conversion to drug mass per unit strut surface area depends on the coating thickness.

4.2.2 Cost function

In this chapter, we propose the following total cost function to measure the quality of a stent
design:

J
�

x i
�

= JETH
�

x i
�

+wFDIJFDI
�

x i
�

, (4.2)

where JETH (defined and discussed in Chapter 3) is the drug-related cost function related to
drug efficacy, toxicity, and homogeneity; JFDI is the flow-related cost function which will be
defined below; and wFDI is a weight factor that establishes the relative weight of the flow-
related cost function relative to the drug-related cost function. We will refer to a stent design
as the set of d design variables (e.g. semi-strut height as, semi-strut width bs, and strut shape
exponent n) x (i) =

�

x1 x2 . . . xd
�T (i) that determine a particular stent strut shape. As detailed

in Chapter 3, minimizing JETH aims to provide a therapeutically efficacious but sub-toxic drug
concentration in the media, minimal drug concentration at the lumenal surface, and maximal
homogeneity of the drug concentration in the media. To this function we now add JFDI whose
minimization is intended to minimize the extent of lumenal flow disturbance induced by the
stent [31, 149]. This is motivated by studies that have established that flow perturbations in
the form of low shear stress or recirculating flow zones can greatly hinder the healing of a
damaged endothelium [33, 64].

The drug-related cost function JETH was defined in Chapter 3 as:

JETH (x ) = Im+
1

3

�

T l+ T ses+ Tm

�

+Hm . (4.3)

and is thus the sum of three scores: the inefficacy score Im , the arithmetic average of the
three toxicity scores T l, T ses and Tm, and the homogeneity score Hm. Each score is spatially
averaged in the therapeutic domain and temporally averaged over a period beginning with
stent deployment and ending after four weeks ( tend) of drug elution.

The score JFDI portion of the cost function measures the flow disturbance in the lumen
induced by the presence of a stent and is given as follows:

JFDI (x ) =min (FDI, 1) (4.4)

where the Flow Disturbance Index (FDI) is defined as:
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similar to [70, 71]. It evaluates the deviation of the local wall shear stress (WSS) τ from the
unperturbed WSS τ0 that would exist in the vessel in the absence of the stent and averages this
quantity over the surface Sw. In the present study, the surface Sw spans the area of the lumenal
surface of the arterial wall that begins at the upstream end of the therapeutic domain and
ends at the downstream end of the computational domain. Even though our model stent only
consists of three consecutive struts, the work of Seo et al. [163] showed that three consecutive
struts are sufficient to approximate the degree of flow disturbance.

We assume blood to be a Newtonian fluid with density ρ = 1060 kg m−3 and dynamic
viscosity µb = 3.5 · 10−3 Pa s. This assumption is reasonable given the shear rate values under
consideration for the flow conditions of interest (lumenal Reynolds number Rel = 400). For
fully developed flow through a circular cross-section vessel pipe with radius rl:

τ0 =
2µ2

bRel

r2
l ρ

. (4.6)

The present work focuses on steady flow. However, were we to consider time-dependent
flow, then the WSS τ in Eq. (4.5) would be replaced by its time-average over a pulsatile cycle.
For the extreme case of purely oscillatory flow with a zero mean, τ= 0, yielding an FDI value
of 1. Because purely oscillatory flow leads to vascular inflammation and dysfunction, we will
consider this condition as the worst possible flow condition and consequently limit the FDI at
an upper value of 1 as indicated in Eq. (4.5).

Optimization in the present chapter is performed using the aggregate cost function J defined
in Eq. (4.2). This requires a choice of the weight factor wFDI. Without experimental evidence
of the relative importance of an optimal drug concentration distribution in the arterial wall (as
defined above) vs. having a stent design that minimally disturbs the flow field, the choice of
wFDI is arbitrary. We use a baseline value of wFDI = 0.5 in the majority of the optimization runs
but also briefly probe the effect of this parameter on the results.

A common approach to avoid using arbitrary weight factors in the cost function of multi-
objective optimization problems is to refrain from forming an aggregate cost function (sometimes
referred to as a utility function [153]) and instead searching for the pareto optimal design of
the different objectives [56, 140, 153]. A design is pareto optimal when a small deviation in
any of the design variables leads to an improvement in one of the objectives only at the expense
of another objective. Pareto optimal designs are thus typically non-unique, and identifying
them is an involved and computationally expensive process. On the other hand, the use of
an aggregate cost function as we have done here (J (Eq. (4.2))) allows us to create a fully
automated and efficient algorithm that, based on the a priori choices made by the designer,
yields a unique optimal design.

4.2.3 Optimization method

In this chapter, the goal is to identify the design which yields the lowest possible score of the
cost function J (Eq. (4.2)). Solving such an optimization problem is often associated with
gradient-based methods that estimate gradients of the cost function with respect to the design
variables in order to determine the direction of decreasing cost function. These methods are
known to have excellent convergence properties and can assure convergence to a minimum;
however, this class of methods requires the cost function to be continuously differentiable and
the gradient to be easy to obtain [153]. Furthermore, gradient methods can only search for
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a local minimum and will miss the global minimum that cannot be reached by a continuously
descending path from the initial guess.

In the present study, the cost function value is estimated using the computational model de-
scribed in Chapter 2. The model is implemented in the commercial multi-physics finite element
solver COMSOL and can require several hours of computation time for one evaluation. We have
thus no prior knowledge of the shape or differentiability of the cost function hypersurface in
the design space. Considering the computational cost, the use of gradient-based optimization
methods is intractable. We thus rely on the derivative-free optimization method described
below.

Basic concept of the optimization method

We use an optimization algorithm based on the Surrogate Management Framework (SMF) [23]
to minimize the cost function J (Eq. (4.2)). Following evaluation of an initial set of designs,
SMF algorithms use a succession of search and poll steps to identify the optimal design of
the cost function (Fig. 4.2). In the search step a Kriging model [97, 122] interpolating the
cost function (called the surrogate) is used to inexpensively scan the space of possible designs
(called design space) for prospective optimum points. The Kriging model is an interpolation
(and extrapolation) function based on previously evaluated designs which estimates the value
of the cost function and the uncertainty of the prediction for new designs of the design space
(Fig. 4.3). The predicted value and its uncertainty are combined to calculate the probability
that a new design would improve by a defined margin the cost function value of the best design
that has been identified to this point. Maximizing this probability of improvement is used to
identify new prospective optimal designs.

The cost function of the determined prospective optimal design is then evaluated using the
direct numerical simulation of the computational model. If this computed cost function score
J is smaller than the value of J of the current optimal design, then the new design and the
value of the cost function J are added to the Kriging model to generate a new interpolation
surrogate and the search step is repeated. Otherwise, a poll step is initiated which numerically
computes the value of J for new designs with design variables closer to the current optimal
design. Failure to identify a new optimum in the poll step results in a refinement of the grid on
which new designs are looked for in the design space. All newly evaluated designs and their
respective computed value of the cost function are again added to the Kriging model and a new
search step is initiated.

The following two key novelties have been implemented in the present SMF algorithm lead-
ing to improved performance of the optimization procedure: 1) The arrangement of different
designs is on a grid with a higher number of directly neighboring designs than in the case of
the typically used Cartesian grid [70, 118–120, 198]. 2) The factor by which the grid is refined
after a failed poll step is reduced compared to other algorithms so that the number of designs
that can be investigated in each poll step increases without having to pick designs that are very
close to the current optimal design (see Fig. 4.4 and the discussion below for details).

In the following section we will discuss the SMF algorithm in more depth. We will outline
the derivation of Kriging, detail some of the particularities of our method, and highlight the ex-
tensions made to the code (generously supplied by our UCSD collaborators Belitz and Bewley).
A detailed description including studies investigating the performance of the method can be
found in [16] and [17].
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Figure 4.2: Flow diagram of the optimization algorithm and its coupling to the computational model.

Detailed description of the optimization method

Definitions: Before we begin the more detailed description of the optimization method, we
need to define a few terms that will be useful throughout the remainder of this section:

• design variable x i: property of a stent which is to be optimized, e.g. stent semi-strut height
as, stent semi-strut width bs, or strut shape exponent n.

• design range: For each design variable a range of interest is specified in which the op-
timization shall be performed. The range is bounded by “soft” constraints which can
be overcome by the optimization algorithm in certain cases. For some design variables,
“hard” constraints can be defined reflecting physical considerations that are not consid-
ered by the computational model and thus should not be overcome by the algorithm. See
the section Implementing constraints as well as encountering infeasible designs and failed
function evaluations below for more details.

• design x (i) =
�

x1 x2 . . . xd
�T (i): vector of d design variables defining a particular stent

design.

• design (hyper-)space D= Rd : space of all possible designs. Each design variable forms an
axis of the design space. All designs are located on a grid that discretizes the design space
with a grid size G(k) (minimum distance between two design variables). To avoid any bias
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Figure 4.3: One-dimensional example of a Kriging interpolation hypersurface (red) of the true cost
function hypersurface (black) based on 10 evaluated points P (green) with uncertainty s (blue) over
the design space x . The design space x and the cost function values form the cost function hyper-space.
The true cost function minimum (green cross) could almost perfectly be identified by the Kriging model
(predicted minimum marked by red circle) with only 10 points.

or distortion of the optimization procedure related to different dimensions or units of the
design variables, the d design variables are mapped onto the unit hyper-cube D∗ = [0, 1]d

based on the range of the soft constraints [56, 153]. Our initial grid is discretized by 6
grid points per design variable [16] and thus the initial grid size G(0) = 1/5.

• cost function (hyper-)surface J (x )⊂O: true surface of the cost function.

• cost function (hyper-)space O= Rd+1: space in which the hypersurface of the cost function
J lies.

• surrogate (hyper-)surface Ĵ (x ) ⊂ O: estimated surface of the cost function surface ob-
tained via interpolation and extrapolation of a Kriging model.

• current optimum design (COD) x COD: design that yields the lowest cost function JCOD

value among all evaluated designs up to the current iteration.

• search direction: vector connecting the x COD and a design x (∗),i that is designated for
evaluation in the current iteration.

• indices i, j: i, j ∈ (0,1, 2, . . .), x (i), x ( j) denote different designs.

• index k: k ∈ (0,1, 2, . . .), G(k) is the grid size after k grid refinements.

Generating a surrogate surface via Kriging: Kriging [97, 122] is the essential tool used in the
search step of the SMF algorithm to generate an estimated cost function surface that reflects the
trends of previously evaluated designs. We will thus outline the major steps in the derivation
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Figure 4.4: Polling the design space. A: Two consecutive factor of 4 grid refinements and factor of 2
shell of prospective polling designs refinements of the LT-MADS algorithm on a 2-dimensional Cartesian
lattice; B: Two consecutive factor of 2 mesh refinements of the λ-MADS algorithm on a hexagonal lattice
A2 with a shell of prospective polling designs at a distance of 1, 2 and 3 grid points for the initial grid
(k = 0) and after k = 1 and k = 2 consecutive grid refinements, respectively. Search directions (in blue)
of a minimal positive basis connect the current optimum design (in green) with the selected poll designs
(red). Current shell of prospective polling designs is marked in red, previous shell of prospective polling
designs is marked in orange.

of this method. The interested reader is advised to consult Jones et al. [86] or Forrester et al.
[56] for an excellent review of the method.

The fundamental assumption of Kriging is that the cost function value J (i) of a design x (i) is
the observation of a normally distributed random process with mean µ and standard deviation
σ. Furthermore, we are going to assume that the random processes of two different designs
x (i) and x ( j) are correlated by the expression:

φ
�

x (i), x ( j)
�

= exp
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d
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θl
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�

�

x (i)l − x(
j)

l

�

�

�

�
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!

i j

. (4.7)

The two parameters θl and pl , which are the most notable difference between this correlation
and the standard Gaussian distribution formula, serve as tuning parameters of the Kriging
model. These parameters are tuned during the derivation of the Kriging model such that the
shape of the surrogate surface has the highest probability of correctly mimicking the trends
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of previously evaluated designs. A low value of θl leads to a wider shape of the Gaussian
bell function indicating less variation of the surrogate surface along the design variable x l . pl
ranges from 0 to 2 whereby values in the lower range indicate a rather discontinuous shape
and pl = 2 characterizes a smooth shape. To save time in the optimization, we will omit the
optimization of the exponents pl and simply fix a value of pl = 2 [56].

Based on neval previously-evaluated designs X =
�

x (1) x (2) . . . x (neval)
�T

with cost function

values J =
�

J
�

x (1)
�

J
�

x (2)
�

. . . J
�

x (neval)
��

, the Kriging model estimates the cost function

value of a new and unknown design x (∗) as:

Ĵ
�

x (∗)
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= µ̂+ ψ̂T Ψ̂−1 �J − 1µ̂
�

(4.8)

where
Ψ̂=
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i j
with i, j = 1, . . . , neval (4.9)

is the correlation matrix of all previously evaluated designs,
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(4.10)

is the correlation vector of the previously evaluated designs with the unknown design, and 1 is
an neval× 1 vector of ones. φ̂ is a similar correlation expression to that in Eq. (4.7) except that
the tuning parameters θl and pl are replaced by their optimal values θ̂l and p̂l . To obtain the
optimal parameters θ̂l and µ̂ (remember we do not optimize for p̂l ), we start by expressing the
likelihood of observing J given the parameters µ and σ:

L =
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2πσ2
�−neval/2 |Ψ|−1/2 exp
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− 1

2σ2
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J − 1µ
�T Ψ−1 �J − 1µ

�
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. (4.11)

Maximizing this likelihood with respect to σ and µ yields the optimal values

µ̂=
1TΨ−1J

1TΨ−11
, (4.12)

σ̂2 =
1

neval

�

J − 1µ
�T Ψ−1 �J − 1µ

�

. (4.13)

Plugging these values back into Eq. (4.11) and optimizing the likelihood function numerically
with Brent’s method (a modified bisection method) [25] yields the optimal parameters θ̂l .

We have obtained the model parameters that are most likely to yield the observed cost
function values J of our designs. Given this model, we now wish to obtain the most likely
prediction of a cost function value Ĵ for a new design x (∗). We thus add the predicted objective
value Ĵ to obtain J̃ =

�

J Ĵ
�T together with the new design to the rest of the designs which

yields an additional correlation vector ψ̂ (Eq. (4.10)) and the augmented correlation matrix

Ψ̃=

�

Ψ̂ ψ̂

ψ̂
T

1

�

. (4.14)

Plugging Ψ̃, ψ̂, θ̂ , p̂, µ̂ and σ̂ into Eq. (4.11) and maximizing the resulting expression with
respect to Ĵ finally gives Eq. (4.8). This value is has an associated uncertainty that can be
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derived as the mean squared error of a Gaussian process [155]:
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In our implementation we omit the last term of this equation which is very small and prone to
cause numerical issues.

Inititalizing the optimization algorithm: In the initial step of a SMF algorithm, a sample of
10d designs is distributed over the design space which serves as the basis of the first Kriging
model. We use the latin hypercube sampling algorithm presented in [56] to assure a uniform
distribution of these points throughout the design space.

The global search step: The purpose of the search step is to explore the entire design space
for prospective new designs that minimize the cost function and then evaluate these prospective
designs with the expensive computational model to obtain the true cost function value. We saw
above that a Kriging model inexpensively yields a prediction of the cost function value Ĵ

�

x (∗)
�

as well as the associated uncertainty ŝ2
�

x (∗)
�

for unevaluated designs based on previously
evaluated designs. The uncertainty is maximal in between and zero at already evaluated
designs (Fig. 4.3). Instead of searching the surrogate surface directly for minima, Jones et
al. [86] recommend the following strategy: given a target TG = JCOD − α

�

Jmax− JCOD
�

for
improvement over the COD (JCOD), we can evaluate the likelihood that a certain design x (∗)

improves the COD by at least this value. Minimizing the expression [86]:

Ĵ
�

x (∗)
�

− TG

ŝ
�

x (∗)
� (4.16)

(which is equivalent to maximizing the likelihood of improvement) with a conjugate gradient
method will then reveal a prospective design x (∗) that has a high likelihood of having a lower
cost function value than the COD. The choice of α controls whether this search in the design
space will be more exploratory (meaning scanning the entire design space) or local (looking
in the vicinity of the COD). As the density of evaluated designs around the COD increases, the
uncertainty about this region decreases. Eventually the uncertainty ŝ

�

x (∗)
�

of designs close to
the COD approaches 0 and the ratio in Equation (4.16) becomes very large, driving the search
step towards unexplored regions of the design space away from the COD.

The convergence rate of this method is highly sensitive to the choice of the control parameter
α which sets the target value of improvement for the search. The optimal choice of this value is
not only tied to the optimization problem at hand but might also change during the course of
the optimization. While in the beginning of the optimization larger (and thus more exploratory
values) are desirable, a smaller value of α might be necessary to speed up the convergence
to the optimum once the design space has been scanned sufficiently. To solve this issue, we
investigate 10 values of α spanning the range from 0 to 3 in every search step as suggested by
Jones et al. [86] to ensure that at every iteration candidate designs emerge that are close to the
optimum as well as in less explored regions of the design space. To maximize the performance
of this method, the search and evaluation of the different candidate designs is performed in
parallel and as soon as one of these evaluations yields a lower cost function, the search step is
deemed successful and a new search step is initiated with the newly evaluated points added to
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the Kriging model. The search step is repeated until no new point can be identified in which
case a poll step is initiated around the COD.

The local poll step: The poll step of the SMF algorithm investigates the vicinity of the COD
for designs that yield lower cost function values than the COD. This assures convergence of
the algorithm to a design for which gradients of the cost function with respect to the design
variables vanish [95]. We use a novel Mesh-Adaptive Direct Search (MADS) algorithm, dubbed
λ-MADS [16], in the poll step. To explain the concept of this MADS algorithm, it is helpful to
remain in a two-dimensional example as depicted in Fig. 4.4 B, with the understanding that all
of the following can be extended to higher dimensions. After a failed search step, we are now
looking at the COD (the green point) on our initial grid (discretizing the design space) with
grid spacing G(0).

Starting from the COD, a set of d + 1 = 3 search directions is chosen on the grid which
positively spans the design space, meaning that any grid point of the design space is expressible
as a linear combination of these search directions with only positive coefficients. The first of
these search directions (the seed search direction) is chosen at random while the remaining two
search directions are the solutions of the Thomson problem [177] which seeks the equilibrium
solution of equally charged particles distributed on a (hyper-)sphere. The length of these
search directions is exactly one grid size. The designs that are at the tip of these search
directions (marked with red points) will then be polled, meaning their cost function values will
be evaluated using our computational model. All prospective designs that could be polled lie on
the hexagon around the COD marked in red; we call this set of designs the shell of prospective
polling designs (henceforth referred to simply as shell). If any of these polled designs yields
a cost function value that is lower than the cost function value of the COD, the poll step is
deemed successful, otherwise it is deemed to have failed. Independent of the outcome, the
evaluated designs and their respective cost function values are added to the Kriging model and
a new search step is initiated (we call this updating the Kriging model).

If the poll step fails, then we will also reduce the grid size by a factor of 2 (the number of
grid refinements is thus k = 1) and the shell will be moved to a distance of k+1= 2 grid points.
This means for the first grid refinement that the shell will remain at the same distance, however,
with an increased number of prospective polling designs. Again a set of search directions is
determined (with a random seed search direction) and the selected designs polled. To avoid
selecting the same poll designs as in the previous iteration, these designs will be assigned
a smaller charge, thus diverting the equilibrium search of the Thompson algorithm to other
designs. If the poll step fails again, the grid is again refined by a factor of 2 (k = 2) and the
width of the new shell is moved to a distance of 3 grid points, which corresponds to 3/4 of the
width of the previous shell (marked in orange).

If, on the other hand, the poll step is successful, then the grid size remains constant and the
seed search direction will be the same as the previously successful search direction. After two
successful poll steps, the grid is coarsened by a factor of 2 (meaning that k is reduced by one)
and the distance of the shell adjusted accordingly.

Separating refinement of the grid from the refinement of the shell is the key advantage
of MADS algorithms compared to other direct search algorithms since in every iteration the
number of search directions increases. Eventually, the search directions become dense in the
design space, a property of these algorithms which can assure convergence to a local optimum
[2]. A key novelty of λ-MADS compared to other MADS algorithms like LT-MADS [10] is that
these refinements are slowed down (see Fig. 4.4 A for a two-dimensional example). Typically
a factor of 2 refinement is chosen for the shell and a factor of 4 for the mesh. The advantage
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of slowing down the refinement is that the number of search directions is increased without
drastically reducing the size of the shell at the same time.

Laminated lattices at the heart of the optimization algorithm: The second novelty of the
SMF algorithm used in this study, which was introduced by Belitz and Bewley [16, 17], was
to break with the paradigm of using a Cartesian lattice to discretize the design space and
use more uniform and densely packed lattices instead (meaning every grid point has a larger
number of directly neighboring grid points). For every dimension d a lattice can be found that
maximizes these two properties, the so called laminated lattices λd : this is in two dimensions
the hexagonal lattice A2, in three dimensions the face-centered-cubic lattice A3 and in four
dimensions the checkerboard lattice D4. An overview of the theory behind these lattices can be
found in [16, 17]. Belitz and Bewley [16, 17] were able to show that using laminated lattices
significantly improves the performance of SMF algorithms. If we compare the initial grids in Fig.
4.4, we see that the Cartesian lattice has only 4 direct neighbors while the hexagonal lattice
has 6 and the d + 1 search directions are perfectly isotropic compared to the search directions
of the LT-MADS algorithm. These benefits account in part for the improved performance of the
current SMF algorithm.

Implementing constraints as well as encountering unfeasible designs and failed function eval-
uations: The searching procedure of the search step is restricted to a set of constraints on
the design space that are defined a priori. The constrained search is realized by penalizing
search results that violate these constraints by a dynamically adjusted weighting factor. We
call these constraints soft constraints, since the search can still converge on a design outside
of the borders of these constraints if the prospect of finding improved designs is so high that
it surpasses those of the designs that lie inside the constraints. Moreover, the poll step is an
unconstrained optimization algorithm per se and can explore the design space far beyond the
soft constraints. The advantage of having soft constraints is that it gives the designer some
flexibility regarding the definition of the design space. The designer might, for example, have
envisioned a certain range of a design variable to be explored during the optimization, which
is not based on any physical constraints. If, however, the optimization algorithm discovers
that significantly superior designs can be found outside of this range, the algorithm has the
possibility to explore them.

Other design constraints might have physical bases that are not considered by the compu-
tational model and are thus undesired by the designer. If the search or poll step encounters
a design that goes beyond these hard constraints, the cost function is not evaluated and the
design is imputed with a value that corresponds to
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This strategy of assigning a value is inspired by Forrester et al. [56] who suggest imputing the
values of designs that lead to failed function evaluation by their predicted value Ĵ
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This method ensures that the algorithm is diverted from the design without exceedingly distort-
ing the surrounding interpolation model. We adopted the same strategy in our algorithm when
a cost function evaluation failed.

Quality management of the Kriging model: As the optimization algorithm progresses, the
design space becomes more and more explored and the underlying mesh gets increasingly
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refined. After a number of mesh refinements the density of polling points increases significantly
and design clusters are formed. This causes the correlation matrix, required in the process of
generating the Kriging model, to become ill-conditioned which results in an inaccurate Kriging
model [23, 56]. One way to address this issue is to add a small constant to the leading diagonal
of the correlation matrix and generate a Kriging model with regression [23, 56]. Although the
Kriging model obtained is no longer an exact interpolation of the data points, the quality of the
Kriging model is not compromised.

We have developed an alternative approach to tackle this issue by filtering the data points
used to create the Kriging predictor and hence thinning the clusters in the design space re-
sponsible for the ill-conditioned matrix. First we determine the average minimum Euclidean
distance of our data points, which serves as an upper bound ffilt,max of the filtering process,
and the minimum Euclidean distance of our data points, which marks the lower bound ffilt,min.
Starting from the current optimum design (COD), we now filter (remove) any points within
the hyper-sphere of radius ffilt,min/2 that have a higher cost function value than the COD. This pro-
cedure is then repeated for the point with the lowest cost function value among the remaining
points and so on. Once all points have been filtered with the lowest filtering scale ffilt = ffilt,min,
we attempt again to create the Kriging model. If the process fails again, then the filtering scale
is increased by a factor of 2 and the filtering procedure repeated until the maximum filtering
scale ffilt,max is reached at which point the set of data points has been sufficiently thinned to
allow the Kriging model to be computed.

This method has two key benefits: the Kriging model will still pass through the evaluated
data points and since the minimum points in every filtered cluster are preserved, the search
method will not be inclined to revisit the filtered regions. Moreover, even if we have removed
some (less crucial) information from the Kriging model, we can leverage the filtered points to
test the quality of the Kriging model during the current optimization.

Since we know the true cost function values of filtered points x filt, we can calculate a
correlation coefficient r2

cor between the predicted values Ĵ
�

x filt
�

and the true function values
J
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[56]
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A high correlation coefficient indicates that the current Kriging model is capable of appropriately
mimicking the trends of the cost function while a low value would indicate that either the
Kriging model is missing important features of the cost function or that the cost function is
very irregular. Beyond serving as a simple indicator of the quality of the Kriging model, this
information could also be implemented as part of the termination strategy of the optimization.

Terminating the optimization algorithm: The optimization is terminated when we consider
the design space exhaustively explored. In our definition, this point is reached when the
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following three criteria are met:

1. The mesh of the poll step was 10-fold refined.

2. At least as many search directions were polled on this finest mesh as there are direct
neighbors to the COD.

3. 5 consecutive search steps failed following these poll steps.

4.2.4 Sensitivity estimation of the cost function to design variables and model
parameters

Taking the physiological parameters of our computational model (Chapter 2) and the calibration
parameters of the cost function as given, we are left with 10 parameters in our computational
model that need specification (Table 4.1). The first group contains the geometric design
variables that appear in the Superformula (Eq. (4.1)): the stent semi-strut height as, the stent
semi-strut width bs, and the strut shape exponent n. The indicated design range of as and
bs reflects the typical dimensions of modern stents (low end) up to the thicker struts of first
generation DES [60]. The shape exponent covers the range of round (n = 2) to chamfered
rectangular (n= 6) struts. These design ranges also indicate the bounds of the soft constraints
used for the search step of the SMF algorithm. Values in parentheses mark hard constraints.
The meaning of the sensitivity range will become evident in a moment.

The second group contains design variables that define the drug delivery strategy of the
polymer coating (without specifying the exact type of release): the effective diffusion coefficient
Dc which controls the release rate from the polymer coating, the drug concentration c0 which
is initially loaded in the polymer coating, the thickness of the polymer coating Lc, and the
permeability Pc of a possible top-coat that encases the polymer. The highest value in these
ranges (Dc = 1 · 10−13 m2 s−1) is indicative of a rapid release of the drug (quasi-bolus release
kinetics) and the lowest (Dc = 1 · 10−18 m2 s−1) of concentration-independent long-term release
(zero-order release kinetics). Whenever there are two rows of values for a design variable, the
upper row of values corresponds to the range that we used for the optimization of paclitaxel-
eluting stents (P-DES) while the lower row contains the range for the optimization of sirolimus-
eluting stents (S-DES). We chose different ranges for paclitaxel and sirolimus based on our
experiences in Chapter 3. The ranges of c0 are also influenced by the results of Chapter 3; they
do, however, contain the order of magnitude which can be found for typical P-DES and S-DES
(≈ 100 mol m−3). The design range of Lc reflects the dimensions of typical DES. The upper
end of the range of top-coat permeabilities (Pc = 1 m s−1) is in principle identical to a situation
without any top-coat, while the low end (Pc = 1 · 10−10 m s−1) represents a very resistant barrier
to the elution of drug from the underlying polymer coating.

The third and final group contains parameters of the computational model that express
assumptions we made in the computational model setup rather than actual variables of the stent
design. The strut embedment pst determines how far the struts of our model stent penetrate the
arterial wall. This parameter represents the outcome of the implantation process rather than an
actual variable that can be controlled. For all simulations, we assume the hypothetical situation
where the stent is exactly half embedded into the arterial wall. The time parameter tend controls
the time period covered by the simulation and set as the target time for the evaluation of the
cost function. We chose tend = 4 weeks based on typical DES release times and motivated by
the pathobiology following stent implantation [3, 94, 121, 150]. Finally, the parameter tpdf
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Table 4.1: Model parameters and design variables of the computational model with respective design
and sensitivity ranges

Symbol Description
Sensitivity range Design range

Unit
min max min max

geometrical design variables

as semi-strut height 25 75 25 (12.5) 75 µm

bs semi-strut width 25 75 25 (12.5) 75 µm

n strut shape exponent 1.5 6 2 (1.5) 6 −

design variables of two-layered polymer coatings

c0 initial concentration
0.1 100 0.1 100

mol m−3
100 1 · 105 100 1 · 105

Dc diffusion coefficient 1 · 10−18 1 · 10−15 1 · 10−18 1 · 10−13
m2 s−1

1 · 10−17 1 · 10−14

Lc polymer coating thickness 10 50 10 30 µm

Pc top-coat permeability
1 · 10−10 1 1 · 10−10 1

m s−1
1 · 10−10 1 1 · 10−10 1 · 10−6

parameters of the computational model

pst strut embedment 20% 80% 50% −

tend simulation time 1 6 4 weeks

tpdf therapeutic domain size 50% 100% 100% −
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defines the percentage of the radial width of the arterial wall that is considered to be part of
the therapeutic domain in which the cost function is evaluated. In all simulations we set the
therapeutic domain to span 100% of the arterial wall.

Estimated mean and standard deviation of elementary effects

The elementary effect e(
j)

i of a design variable x i at a design x ( j) on the cost function J is
defined as [129]:
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where ∆= 1/(m−1) is the mesh size of the mapped design space (D∗, where all design variables
x i are scaled to the interval [0, 1]) discretized by m mesh points per dimension (m= 10 in our
case). An elementary effect is thus an evaluation of the gradient of the cost function J with
respect to the design variable x i at a design x ( j). If we distribute a number of nelem (nelem = 5
in our case) designs throughout the design space D∗ (following the randomized statistical

process described in [129]) and evaluate their elementary effects e(
j)

i at these designs, then

the estimated mean value and standard deviation of the elementary effects e(
j)

i of each design
variable x i gives an estimate of the importance of the design variable x i for the cost function J :
a large estimated mean (absolute value > 1) indicates that the cost function J is sensitive to
variations of the design variable x i (i.e. on average the non-dimensional gradients throughout
the design space are large) and a large standard deviation (absolute value > 1) implies that
the design variable x i is involved in interactions with other variables (i.e. the non-dimensional
gradients vary a lot throughout the design space).

4.3 Results

4.3.1 Sensitivity estimation of the cost function

We will first apply the sensitivity estimation method to estimate the importance of the design
variables and model parameters shown in Table 4.1 for the flow-related (JFDI, Eq. (4.4)) and
the drug-related parts of the cost function (JETH, Eq. (4.3)). This approach has previously been
suggested in [56]. Although the parameters pst, tend and tpdff (Table 4.1) of the computational
model are not strictly speaking design variables, we will treat them as such for the first part of
this section and will simply refer to the ensemble of design variables and computational model
parameters as parameters.

We will consider four different cases in this analysis: two cases with paclitaxel as the
eluted drug, once without a top-coat being applied to the polymer coating and once with
a top-coat; and two cases with sirolimus again with and without a top-coat. All four cases
consider an endothelium that is completely denuded within the stented portion of the vessel
but intact otherwise (configuration E1 in Fig. 3.1 A). We will then discuss the importance
of the parameters for the total cost function J (Eq. (4.2)). Afterwards we will be ready to
determine the optimization runs considered in this chapter. The design range we investigated
in the following analysis is indicated in the column “sensitivity range” of Table 4.1.

Since the estimated mean and standard deviation of the elementary effects of each parame-
ter as depicted in Figs. 4.5 and 4.6 are based on a single random distribution of a small number
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(5) of designs, the values are not fully converged and only the order of magnitude of these two
quantities will be of interest.

Sensitivity estimation of the flow-related part of the cost function JFDI

Fig. 4.5 depicts the estimated mean values and standard deviations of the elementary effects
of each parameter on JFDI. Only parameters that determine the geometry of the stent strut (as,
bs, n and Lc) or its embedment in the arterial wall (pst) are important for JFDI. For the other
parameters, the estimated mean and standard deviation of their respective elementary effects
is zero and thus JFDI is neither sensitive to these parameters nor are these parameters involved
in interactions with other parameters. Therefore, these parameters are not shown in Fig. 4.5.
JFDI is most sensitive to the strut embedment pst since out of all considered parameters, the
estimated mean value of the elementary effects of pst is the largest. The strut embedment pst is
involved in interactions with other parameters since the standard deviation of the elementary
effects of pst is also the largest one. This is not unexpected since the embedment controls the
degree to which the entire stent structure is exposed to lumenal flow. The shape exponent n of
the struts has a more significant effect on JFDI than the semi-strut height as and the polymer
coating thickness Lc. The flow disturbance caused by the stent is least sensitive to the semi-strut
width bs. The overall small magnitudes of the estimated mean values and standard deviations
indicate that changes of the parameters in the considered ranges only lead to mild variations
of JFDI.

Sensitivity estimation for the drug-related part of the cost function JETH

Fig. 4.6 depicts the distribution of the estimated mean values and standard deviations of the
elementary effects of the investigated parameters on JETH. In this figure, estimated means and
standard deviations of the elementary effects of some of the parameters are not shown because
their absolute values are negligibly small, indicating lack of sensitivity of the cost function to
those parameters. The four panels correspond to the four different model setups discussed
above: P-DES without (Fig. 4.6 A) and with (Fig. 4.6 B) a top-coat and S-DES without (Fig.
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Figure 4.5: Sensitivity estimation of JFDI. Distribution of the estimated mean values and standard
deviations of the elementary effects of each parameter (see Table 4.1) on JFDI (Eq. 4.4). Parameters
with an estimated mean and standard deviation of elementary effects of zero are not shown.
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Figure 4.6: Sensitivity estimation of JETH. Distribution of the estimated mean values and standard
deviations of the elementary effects of each parameter (see Table 4.1) on JETH (Eq. 4.3) for: A: P-DES
without a top-coat, B: P-DES with a top-coat, C: S-DES without a top-coat, and D: S-DES with a top-coat.
Parameters with an estimated mean and standard deviation of elementary effects of absolute value
smaller than 1 are not shown.

4.6 C) and with (Fig. 4.6 D) a top-coat. For both DES drugs studied and regardless of whether
or not a top-coat is applied (i.e. all four panels), the mean and standard deviation of the
elementary effects of the initial concentration c0 and the effective diffusivity in the polymer
coating Dc have the largest absolute values. This indicates that these parameters have the
strongest effect on JETH and that they exhibit the highest level of interaction with other design
variables. For the case of S-DES without a top-coat (Fig. 4.6 C), The diffusivity Dc plays a
smaller role relative to the initial concentration c0 than in the other three cases. Interestingly,
the thickness of the polymer coating Lc plays a role in the cost function of P-DES (Fig. 4.6 B)
but not S-DES (Fig. 4.6 D). The permeability of the top-coat Pc is the third most important
parameter for S-DES (Fig. 4.6 D) but is a much less significant parameter for P-DES (Fig. 4.6
B). The means and standard deviations of the elementary effects of the remaining parameters
shown in Fig. 4.6 cluster closer to zero; however, since their absolute values are larger than 1,
they do have an effect on JETH.

The stent strut geometric parameters as, bs and n only play an important role in the design
of P-DES and not S-DES (Fig. 4.6). The strut width bs is the most dominant parameter amongst
these if no top-coat is applied to the paclitaxel polymer coating (Fig. 4.6 A), while the strut
shape exponent n is the only variable that influences the drug-related part of the cost function
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for P-DES with a top-coat (Fig. 4.6 B).

Another interesting observation is that the extent of strut embedment pst can have a sig-
nificant effect on JETH but only for the case of P-DES with a top-coat (Fig. 4.6 B). The results
also show that the simulation time tend has a strong effect on JETH only for DES with a top-coat
(Figs. 4.6 B and D). As long as the radial thickness of the therapeutic domain (controlled by
tpdf) is chosen to be larger than half of the arterial wall thickness, this thickness does not have
a significant effect on JETH.

The last two observations concerning the simulation time tend and the thickness of the
therapeutic domain (controlled by tpdf) have a rather simple explanation: the highest con-
centrations in the arterial wall during a simulation are encountered close to the stent struts
and the endothelial surface and without a top-coat the highest concentrations typically occur
within the first week of drug elution. A top-coat can significantly delay the incidence of highest
concentration, causing drug concentration to reach efficacious levels very late. Therefore, the
drug-related score of the cost function JETH becomes sensitive to variations of tend beyond one
week in the case of DES with a top-coat. Since the range investigated for tpdf yields therapeutic
domains that always include the highest computed concentrations, JETH is not affected by a
variation of tpdf over the range studied.

Sensitivity estimation of the total cost function J

We obtain the estimated mean value of the elementary effects of a parameter with respect
to the total cost function J by adding the estimated mean value of the elementary effects of
that parameter on JETH to the product of the estimated mean value of the elementary effects
of that parameter on JFDI and the FDI weight factor wFDI. This summation does not hold
for the standard deviation of elementary effects but it still gives a good estimate. Since the
estimated sensitivity of JFDI to geometric parameters (Fig. 4.5) is about ten times smaller than
the sensitivity of JETH to these parameters (Fig. 4.6), only when the FDI weight factor wFDI is
larger than 10 does JFDI play a significant role in the variation of the total cost function J . In
such a case, the geometric parameters strut height as, width bs, and shape exponent n to which
JFDI is sensitive will induce variations in J comparable to the variations induced through JETH
by the parameters of the polymer coating drug delivery strategy, i.e. the initial concentration
c0 and the effective diffusion coefficient Dc. This implies that a value of wFDI of order 1 or
below will not significantly affect optimization of the total cost function J . In this case, we
can separate the optimization of the drug delivery parameters from the optimization of the
geometric parameters, since the impact of the geometric parameters on the optimum of the
cost function J is negligible in comparison to the effect of the parameters that govern the drug
delivery strategy.

4.3.2 Optimization results

We have performed two groups of simulation runs. The first group aims to determine optimal
stent strut geometries, whereas the second group focuses on two-layered polymer coatings and
aims to optimize the design of the stent coating. Both groups of optimization are investigated
for stents eluting either paclitaxel or sirolimus.
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Group 1: Optimization of stent strut design

In this group of simulations, the goal is to determine optimal strut geometries for stents eluting
either paclitaxel or sirolimus. The three design variables used in the optimization are the
semi-strut height as, the semi-strut width bs, and the strut shape exponent n. Drug release is
assumed to occur at the optimal slow-release values identified in Chapter 3, where drug release
becomes concentration-independent and thus follows zero-order release kinetics (implying a low
effective diffusivity Dc in the polymeric coating).

We carried out six optimization runs. Two runs, one with paclitaxel at low initial loading
(henceforth referred to as low-dose P-DES) and one with sirolimus at a high initial loading
concentration (high-dose S-DES), assumed a model configuration where the endothelium is
denuded within the stented portion of the vessel and also upstream and downstream of the
stent (configuration E2 in Fig. 3.1 B). Two runs, again one for low-dose P-DES and one
for high-dose S-DES, were performed assuming that the endothelium is denuded within the
stented portion of the vessel but intact otherwise (configuration E1 in Fig. 3.1 A). The fifth
optimization run in this group was with low-dose S-DES with the goal of gaining insight into
the extent to which the optimization results depend on the type of drug used or the initial
loading concentration; this run was performed assuming the therapeutic window of paclitaxel
and with endothelial model configuration E1. Finally, the sixth optimization run explored the
consequences on the optimal design of choosing a large value for the FDI weight factor wFDI.
In this simulation, we set wFDI = 10 (all other optimization runs in this group were performed
with wFDI = 0.5) and used low-dose P-DES in model configuration E1. In all optimization runs
of this first group, the thickness of the polymer coating was set to Lc = 10 µm. An overview of
the six Group 1 optimization runs is provided in Table 4.2.

Table 4.2: Group 1 optimization runs: strut design optimization with semi-strut height as, semi-strut
width bs, and strut shape exponent n as the design variables

# Figurea Drug Dose Release c0 Dc ceff ctox Config.b wFDI
c

(mol m−3) (m2 s−1) (molm−3) (mol m−3)

1 4.8 A Pd low ZOf 2.0 2.6·10−18 1·10−5 1·10−2 E2 0.5
2 4.9 A P low ZO 2.0 2.6·10−18 1·10−5 1·10−2 E1 0.5
3 4.10 P low ZO 2.0 2.6·10−18 1·10−5 1·10−2 E1 10
4 4.12 A Se high ZO 2.8·105 1.0·10−18 0.29 0.73 E2 0.5
5 4.13 S high ZO 2.8·105 1.0·10−18 0.29 0.73 E1 0.5
6 4.14 S low ZO 2.4 1.2·10−18 1·10−5 1·10−2 E1 0.5

a figure depicting optimal strut design
b model configuration of the endothelium as depicted in Fig. 3.1
c FDI weight factor
d P: paclitaxel
e S: sirolimus
f zero-order release kinetics, i.e. concentration-independent long-term release
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Strut design optimization of paclitaxel-eluting stents

Optimization case 1: As indicated in Table 4.2, the first optimization is for a low-dose P-DES in
configuration E2. In all of the simulations, we do not know the true shape of the cost function
at every point in the design space. Rather, we can only rely on presenting designs that have
actually been calculated during the optimization runs. Extracting detailed information from
an interpolated representation of the three-dimensional hypersurface of the cost function that
results from the optimization is challenging and can be deceiving, especially since the interpo-
lation is only as good as the underlying calculated designs. Therefore, to better understand and
more clearly present the results of the optimization, we use the following multi-step approach,
which is explained with the help of the optimization results in Fig. 4.7 A for optimization
case 1:

1. We selected sample sets of designs (among all simulated designs) for which the cost
function was evaluated with two design variables kept approximately constant (within
the constraints of the simulated designs) and the third one varied along its design range.
For instance, in Fig. 4.7 A, the semi-strut width (bs = 68± 1.1 µm) and the strut shape
exponent (n = 5.1± 0.63) are fixed while the semi-strut height as is varied in the range
as = [14, 75]µm.

2. Starting with the design for which the varied design variable is lowest, we compared
the magnitudes of the contributing scores of the total cost function of two designs in
increasing order of the varied design variable. In Fig. 4.7 A, the two scores that contribute
to the value of the overall cost function are the inefficacy score in the media Im (black)
and the flow disturbance score JFDI (white).

3. From the comparison in the previous step, we estimated the trend of the contributing
scores, i.e. whether these scores increased or decreased with an increase in the design
variable. In Fig. 4.7 A, the inefficacy score Im and JFDI both increase with increasing
semi-strut height as.

4. We repeated steps 1-3 for different parts of the design space. If we observed the same
estimated trend for each of these samples, then we considered the trend as global, i.e.
valid for the entire design space. Fig. 4.7 A depicts a representative sample of the
estimated global trend and can thus be understood as a discrete line cut through the
three-dimensional cost function hypersurface along the semi-strut height as.

Fig. 4.7 B shows the evolution of the inefficacy score Im (black) and the flow disturbance
score JFDI (white) with increasing semi-strut width bs. All values are normalized by their
respective maximum score encountered among the depicted designs (marked by an ×). For a
fixed strut height (as = 45± 27 µm, Fig. 4.7 B) the inefficacy score Im decreases significantly
with increasing bs while JFDI remains virtually constant in a range of bs = [27, 94]µm.

Fig. 4.7 illustrates the following two global trends that can be observed for the cost function
of the P-DES strut design optimization with an endothelial model configuration that assumes
the endothelium denuded within the stented portion of the vessel and also upstream and
downstream of the stent (configuration E2): 1) Thinner struts (smaller as) lead to decreased
inefficacy scores Im (and hence to more efficacious stent designs) as well as to lower JFDI (thus
less flow disturbance). 2) Wider struts (larger bs) improve (i.e. reduce) the inefficacy score Im.
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Figure 4.7: Optimization case 1: estimated global trends of the cost function of the P-DES (configuration
E2) strut design optimization for a variation of semi-strut height as and semi-strut width bs. Change
in the inefficacy score Im (black bars) and flow disturbance score JFDI (white bars) for increasing A:
semi-strut height and B: semi-strut width. The scores are normalized by the maximum score among the
presented designs which is marked by an ×.

Thus, a smaller semi-strut height as has a desirable effect on both the drug- and flow-related
contributions to the cost function.

Fig. 4.8 A depicts the optimal strut shape that results from the optimization of P-DES in
configuration E2. The optimal strut design has a small semi-strut height as = 12.5 µm, a large
semi-strut width bs = 92.2 µm and a large shape exponent n = 5.8. Fig. 4.8 B and C depict
two sub-optimal strut designs. The struts in both these cases have virtually identical semi-strut
height and width with the major difference between them being their strut shape exponent n:
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A 0.206 0.132 0 0 0.148
B 0.348 0.226 0 0 0.245
C 0.350 0.251 0 0 0.199

Figure 4.8: Optimization case 1: optimal P-DES strut designs compared to sub-optimal strut designs
similar to commercial strut designs for wFDI = 0.5 and configuration E2. A: Optimal strut design, B: strut
design for high n, C: strut design for low n. The table provides the total score J and the contributing
scores Im, T m, T e, and JFDI for each strut design.
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the strut in Fig. 4.8 B has an exponent at the upper end of the considered range (n= 6) which
results in a rectangular shape, whereas the strut in Fig. 4.8 C has a small exponent (n = 2.1)
resulting in an ellipsoidal shape. On the other hand, the optimal strut design is very elongated
and extremely thin (as = 12.5 µm is the hard constraint of the specified design range) compared
to typical strut designs of current DES, which resemble those shown in Fig. 4.8 B and C.

The table in Fig. 4.8 shows that both toxicity scores (Tm, T e) of the optimal strut design
are zero, and the inefficacy score is Im = 0.13. With a JFDI of 0.15, the total cost function
value sums up (wFDI = 0.5) to J = 0.2. The strut design of Fig. 4.8 B yields an increase in the
total cost function score of 69% compared to the optimum. 66% of this change is due to an
increased inefficacy score Im = 0.23 and 34% due to an increased JFDI = 0.25. The strut design
of Fig. 4.8 C results in an increase of 70% of the total cost function score relative to the optimal
strut design. 82% of this increase can be attributed to Im = 0.25 and only 17% to an increase
of JFDI = 0.2. The toxicity scores remain 0 for both sub-optimal strut designs, similar to the
optimal strut design.

The near three-fold size of the semi-strut minor axis as and the drastically reduced size
of the semi-major axis bs of both sub-optimal strut designs compared to the optimal strut
design account to a large degree for the increased JFDI and inefficacy Im scores. When we
compare the scores of the two sub-optimal strut designs directly to one another, we can see
that the high exponent n leads to an improved efficacy of the drug in the arterial wall which
compensates for the increased flow disturbance score JFDI (at a wFDI = 0.5) resulting from the
high n. Consequently, the total score of the strut design with the higher shape exponent (Fig.
4.8 B) is slightly better than that of the low n design (Fig. 4.8 C).

Similarly to the procedure described above to estimate the global trends of the cost function
for the semi-strut height as and width bs, we have investigated the trend for the strut shape
exponent n. The three strut designs presented in Fig. 4.8 are a representative sample of the
results used to deduce the estimated global trend of the cost function of a P-DES (configuration
E2) optimization for the strut shape exponent n. The results indicate that for otherwise identical
strut geometry parameters, a larger n decreases the inefficacy score Im and increases JFDI.

Contrary to strut height, the strut shape exponent n drives the drug-related inefficacy score
Im and the flow disturbance score JFDI in opposite directions. For the case of wFDI = 0.5
considered thus far, the effect of n on Im outweighs its effect on JFDI for most of the design
range until a balance is reached between the two, which determines the optimal shape exponent
n.

The flat and elongated strut with a high shape exponent n of the optimal strut design (Fig.
4.8 A) is the result of all three estimated global trends. The small height leads to a low inefficacy
score Im and JFDI. Although the wide strut and the high shape exponent n increase the flow
disturbance score JFDI, this increase is overwhelmed by the additional reduction in the inefficacy
score Im at high n.

Optimization case 2: The results shown above were for a low-dose P-DES in configuration E2
where the endothelium is denuded within the stented portion of the vessel and also upstream
and downstream of the stent but intact otherwise (case 1 in Table 4.2). We now consider a
low-dose P-DES in configuration E1 where the endothelium is assumed to be denuded only
within the stented portion of the vessel (case 2 in Table 4.2). Fig. 4.9 A shows the final optimal
result of the strut design optimization in this case. The optimal strut design has a large strut
shape exponent of n= 5 and is almost 3 times wider than high (as = 27.6 µm and bs = 75.9 µm).
The sub-optimal strut design shown in Fig. 4.9 B has an almost identical semi-strut width bs
(difference of 2%) and a 17% smaller semi-strut height as with a basically identical strut shape
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A 0.19 0.080 0 0 0.23
B 0.66 0.079 0 0.73 0.20

Figure 4.9: Optimization case 2: optimal P-DES strut design compared to sub-optimal strut design with
smaller as for wFDI = 0.5 and configuration E1. A: Optimal strut design, B: strut design for smaller as.
The table provides the total score J and the contributing scores Im, T m, T e, and JFDI for each strut design.

exponent n compared to the optimal strut design.
The table in Fig. 4.9 shows that the two scores that are responsible for the total score

J = 0.19 of the optimal design are the inefficacy score Im = 0.08 and the flow disturbance score
JFDI = 0.23. Both toxicity scores are zero. The cost function score of the sub-optimal strut design
is increased by 240% (J = 0.66), almost entirely due to the appearance of endothelial toxicity
measured by T e = 0.73. These results suggest that a minimal change in the strut height has a
significant effect on the toxicity performance of the strut design and may point to limitations
in the robustness of our modeling.

The increase in the endothelial toxicity when endothelium is present immediately upstream
and downstream of the stent stems from the altered convective field within the arterial wall
which leads to drug transport from the struts towards the lumenal surface. The added en-
dothelial toxicity in the presence of endothelium represents the only difference between the
optimization with and without endothelium for P-DES. Otherwise, the same three global trends
are observed: 1) thinner struts lead to decreased inefficacy and flow disturbance scores Im and
JFDI; 2) wider struts improve the inefficacy score Im; and 3) larger n decreases the inefficacy
score Im and increases JFDI.

Optimization case 3: Figure 4.10 depicts the optimal low-dose P-DES strut design that results
from an optimization with a FDI weight factor of wFDI = 10 and in configuration E1 (case 3 in
Table 4.2). In this case, the optimal strut shape is ellipsoidal with n = 2.1 and an aspect ratio
b/a ≈ 2 with a small semi-strut width of bs = 24.5 µm. The inefficacy score is Im = 0.31 and the
endothelial toxicity score is T e = 1.1. Compared to the optimal strut design obtained for a FDI
weight factor wFDI = 0.5 (Figs. 4.9 A), these values are very high, in particular the endothelial
toxicity T e which was zero in the previous case. For the present optimum with wFDI = 10, the
high values of Im and T e are balanced by lowering JFDI to 0.1. The optimal strut design for
wFDI = 0.5 had JFDI = 0.23 (see Fig. 4.9 A).
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Figure 4.10: Optimization case 3: optimal P-DES strut design for wFDI = 10 and configuration E1. The
table provides the total score J and the contributing scores Im, T m, T e, and JFDI.

Stent strut design optimization of sirolimus-eluting stents

Optimization case 4: Fig. 4.11 depicts the change in the inefficacy score Im (black) and the flow
disturbance score JFDI (white) for increasing semi-strut height as (Fig. 4.11 A) and semi-strut
width bs (Fig. 4.11 B) for a high-dose S-DES and configuration E2 (case 4 in Table 4.2). Fig.
4.11 A demonstrates how increasing the semi-strut height as from 25 µm to 72 µm with the
other design variables held constant in a narrow band (semi-strut width (bs = 39± 3.2 µm)
and shape exponent n = 2.2± 0.17) decreases the inefficacy score Im by 32%. Over the same
range, the flow disturbance score JFDI increases by 146%. This behavior is observed for other
pairs of bs and n throughout the design space (data not shown).

Fig. 4.11 B shows that Im and JFDI both decrease moderately (by approximately 20%) when
the semi-strut width bs varies from bs = 27 µm to bs = 82 µm. In Fig. 4.11 B n was fixed at
approximately 2.2 and as at 50± 18 µm. A decrease in the inefficacy score Im for increasing bs
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Figure 4.11: Optimization case 4: estimated global trends of the cost function of the high-dose S-
DES (configuration E2) strut design optimization for a variation of semi-strut height as and semi-strut
width bs. Change in the inefficacy score Im (white bars) and flow disturbance score JFDI (black bars)
for increasing A: semi-strut height as and B: semi-strut width bs. The scores are normalized by the
maximum score among the presented designs which is marked by a ×.
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is observed for all other combinations of as and n (data not shown). This is not the case for
JFDI where the variation with bs depends on the values of as and n (data not shown).

Thus, two global trends for high-dose S-DES strut design optimization in configuration E2
are: 1) thinner struts (smaller as) lead to increased inefficacy scores Im and to lower flow
disturbance scores JFDI and 2) wider struts (larger bs) weakly improve (reduce) the inefficacy
score Im.

The effects of as on the drug-related objectives outweigh its effect on the flow-related
objective when wFDI = 0.5 for most of the design range until a balance is reached between the
two objectives, which determines the optimal semi-strut height as. Interestingly, the effect of
as on the drug-related objective for a S-DES is opposite to that seen previously for P-DES.

The optimal strut design of a high-dose S-DES in configuration E2 where the endothelium
is denuded within the stented portion of the vessel and also upstream and downstream of
the stent (case 4 in Table 4.2) is depicted in Fig. 4.12 A. The optimal strut design has equal
semi-strut height as and semi-strut width bs of approximately 72 µm and a small strut shape
exponent of n = 1.6. The sub-optimal strut design (Fig. 4.12 B) has equal semi-strut height
and width as = bs = 75 µm and a strut shape exponent of n= 1.9. The second sub-optimal strut
design (Fig. 4.12 C) has a semi-strut height as = 74 µm, a semi-strut height bs = 72 µm, and a
strut shape exponent of n= 5.9. The shapes of these two struts correspond to typical DES strut
shapes, their strut sizes are comparable to first generation DES.

The table in Fig. 4.12 shows that the two scores contributing to the total cost function
score of J = 0.30 of the optimal strut design are the inefficacy score Im = 0.14 and the flow
disturbance score JFDI = 0.33. Holding strut dimensions approximately constant, we can
observe how slightly increasing the strut shape exponent n to form a more circular strut shape
only marginally increases (by 4%) the total cost function score J . This increase is due to an
increase of JFDI. If we increase the exponent further to n = 5.9, the total score J of the strut

Optimal design

b
s
 = 71.6 (µm)

n = 1.6

a
s
 =

 7
1
.6

 (
µ

m
)

Sub−optimal design

b
s
 = 75.1 (µm)

n = 1.9

a
s
 =

 7
5
.1

 (
µ

m
)

Sub−optimal design

b
s
 = 72.1 (µm)

n = 5.9

a
s
 =

 7
3
.9

 (
µ

m
)

A B C

# J Im Tm T e JFDI

A 0.30 0.14 0 0 0.33
B 0.31 0.14 0 0 0.34
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Figure 4.12: Optimization case 4: optimal high-dose S-DES strut design compared to sub-optimal strut
designs similar to commercial strut designs for wFDI = 0.5 and configuration E2. A: Optimal strut design,
B: strut design for high n, C: strut design for low n. The table provides the total score J and the
contributing scores Im, T m, T e, and JFDI for each strut design.
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design increases dramatically by 130% which can almost entirely be attributed to an increase
in the medial toxicity Tm. Generally speaking, for an otherwise identical strut design of a
high-dose S-DES in configuration E2, a smaller shape exponent n decreases both the toxicity
score Tm and the flow disturbance score JFDI without significantly affecting the inefficacy score
Im.

Optimization case 5: Figure 4.13 illustrates the optimal strut design for a high-dose S-DES
with endothelium denuded only in the stented region, i.e. configuration E1 (case 5 in Table
4.2). The optimal strut has an aspect ratio b/a = 1.2 and a semi-strut width of bs = 47.5 µm.
The strut shape exponent is at the lowest limit of the design range we allowed (hard constraint
of the design range) with n = 1.5. The table in Fig. 4.13 shows that this strut design yields
a low inefficacy score of Im = 0.12 with a minimal medial toxicity score of Tm = 0.02 and a
JFDI = 0.2.

Comparison of this optimal strut design with the optimal strut design for a similar stent but
with endothelial configuration E2 (Fig. 4.12 A) reveals that the strut shape is not significantly
altered, i.e. the shape exponent n is very similar in both cases. The aspect ratio, however,
of the optimal strut design for the E1 configuration is about 20% higher and the semi-strut
width bs is reduced by 33% compared to the optimal strut design for the E2 configuration. Due
to the reduced transport in the arterial wall, which results from the shielding function of the
endothelium upstream and downstream of the stent, a smaller strut size in the E1 configuration
(as and bs, Fig. 4.13) achieves a similar inefficacy score Im to that in the E2 configuration.

Optimization case 6: The S-DES simulations considered so far focused on high-dose S-DES;
therefore, the binding sites in the arterial wall were predominantly occupied. Given the wide
therapeutic window of sirolimus, we were also interested in investigating how the optimal strut
design needs to be adjusted to be suitable for S-DES with a low initial concentration loaded
onto the polymer coating. In this case, the effective and toxic concentration thresholds of the
cost function are reduced to the values of the therapeutic window of paclitaxel.

Fig. 4.14 shows the optimal strut design for a low-dose S-DES with an E1 configuration
(case 6 in Table 4.2). The optimization results in a highly elongated and rectangular strut with
a semi-strut width of bs = 126 µm, a semi-strut height of as = 37 µm and a strut shape exponent
of n = 4.8. This design achieves an extremely low inefficacy score of Im = 0.067 and a flow
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Figure 4.13: Optimization case 5: optimal high-dose S-DES strut design for wFDI = 0.5 and configuration
E1. The table provides the total score of the cost function J and its contributing scores Im, T m, T e, and
JFDI.
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Figure 4.14: Optimization case 6: optimal low-dose S-DES strut design for wFDI = 0.5 and configuration
E1. The table provides the total cost function score J and its contributing scores Im, T m, T e, and JFDI.

disturbance score of JFDI = 0.27, adding up to a total cost function value of J = 0.2. This strut
design has an even larger semi-strut width bs than the optimal P-DES (Fig. 4.9 A) but has
otherwise similar strut design variables (as and n).

Group 2: Optimization of two-layered polymer coatings

The second group of optimization runs aims to determine optimal properties of two-layered
polymer coatings for both P-DES and S-DES. The four most significant design variables for
a DES with a top-coat (as revealed by the sensitivity estimation study) are the initial drug
concentration c0, the effective drug diffusion coefficient in the polymer coating Dc, the thickness
of the polymer coating Lc, and the permeability of the top-coat Pc that encases the first polymeric
layer. These parameters define the key properties of the stent polymer coating and are thus
the design variables of the optimization problem. The thicker polymer coating layer encasing
the stent strut contains either of the two drugs paclitaxel or sirolimus, while the thin top-coat
encasing the thick polymer coating is assumed to be initially devoid of drug. We investigated
the differences of an optimal coating design for the two different drugs paclitaxel and sirolimus
with stents having circular struts of radius 50 µm and for the case of configuration E1 where the
endothelium is denuded only in the stented zone. The specifications for the two optimization
runs are summarized in Table 4.3.

The results of the two optimization runs are depicted in Fig. 4.15. The optimal polymer

Table 4.3: Group 2 optimization runs: two-layered polymer coating optimization

Figurea Drug ceff ctox Config.b wFDI
c

4.15 A Paclitaxel 1 · 10−5 1 · 10−2 E1 0.5
4.15 B Sirolimus 0.29 0.73 E1 0.5

a figure depicting optimal polymer coating properties
b model configuration of the endothelium as depicted in Fig.

3.1
c FDI weight factor
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Optimal P−DES design Optimal S−DES designA B

#
Polymer coating properties Scores

Dc (m2 s−1) c0 (molm−3) Lc (µm) Pc (ms−1) J Im Tm T e JFDI

A 2.6·10−14 3 5.8 7.7 0.18 0.029 0 0.025 0.26
B 2.5·10−18 1.1·105 28 3.5·10−7 0.25 0.089 0 0 0.32

Figure 4.15: Optimal two-layered polymer coating properties for wFDI = 0.5 and configuration E1. A:
P-DES, B: S-DES. The table provides the optimal polymer coating properties comprised of effective drug
diffusivity Dc, initial drug concentration c0, polymer thickness Lc, and top-coat permeability Pc as well as
the associated total cost function score J and its contributing scores Im, T m, T e, and JFDI. Visualization
of the parameters c0, Lc and Pc is achieved as follows: the magnitude of c0 is depicted using grey levels
with white indicating a very low concentration and dark grey a very high concentration; the coating
thickness is drawn on top of the circular strut (relative to the strut radius of 50 µm); the permeability of
the top-coat Pc is visualized by the thickness of the outer contour of the strut geometry with a thin line
indicating a high permeability and a thick line representing a low permeability.

coating of a P-DES (Fig. 4.15 A) has a thickness of Lc = 5.8 µm and is initially loaded with
paclitaxel at a concentration of only c0 = 3 molm−3. Optimal drug release from the polymer
coating occurs with an effective diffusivity Dc = 2.6 · 10−14 m2 s−1, and the top-coat has a high
permeability of Pc = 7.7 ms−1. A P-DES with these coating properties exhibits an inefficacy
score of Im = 0.03, a low endothelial toxicity score of T e = 0.025, and a flow disturbance score
of JFDI = 0.26, yielding an overall cost function value of J = 0.18.

In contrast, an optimal S-DES polymer coating (Fig. 4.15 B) has very different properties.
More specifically, the optimal coating thickness is Lc = 28 µm that is initially loaded with a
sirolimus concentration of c0 = 1.1 · 105 mol m−3. Optimal drug release requires an effective
drug diffusivity of Dc = 2.5 · 10−18 m2 s−1, and the top-coat needs to have a low permeability
of Pc = 3.5 · 10−7 ms−1. This combination of polymer coating properties leads to an inefficacy
score of Im = 0.09, a zero medial toxicity score Tm, and a flow disturbance score of JFDI = 0.32,
yielding a total cost function value of J = 0.25.

4.4 Discussion

The derivative-free optimization framework we have developed in this chapter has been applied
for the identification of unique optimal strut designs for paclitaxel- and sirolimus-eluting stents
with zero-order release kinetics. The optimal P-DES strut (Fig. 4.8 A) is very thin and elongated
and has a cross-section that is rather rectangular. The general design features of the optimal
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low-dose S-DES (Fig. 4.14) are comparable to the P-DES design. The optimal high-dose S-DES
stent strut design (Fig. 4.12 A), however, is very different from the two previous strut designs.
The strut is almost diamond-shaped with equal length and height.

4.4.1 Optimal DES strut designs are tailored to optimized transport dynamics
in the arterial wall

With the exception of the semi-strut width bs, we can explain the optimal values of the design
variables of P-DES and high-dose S-DES strut designs based on the global trends of the con-
tributing scores of the cost function (Table 4.4). For P-DES (Fig. 4.8 A), the optimal semi-strut
height as is at the low end of the design range and the strut shape exponent n at the high end
of the design range. For high-dose S-DES (Fig. 4.12 A), the value of the optimal semi-strut
height as is at the upper end of the design range and the strut shape exponent n at the low
end. When the drug-related and flow-related objectives have opposing trends with respect to
a change in the design variable (e.g. semi-strut height as for high-dose S-DES), the optimal
value is derived from the balance between the contributing scores which depends on the choice
of the flow disturbance weight factor wFDI. When the drug-related and flow-related objectives
follow the same trend with a change in the design variable (e.g. semi-strut height as for P-DES),
the optimal value of the design variable is expectedly at the extreme of the permitted design
range. In that case, the gradient of the cost function J with respect to the design variable x i
has the same sign over the entire design space. Consequently, the optimum of the cost function
J is located on one of the borders of the design space.

Changing the semi-strut width bs has a weak effect on JFDI due to the very low sensitivity
of JFDI to bs (Fig. 4.5). The small optimal bs seen with the P-DES optimization with wFDI = 10
indicates that JFDI increases with increasing bs. This positive gradient of JFDI with respect to bs
is indicated in Table 4.4 with a + sign. The weak dependence of JFDI on a change in bs for both
P-DES and high-dose S-DES explains the large semi-strut width bs of the optimal strut designs.
Since the optimal semi-strut height as of P-DES is very small, the optimal semi-strut width bs
can be very large, even outside of the typical design range, without excessively increasing JFDI.
The optimal semi-strut height as of high-dose S-DES is larger than that of optimal P-DES; thus,
the optimal semi-strut width bs needs to be smaller in order to reduce JFDI, but bs in that case
remains near the upper end of the typical design range.

Two key elements are necessary to understand the difference in the global trends of the
cost function between P-DES and high-dose S-DES strut design optimizations (and thus to
understand why the strut designs of P-DES (Fig. 4.8 A) and low-dose S-DES (Fig. 4.14) are so
similar). First, in the cases considered, the drug is assumed to be released from the stent over
a time period that is significantly longer than any of the time scales governing the processes
involved in drug transport (convection, diffusion, binding and unbinding). For this slow release,
the concentration in the polymer coating remains nearly constant (equal to the initial value
c0) during the period of four weeks considered in our simulations, and this concentration sets
the drug concentration level in the arterial wall. After an initial transient phase, a quasi-steady
state of drug transport in the arterial wall is attained (see Chapter 3). The process dominating
drug transport in the transient phase and in the subsequent quasi-steady regime depends on
the occupancy of drug binding sites in the media [179] (see also Chapter 2).

The transport processes of convection and diffusion only govern free (mobile), unbound
drug concentration in the arterial wall. This can be seen, for example, in Equation (A.9)
in Appendix A which was derived under the simplifying condition of constant equilibrium
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Table 4.4: Summary of estimated global trends of the cost function of paclitaxel- and high-dose sirolimus
eluting stent strut design optimizations with a FDI weight wFDI = 0.5. The upper row corresponds to
P-DES and the lower row to S-DES.

x i J Im Tm JFDI

as
+ + 0 +
+/− − 0 +

bs
+/− − 0 +
+/− − 0 +

n
+/− − 0 +
+ 0 + +

+: the contributing score (Im, Tm or JFDI) or the cost function J (assuming wFDI = 0.5) increases with increasing design
variable x i (i.e. the estimated gradient of the score with respect to a change of the design variable is positive in the
estimation of global trends)

0: the contributing score (Im, Tm or JFDI) or the cost function J (assuming wFDI = 0.5) does not change significantly with
increasing design variable x i (i.e. the estimated gradient of the score with respect to a change of the design variable is
negligible in the estimation of global trends)

−: the contributing score (Im, Tm or JFDI) or the cost function J (assuming wFDI = 0.5) decreases with increasing design
variable x i (i.e. the estimated gradient of the score with respect to a change of the design variable is negative in the
estimation of global trends)

+/−: the behavior of the cost function J (assuming wFDI = 0.5) depends on the range of the design variable x i . The optimal
design variable x i corresponds to the value at which the variation of Im (with respect to x i) balances the variation of JFDI
(with respect to x i).

between the bound drug concentration b and the free drug concentration c, a situation that
arises if the time scales of drug binding and unbinding are very fast compared to the time scales
of convection and diffusion. The concentration equilibrium between the two drug states is
expressed by the total binding coefficient κ. The inverse of κ only multiplies the convective
and diffusive term of Eq. (A.9), so if κ is large, then drug transport is reduced while if κ ≈ 1,
then transport (of the free drug) is unhindered. In the present case, this κ depends on the free
concentration: if the binding sites are saturated, then any drug concentration exceeding the
maximum binding site density in the arterial wall is governed by convection and diffusion and
κ would be small, and convection and diffusion become the two dominant processes of drug
transport. If, on the other hand, the binding sites are not saturated, then κ would be large, and
the fast binding process becomes the dominant drug transport process and significantly (by an
order of magnitude) slows down convection and diffusion.

Consequently, the optimum high-dose S-DES, for which the cost function dictates concen-
trations of the order of the binding site density and beyond, is in the convection- and diffusion-
dominated regime. Conversely, the optimum P-DES and the low-dose S-DES, for which the
cost function dictates concentrations that are at least an order of magnitude lower than the
drug binding site density (see Chapter 2), is in the binding-dominated regime with reduced
convection and diffusion.
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The second key element to understand in considering differences between P-DES and high-
dose S-DES strut design optimization is that optimal strut design is determined by the balance
of scores that contribute to the overall cost function. In most of the simulations, the only scores
relevant to the optimization are the inefficacy score Im and the flow disturbance score JFDI.
The one exception is the case of high-dose S-DES with configuration E1 (Fig. 4.13) where the
medial toxicity score Tm remains in the formulation; however, this score typically is an order
of magnitude lower than Im and JFDI and thus has a limited effect on the optimization results.

The two optimal designs, the elongated rectangular strut (Figs. 4.8 A, 4.9 A and 4.14) and
the diamond-shaped strut (Figs. 4.12 A and 4.13), identified by the optimization algorithm
constitute a compromise between a fluid mechanically streamlined design and an efficient
design from the perspective of optimized drug transport in the arterial wall. In this regard, we
identify two regimes:

• Binding-dominated regime: When the binding sites are not saturated, convection and
diffusion are significantly slowed down by the binding and unbinding dynamics. The
only effective solution to rapidly achieve maximum efficacy in the arterial wall during the
transient phase is to maximize the width of the strut, which in turn requires minimizing
the strut height to obtain a streamlined design. The lower bound of this minimization is,
in our case, either given by our choice of the design range or the occurrence of endothelial
toxicity. In the case where endothelium is present immediately upstream and downstream
of the stent (configuration E1), this endothelial toxicity occurs as a result of the convection
field around the first and last struts. However, even if the endothelium is denuded
upstream and downstream of the stent (configuration E2), endothelial toxicity would
increase dramatically if the strut height were so small that the strut would sit in the
subendothelial space and thus elute massively into this layer.

• Convection- and diffusion-dominated regime: When the binding sites are saturated, con-
vection and diffusion are not slowed down, and a small strut size is sufficient to rapidly
achieve high drug efficacy. The diamond strut shape enhances convection around the
stent struts relative to a more rectangular strut thereby reducing concentration peaks
close to the stent struts which would otherwise risk to become toxic. A flat strut design
(high shape exponent n or a large aspect ratio bs/as) similar to the one obtained for the
binding dominated regime risks toxic concentrations in zones close to the strut where
convection is small (shielding effect). The optimal S-DES strut with configuration E1
(Fig. 4.13), thus, has a slightly higher aspect ratio compared to the optimal strut with
configuration E2 (Fig. 4.12 A) in order to direct convection from the central stent region
to the zones where convection is shielded by the endothelium.

4.4.2 Optimal two-layered DES polymer coatings are tailored to the eluted drug

The optimization of the drug delivery strategy for single-layered P-DES and S-DES coatings,
described in Chapter 3, revealed an essential difference between optimal release kinetics of
P-DES and S-DES. The high retention capabilities of paclitaxel in the media, resulting from
the significantly slower unbinding kinetics (see Chapter 2), enable an optimal strategy where
all drug stored in the polymer coating is quickly released into the arterial wall and then the
drug dynamics ensure a satisfactory concentration distribution within the therapeutic window
for the remainder of the intended period of therapy (typically several weeks). Even though
exposure of the arterial wall to adverse concentrations (toxic concentrations in the media and
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unacceptably high concentrations at the endothelium) cannot be prevented with this strategy,
the exposure times are very short. This strategy is impossible to achieve with sirolimus because
of the significantly shorter retention time of sirolimus in the arterial wall resulting from the
faster unbinding time scale. Thus, only very slow release kinetics at relatively high initial
concentrations c0 can assure sufficient concentration levels throughout the period of the therapy.

The results presented in this chapter for optimal two-layered polymer coatings are in line
with and complement the results described above. For P-DES releasing a low initial drug load
quickly, a setup unhindered by a top-coat is the best solution (Fig. 4.15 A). Also, only a
relatively small amount of drug is necessary to achieve the efficacy goals of the cost function,
and the consequently low resulting coating thickness further serves to reduce flow disturbance.
This optimal design is consistent with recent trends towards thinner coatings on P-DES [60].

The optimal design of S-DES polymer coatings (Fig. 4.15 B) is opposite to that of P-DES.
High drug loads in this case need to be stored in a thick coating and released at a very slow
rate that is additionally controlled by a top-coat with low permeability. Addition of a top-coat
to extend drug release time is a common feature in the design of S-DES in order to extend their
efficacy in inhibiting smooth muscle cell proliferation [3, 90]. It also appears to be beneficial
for stent re-endothelialization [57].

4.4.3 Challenges of the FDI weight factor

Although we haven chosen a FDI weight factor that heavily favors the drug-related objectives
of the cost function (wFDI = 0.5) in the majority of the simulations considered in this chapter,
we were able to identify optimal strut shapes that depended on fluid dynamic considerations.
The highly elongated shapes of the optimal designs we obtained for P-DES and low-dose S-
DES are probably extreme cases that are very difficult to implement in clinical practice due to
considerable challenges associated with the delivery via a balloon of a stent with struts that
have such high aspect ratios.

Taking the approach of optimizing the drug delivery strategy by focusing on the drug-related
goals and only then optimizing strut geometry to achieve the fluid dynamic objectives may not
necessarily be the most effective way to address this issue. In the one simulation in which
we chose wFDI = 10 we managed to obtain a fluid dynamically-shaped strut, but reducing JFDI
by about 1/3 came at the cost of almost tripling the inefficacy score (see Figs. 4.8 and 4.10).
Future experimental studies will be essential for defining the relative importance of drug- and
flow-related contributions to the cost function and hence for the most appropriate value of the
flow disturbance weight factor wFDI.

Another direction that merits future exploration is the optimization of DES that have dif-
ferent shapes on their luminal and abluminal sides. The fluid dynamic objective would be
emphasized in the optimization of the lumenal side of the stent strut, while the drug-related ob-
jectives would be most important in the optimization of the abluminal side of the stent geometry.
It is recognized, of course, that stent struts that have different luminal and abluminal shapes
might pose an additional manufacturing challenge. In the current study, the stent struts were
considered to be symmetric about both their major and minor axes; however, this constraint
can be readily relaxed by making the parameter ms (which controls the number of symmetry
axes of the shape) in the Superformula (Eq. (4.1)) an additional design variable.

Finally, we need to emphasize that the current study did not take into account the me-
chanical stresses that a stent needs to withstand to open an obstructed artery or the stresses
induced by the stent in the arterial wall. While the lowest values set for the design range of
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the semi-strut height and width were inspired by the lowest profile stent designs found in the
literature [164], the optimal results of the low-dose DES confirmed that these constraints do
not ensure reasonable designs from a solid mechanical point of view. It might thus be advisable
to extend the computational model via constitutive laws that describe the structural mechanics
of the stent and the biomechanics of the arterial wall and add adequate scores to the cost
function. However, as the number of objectives increases, an aggregate cost function approach
becomes less meaningful since it is very dependent on the choice of weighting factors among
the different objectives. Seeking pareto optimal solutions, which are the optimal designs for
which a change in any of the design variables decreases the score of one objective only at the
expense of another, might constitute a promising future approach in DES design optimization
[56, 141, 153].





CHAPTER 5
Conclusions

In the introductory chapter to this dissertation we raised four questions for which we can now
propose some answers with the material presented in the three chapters.

What is an optimal stent? An optimal stent re-establishes blood flow in a previously ob-
structed artery and assures this state permanently. Assuming that the implantation of a stent
has successfully re-opened the target vessel, the two major events that can potentially re-
occlude the blood vessel are in-stent restenosis and stent thrombosis. Prevention of these two
complications may be accomplished, on the one hand, by controlling proliferation and migra-
tion of smooth muscle cells (SMCs) and, on the other hand, by assuring a fast recovery of the
endothelium. We formulated our objective for ideal drug-eluting stents (DES) on this premise:

1. An ideal delivery of the anti-proliferative drug from the DES polymer coating leads a) to
therapeutic levels of drug concentration in the arterial media, limiting SMC proliferation
during the process of re-endothelialization and b) to minimal drug concentration at the
endothelial surface.

2. An ideal geometric design of the DES minimally disturbs the arterial flow field.

The strategy we developed to identify DES designs which comply with these two require-
ments used a physiologically based computational model (Chapter 2) coupled to an efficient
derivative-free optimization method via our cost function (Chapters 3 and 4). This strategy
proved successful in determining robust optimal DES design ranges (small changes in any of
the design variables did not yield a large change in performance) in a computationally efficient
manner.

What design elements are crucial for obtaining an optimal stent? The screening study per-
formed in Chapter 4 showed that the most crucial design variables are the drug diffusion
coefficient in the stent polymer coating Dc and the initial concentration of drug loaded in the
polymer c0, which determine the drug delivery strategy of the DES design. Next in importance
are the permeability of an optional top-coat encasing the polymeric coating on the DES Pc and
the thickness of the polymer coating Lc. Together they determine how the drug will be eluted
from the DES. Based on our cost function, the drug delivery strategy is the most crucial design
element of DES, while geometric variables of the strut shape are secondary to optimal designs
and can be used to refine the performance of DES.

91



92 CHAPTER 5. CONCLUSIONS

What should these design elements be like for an optimal stent? What is the role of the drug
choice? As we showed, these two questions are strongly coupled. Optimal designs depend
on the drug kinetics in the arterial wall, which in turn depend on the drug delivery from the
DES polymer coating. On the one hand, the therapeutic window of the drug sets the order
of magnitude of the drug concentration that should be loaded onto the stent initially. The
specific drug kinetics determine the rate at which the drug should be released. On the other
hand, the initial drug concentration and the release rate determine the prevalent drug transport
phenomena: if the drug delivery strategy results in the drug binding sites in the arterial wall
being predominantly occupied, then convection and diffusion dominate. Otherwise, binding
and unbinding dominate.

For optimal performance, the strut shape should be tuned to the dominant transport process.
If convection and diffusion are dominant, then a small strut still yields sufficient drug efficacy
throughout the arterial media, and the strut shape is adjusted to yield isotropic drug transport.
If drug binding and unbinding are dominant, only very wide struts can assure efficacious drug
concentrations reaching the inter-strut domains of the media, while the strut height should be
minimal to obtain a more fluid-dynamically streamlined strut.

The narrow therapeutic window of paclitaxel requires very low drug concentrations in the
polymer coating, thus yielding a low-dose design. These optimal drug concentrations are orders
of magnitude lower than typical concentrations found on today’s DES. The long retention of
paclitaxel in the media enables two types of efficient DES designs, with either fast (hours) or
slow (months) release of the drug. Sirolimus has a wide therapeutic window. Consequently,
we found low-dose and high-dose optimal stent designs. The short retention of sirolimus in the
media, however, requires a very slow release of the drug (years).

The strong coupling between physiological transport in the arterial wall and DES design
demands versatile computational models that simultaneously consider all contributing drug
transport phenomena that dominate at each relevant time scale. However, accurate modeling
of the binding and unbinding process significantly increases computational cost. This coupling
makes the model sensitive to the non-dimensional quantities that define the ratio between
transport processes. Specifically, the parameter values of the model need to be sufficiently
accurate to recover the dominant transport processes in the physiological situation. The rele-
vant non-dimensional quantities are the two Damköhler numbers, which compare binding to
convection and binding to diffusion, respectively. As discussed in Chapter 2, a time-dependent,
spatially averaged Damköhler number (rather than a constant value) is required to accurately
describe the varying importance of binding during the period of drug elution.

5.1 Future work

In the course of this dissertation a versatile framework for DES optimization was developed.
Application of this framework to idealized configurations of arteries stented with a DES yielded
some general guidelines for future DES design, especially concerning strategies for the effective
elution of the anti-proliferative drug from the stent. Despite these very useful results, many
improvements can be envisaged in future models. Limitations of the current model are that the
model geometry is 2D axisymmetric, the considered stent is idealized as a series of rings, and
the model is limited to a straight vessel segment. It will be important to eventually perform
the simulations on more realistic three-dimensional geometries where the detailed structure
of the stent design is taken into account. Such simulations, however, are expected to be much
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more expensive computationally and will thus require additional computing resources. Even in
the current context of two-dimensional simulations, the following three specific considerations
should be taken into account in future modeling efforts:

• additional physiological considerations: exploring model setups where the arterial wall is
in a diseased state or the stent is malapposed or poorly configured,

• expanding the cost function: adding other considerations to the cost function to account
for additional phenomena relevant for DES design (for example in-stent thrombosis),

• improved representation of the arterial wall: more accurate modeling of the structure of
the arterial wall paving the way for lesion-specific optimization.

The first of these pathways is a direct extension of this work that requires only minor modifica-
tions to the current computational model, while the other two directions are more challenging.

5.1.1 Additional physiological considerations

The parameter choice for the computational model as implemented throughout this dissertation
assumes a healthy arterial wall, i.e. the subendothelial space (SES) has a normal physiological
thickness and is free of SMCs [47, 59]. Arteries that require stenting are, of course, diseased
such that SMCs, foam cells, and other constituents of plaques are present in the SES. Athero-
matous arteries also exhibit a thickened intima with an occasionally damaged internal elastic
lamina (IEL). It is of interest to investigate how these various conditions affect the outcome
of the optimization. Conditions that reflect aspects of a diseased arterial wall can be readily
taken into account in the current computational model in several ways. For instance, drug
reaction as used in the media can be added to the SES to model the presence of SMCs in the
SES (maybe with a reduced maximum binding capacity bmax to account for a lower density of
SMCs than in the media). Because inclusion of drug reaction in the SES is expected to lead
to higher drug concentrations in the vicinity of the endothelium, design strategies focusing on
abluminal drug release merit further investigation. To investigate the effect of intimal thickness
on the optimization results, the parameter controlling the SES thickness Lses can be increased.
Finally, the Kedem-Katchalsky matching condition at the IEL can be replaced by a constant flux
condition to model a damaged IEL. We intend to investigate the effect of such diseased arterial
wall configurations on optimal release kinetics of paclitaxel- and sirolimus-eluting stents and
on optimal DES strut shapes in future simulations.

Chapter 4 did not include the strut shape optimization of fast-release paclitaxel-eluting
stents (P-DES). Figure 5.1 depicts preliminary results on the optimal strut shape and the
associated cost function scores for a P-DES with fast release kinetics. The computational model
setup of this case assumed the endothelium to be denuded only in the stented portion of
the vessel but intact otherwise. The optimal shape is elongated (bs = 82.5 µm) and very
thin (as = 12.5 µm) with a strut shape exponent of n = 2.6. The resulting partial scores are:
Im = 0.03, Tm = 0.01, T e = 0.06 and JFDI = 0.12. If we compare these results to the slow-release
P-DES strut design optimizations (Fig. 4.8 A and Fig. 4.9 A), we see immediately that the strut
shape is much more streamlined (yielding a reduced JFDI) and that this optimal strut height as
corresponds to the low strut height as that was obtained for the setup with entirely denuded
endothelium.

Since paclitaxel in this case is released within hours after stent implantation, the former
strut height as restriction, which prevented prolonged exposure of the endothelial surface to
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Optimal design
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Figure 5.1: Optimal fast-release P-DES strut design for dc = 0.5 and a model configuration that assumes
the endothelium is denuded in the stented portion of the vessel but intact otherwise. The table provides
the associated total cost function score J and its contributing partial scores Im, T m, T e, and JFDI.

adverse concentrations, is no longer the dominant effect. Similarly, the advantage of a high
strut shape exponent n on the inefficacy score obtained for slow-release DES is reduced and the
flow-related objective dominates the final outcome of the optimization. We note at this point
that these results are rather preliminary and require further analysis.

As mentioned in the discussion of Chapter 4, the idea of a DES with different shapes on the
luminal and abluminal sides merits further investigation. The idea is that the fluid-dynamical
considerations are the most relevant for the lumenal side of the stent strut, while drug-related
considerations are the most important on the abluminal side of the stent. The resulting strut
shape could potentially yield an overall optimal design that is superior to any of the designs
that we were able to identify in this dissertation. Such an optimization can be realized by
choosing a different set of design variables in (Eq. (4.1)). This increases, however, the number
of design variables and thus the run-time of the optimization.

Stent malapposition is a complication of stenting where some stent struts (typically at the
end of a stent) are either poorly embedded in the arterial wall or even protrude entirely into the
bloodstream [74, 93, 116]. Malapposition can arise either as an immediate result of the surgery
or develop over time [126], a process that is not well understood and that is more prevalent
with DES [36, 108]. This complication can be related to delayed endothelial recovery and late
stent thrombosis [35]. It is thus of interest to investigate how malapposed stent struts affect
the optimization of DES and if it might be possible to devise stent designs whose performance
is to some degree insensitive to malapposition.

Throughout this thesis we assumed an idealized strut embedment of 50% and the sensitivity
estimation of Chapter 4 showed (with the exception of P-DES with a top-coat, Fig. 4.5) no
significant effect of the strut embedment pst on the drug-related part of the cost function JETH
in the range of 20− 80% embedment. However, the flow-related part of the cost function JFDI
is more sensitive to strut embedment pst than to any other parameter considered. One manner
to further investigate this issue is to perform optimizations with a setup where the most distal
stent strut is completely exposed to the bloodstream whereas the remaining stent struts are
embedded normally.

Another useful configuration might be a setup where one strut is fully embedded, one is half
embedded, and the last strut is not embedded. The endothelium would have to be denuded in
this case to assure a homogeneous convection field in the arterial wall. Moreover, to investigate
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the effect of fluid mechanical interactions among the struts on the optimization, the order of
which struts are embedded and which are not needs to be varied. We performed preliminary
studies (results not shown) investigating the fluid mechanics of unembedded stent struts. The
results indicated that the flow disturbance index as defined in this dissertation (Eq. 4.5) might
not be a sufficient indicator to quantify the severity of the flow disturbance of unembedded
stent struts. Rather, the flow disturbance index should be extended to also account for the
length of the flow recirculation zone downstream of the stent.

Last, to complete the investigation of sirolimus-eluting stents (S-DES), it is necessary to
perform a drug release optimization where the therapeutic window of sirolimus spans the
maximum possible range (from the low efficacy concentration threshold of paclitaxel ceff =
1 · 10−5 molcm−3 to the high toxic concentration threshold of sirolimus ctox = 0.73 mol cm−3).
These results will clarify whether low-dose or high-dose S-DES yield an overall optimal drug
delivery strategy.

5.1.2 Expanding the cost function

The second direction proposed as a follow-up to this work consists of resolving specific short-
comings of the cost function and extending its objectives. When we look at the contour plots
of the cost function that are obtained for the drug release kinetics optimizations of Chapter 3,
we can see that the optimal designs are often very close to non-optimal regions of the design
space. We initially intended to alleviate this issue by introducing the homogeneity score Hm.
The contour plots also reveal that the non-optimal designs neighboring the optimal designs are
non-optimal because of their endothelial toxicity score T e. One problem is that the homogene-
ity score Hm only “buffers” the toxicity in the media and not at the endothelial surface. Thus,
we suggest that future efforts add a homogeneity score of the endothelium to the cost function.

An important motivation for this work is the unresolved problem of late stent thrombosis.
The cost function we have developed does not explicitly account for this issue. More specifically,
there is no score in the present cost function that measures the risk of thrombosis for a particular
stent design. Future models stand to benefit from adding such a term to the cost function. We
currently do not have a concrete idea for what this metric should look like; however, there are
at least two possibilities from which it could be derived. The first possibility is based on recent
work [135] that has shown that fluid mechanical shear stress gradients can induce thrombosis
independently of any biochemical considerations. Thus, a possible metric might be based on
the magnitude of wall shear stress gradients.

The second possibility is to use numerical models similar to those described by [52, 65, 113]
to simulate the formation and progression of thrombosis and to use these results to obtain a
thrombosis score that can be added to the cost function. The thrombosis simulation could at
first be performed independently from the drug transport simulation with subsequent coupling
to model active thrombus growth. It is of course expected that the coupling will significantly
increase simulation time.

A shortcoming of the stent strut shape optimization performed in Chapter 4 is that the size
(in particular the strut width) of optimal designs is not feasible for clinical practice. This is
due to the strong emphasis we have placed on optimizing drug transport from these struts. A
possibility to alleviate this problem, mentioned in the discussion of Chapter 4, is to account
for mechanical stresses in the stent as well as in the arterial wall in the cost function, which
would potentially drive the strut designs to smaller struts. Motivated by the fact that stent
struts should be small in order to minimize injury of the vessel wall at implantation [27, 48],
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we also suggest including the notion of stent porosity εstent [111] in future versions of the cost
function. This parameter measures the radially projected surface of the stent struts compared
to the total radially projected surface of a stent, i.e. for a stent with total length ls and a strut
diameter ds that is comprised of a series of ns rings the porosity is calculated as:

εstent = 1−
�

ns− 1
�

ds

ls
. (5.1)

5.1.3 Improved representation of the arterial wall

The two most restrictive simplifying assumptions of the computational model used in this
thesis are steady flow conditions and a 2D axisymmetric geometry. Arterial geometry is three-
dimensional and blood circulation is unsteady and both phenomena play an important role for
stent design [100, 189]. We thus recommend extending the current computational model to
3D and investigating the effect of unsteady flow on the optimization results.

Last but not least, we showed in this dissertation how important drug transport kinetics
are for the design of optimal DES and how crucial accurate modeling of the arterial wall is to
correctly predicting drug transport. The computational model used in this work accounted for
the media and the intima as two separate layers; however, the media itself has a layered sub-
structure [136, 199] which can impact the transport of the drug. We thus suggest investigating
yet more realistic models of the media [78, 103]. Given the difference of the arterial wall
composition in different parts of the blood circulation, a more accurate and modular model of
the arterial wall can pave the way for lesion-specific and location-specific DES optimization.



APPENDIX A

A.1 From the Brinkman equation to Darcy’s Law

Fluid flow in the porous layers of the arterial wall can be described by the standard Darcy-
Brinkman equation

∇p =− µp

PDRe0
u +

µ∗p
Re0
∆u . (A.1)

An order-of-magnitude analysis on the Brinkman equation reveals that the viscous term only
plays a significant role when L̃2 ∼ P̃D. Thus, the effect of the viscous term is limited to a
boundary layer which is an order of magnitude thinner than the endothelium. Consequently,
for both layers (the subendothelial space and the media) the governing equation is simplified
to Darcy’s original formulation:

∇p =− µp

PDRe0
u . (A.2)

A.2 Derivation of the weighted concentration

The local average fluid concentration c̄α, j as required by the Kedem-Katchalsky matching bound-
ary conditions is calculated from the integral of the solution of the attributed differential equa-
tion for the concentration distribution in one dimension [106]:

c̄α, j =
cα, j−1ePe∗j − cα, j+1

ePe∗j − 1
− cα, j−1− cα, j+1

Pe∗j
(A.3)

with

Pe∗j =
s j jv, j

Pj
. (A.4)

Given strictly radial transport from domain j−1 to j+1, this expression allows an approximate
evaluation of the average concentration in the respective “layer” j. When the exponential
function is expanded to third order, it becomes obvious that this expression reflects the weighted
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average concentration of the layer:

c̄α, j =
1

2

�

cα, j−1+ cα, j+1

�

+
Pe∗j
12

�

cα, j−1− cα, j+1

�

. (A.5)

A.3 Including reaction at the endothelial surface

Like smooth muscle cells, endothelial cells interact with the drugs eluted from the stent surface.
Thus, we wish to include this interaction in the boundary condition at the endothelium via
a concentration-dependent partition coefficient. The Kedem-Katchalsky equation is derived
assuming steady state conditions [106]. Assuming ∂ b

∂ t
= 0 for the reaction equation (Eq.

(2.10)) yields

b =
c

c+
�

fcbBp

�−1 . (A.6)

Reintroducing this expression into the transport equation of the arterial wall (Eq. (2.7)) leads
to the concentration-dependent partition coefficient:

kp (c) =
1

B−1
p + 2 fcbc+ Bp

�

fcbc
�2 . (A.7)

Assuming an instantaneous reaction of the drug on the surface of ECs, the intrinsic fluid
concentration used in the Kedem-Katchalsky equation is now:

cα,e±1 =
ce±1

εe±1

�

kp
�

ce±1
�

+ 1
� . (A.8)

A.4 Governing equation for the equilibrium case

Assuming constant equilibrium between bound and free drug concentration (Eq. (2.9)), the
governing equation (Eq. (2.7)) reduces to:

∂ cT, j

∂ t
+

1

κ
∇
�

Λ jPe0~ujcT, j − D j∇cT, j

�

= 0 , (A.9)

where cT, j represents the total drug concentration, the sum of the free concentration c j and the
bound concentration b: cT, j = b+ c j = κc j.

A.5 Remaining drug-dependent parameters of the model

Except for the lag coefficient Λ j, we followed in our derivation of the remaining model param-
eters the description of [55]. The lag coefficient Λ j of the convective transport term which
results from averaging can be calculated as:

Λ j =
γ j

ε j
. (A.10)
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where γ j ≤ 1 is the hindrance coefficient (in layer j) accounting for the frictional loss occurring
during the transport of the drug through porous media. By means of fiber matrix theory, Curry
[39] initially derived an expression for the hindrance coefficient

γf, j = 1−
�

1−Φf, j

�2
=
�

2−Φf, j

�

Φf, j , (A.11)

where the reduction coefficient is computed by

Φf, j = exp

�

−
�

1− εf, j

�

�

2r̃mol

r̃f
+

r̃2
mol

r̃2
f

��

. (A.12)

With a mean fiber radius of r̃f = 3.2 nm [55], the values for the SES and media can be calculated.

A.6 Diffusivity of sirolimus

No experimental data on the diffusivity of sirolimus in blood or blood plasma is available to the
authors. Approximating sirolimus and paclitaxel as spheres, we estimate the average radius of
sirolimus rescaling the radius of paclitaxel as a function of the molecular weight:

r̃mol =

�

3M̃

4πρ̃NA

�
1
3

, (A.13)

yielding

r̃SIR
mol =

�

M̃SIR

M̃PAX

�
1
3

r̃PAX
mol = 1.23 · 10−9 m . (A.14)

This result, combined with the Stokes-Einstein equation and the free plasma diffusivity of
paclitaxel, then results in the adjusted diffusivity for sirolimus.
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