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Abstract Despite recent data that suggest that the overall performance of drug-eluting stents (DES) is superior to
that of bare-metal stents, the long-term safety and efficacy of
DES remain controversial. The risk of late stent thrombosis
associated with the use of DES has also motivated the development of a new and promising treatment option in recent
years, namely drug-coated balloons (DCB). Contrary to DES
where the drug of choice is typically sirolimus and its derivatives, DCB use paclitaxel since the use of sirolimus does not
appear to lead to satisfactory results. Since both sirolimus
and paclitaxel are highly lipophilic drugs with similar transport properties, the reason for the success of paclitaxel but
not sirolimus in DCB remains unclear. Computational models of the transport of drugs eluted from DES or DCB within
the arterial wall promise to enhance our understanding of the
performance of these devices. The present study 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 multilayered structure of the
arterial wall and incorporates a reversible binding model to
describe drug interactions with the constituents of the arterial wall. The present results demonstrate that the transport
of paclitaxel in the arterial wall is dominated by convection
while the transport of sirolimus is dominated by the binding
process. These marked differences suggest that drug release
kinetics of DES should be tailored to the type of drug used.
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Jv, j
kf
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kr∗
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Lj
L p, j
Mi
pj
Pj
PD, j
Peij

Superficially averaged bound concentration
Maximum binding site density
Binding potential
Initial concentration in the stent polymer
Superficially averaged free concentration
in layer j
Superficially averaged total concentration
Strut diameter
Damköhler number in the media
Effective diffusion coefficient in layer j
in direction i (isotropic diffusion assumed
when no superscript)
Ratio of initial concentration and maximum binding site density
Solute flux through membrane j
Fluid flux through membrane j
Drug binding rate coefficient
Concentration-dependent partition coefficient
Drug unbinding rate constant
Drug unbinding rate constant corrected for
solid tissue fraction
Equilibrium dissociation constant
Thickness of layer j
Hydraulic conductivity of membrane j
Molecular weight of drug i
Pressure in layer j
Permeability of layer j
Darcy permeability in layer j
Peclet number in layer j in direction i
(isotropic Peclet number assumed when no
superscript)
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Vj
γj
Γj
δc
εj
εf, j
κ
Λj
μ
ρ
σf, j
Φf, j
χSMC

Membrane Peclet number in membrane j
Radial and axial coordinates
Average radius of fibers of the extracellular
matrix
Average molecular radius of drug i
Reynolds number
Lumenal Reynolds number
Reynolds number based on the hydrodynamic strut diameter
Schmidt number
Sieving coefficient in membrane j
Time
Emptying/release time
Velocity
Volume of layer j
Hindrance coefficient in layer j
Boundary j
Concentration boundary layer thickness
(Effective) porosity of layer j
Fiber matrix porosity of layer j
Total binding coefficient
Lag coefficient in layer j
Fluid dynamic viscosity
Fluid density
Staverman reflection coefficient in membrane j
Reduction coefficient
Volume fraction of smooth muscle cells

Superscripts and subscripts
0
b
e
eel
iel
l
m
p
PAX
ses
SIR
SMC
th
w
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Reference value
Blood
Endothelium
External elastic lamina
Internal elastic lamina
Lumen
Media
Plasma
Paclitaxel
Subendothelial space
Sirolimus
Smooth muscle cells
Therapeutic domain
Arterial wall
Liquid phase

Abbreviations
BDF
BLE
BMS
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Backward differentiation formula
Boundary layer elements
Bare-metal stents

DCB
DES
EEL
FEM
IEL
NC
NMC
NV
OLM
RHS
SCAAR
SES
SMC
TLM

Drug-coated balloons
Drug-eluting stents
External elastic lamina
Finite element method
Internal elastic lamina
Normalized concentration
Normalized mean concentration
Normalized velocity
One-layer model
Right-hand side
Swedish Coronary Angiography and Angioplasty Registry
Subendothelial space
Smooth muscle cell
Two-layer model

1 Introduction
Despite the recent data of the Swedish Coronary Angiography and Angioplasty Registry (SCAAR) study (Sarno et
al. 2012) that suggest that the overall performance of drugeluting stents (DES) is superior to that of bare-metal stents
(BMS), the long-term safety and efficacy of DES remain
controversial. 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 drugcoated balloons (DCB), either with or without subsequent
stent implantation (Gray and Granada 2010). 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 manufacturers
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 coating 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 (Balakrishnan et al. 2005; LaDisa 2004; Seo et al. 2005) or of DES
polymeric coating (Hara et al. 2006). The role of the drug elution process itself (Balakrishnan et al. 2007) and its coupling
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to the specific drug used (Tzafriri et al. 2012) 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 (Mongrain et al. 2007) or a constant partition of bound
and free drug Zunino (2004) to more sophisticated models
where drug interactions with the arterial wall are described
by a second-order reversible reaction (Tzafriri et al. 2009).
Multidimensional models (Mongrain et al. 2007; Borghi et
al. 2008), with the exception of the 3D model by Feenstra
and Taylor (2009), approximate the arterial wall as a single
homogeneous layer and often neglect convective drug transport within the wall. Only 1D studies (Pontrelli and Monte
2010; McGinty et al. 2011) 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 pre-
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dictions: for example, the calculations by Vairo et al. (2010)
indicated insensitivity of the drug concentration profile in
the arterial wall to lumenal blood flow, while the work by
Balakrishnan et al. (2005) reached the opposite conclusion.
In an effort to better understand the validity and applicability of different model assumptions, 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 multilayered 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 directly compare the coupling
between the drug release kinetics from the stent and the drug
dynamics in the arterial wall for the two DES drugs studied.

2 Materials and methods
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 ten circular struts is deployed (Fig. 1).

A

B

Fig. 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 dimensions are in millimeters. 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
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Stent strut size, polymer thickness, and stent interstrut
spacing are adapted from the geometry introduced by Mongrain et al. (2005) and recently also used by Vairo et al.
(2010). 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 20–80 % 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 interstrut spacings both upstream and downstream of
the stent (Fig. 1) and that we consider to be the target zone for
drug delivery. All computed variables are for this therapeutic
domain.
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. (2009). 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 (Tzafriri et al. 2009). 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 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
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cells (SMCs), and nonspecific binding of the drug to the
extracellular matrix accounted for through hindered diffusion.
2.3 Governing equations and boundary conditions
Unless stated otherwise, variables and equations are presented in non-dimensional form. Dimensional quantities are
denoted by a tilde, and the reference values used in the nondimensionalization are provided in Table 1.
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:
(ul ∇) ul = −∇ pl +
∇ul = 0,

1
Δul ,
Re0

(1)
(2)

where ul 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 =
ū˜ d̃l ρ̃/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:

Table 1 Reference values for the non-dimensional equations and reference non-dimensional quantities
Quantity

Reference expression

(Free and total)
concentration c, cT
(Bound) concentration b

Initial drug concentration c̃0
Maximum binding site density b̃max

Damköhler number Da

Da0 =

k̃f b̃max L 20

Fluid density ρ

(1−ε j ) D0
Blood density ρ0 = ρ̃b

Hydraulic conductivity L p

ρ0−1 u −1
0

Diffusion D

Diffusivity in blood D0 = D̃b

Length r, z

Strut diameter L 0 = d̃s

Peclet number Pe

Pe0 =

Darcy permeability PD

L 20

Permeability P

Diffusive velocity scale ũ D =

u0 L 0
D0

Pressure p

Dynamic pressure p0 =

Reynolds number Re

Re0 =

Time t

Diffusive timescale t0 =

D0
L0

ρ0 u 20

u 0 L 0 ρ0
μ0
L 20
D0

Fluid dynamic viscosity μ

Blood dynamic viscosity μ0 = μ̃b

Velocity u = (u v w)

Mean inlet velocity u 0 = ū˜ in =

T

ũ max,in
2
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μp
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(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 and PD, j are the non-dimensional dynamic
viscosity 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 
,

(4)

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


∂cα, j
+ Pe0 uα, j ∇cα, j = ∇ Dα, j ∇cα, j .
∂t

(6)

Equation (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 reference
Peclet number Pe0 (see Table 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 (2010) yields the following macroscopic transport equation in the arterial wall
(henceforth simply referred to as transport equation):

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
semipermeable 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 (Kedem and Katchalsky 1958) governing the fluid flux Jv across these membranes. Due to the
very small size of the drug molecules (≈1 nm, Hilder and
Hill 2008) compared with 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
2

(∝ rmol /rpore ), and the flux simplifies to (Formaggia et al.
2009)

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 two parameters that arise in the averaging process, the
non-dimensional lag coefficient Λ j and the effective nondimensional 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
cj.
A general way of expressing the reaction term R j is by:

Jv, j = n j u j = L p, j Δp j ,

Rj = −

(5)

where L p, 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 (u l = u ses ). 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.



∂c j
+ Pe0 Λl, j u j ∇c j = ∇ D j ∇c j + R j ,
∂t

1 ∂b
,
f cb ∂t

(7)

(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 f cb 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 (Zunino 2004; Vairo et al. 2010).
This assumption is valid when the binding and unbinding
processes are fast compared with convection and diffusion and leads to:
R j = (κ − 1)

∂c j
,
∂t

(9)

where κ is the total binding coefficient.
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2. Dynamic model: a second-order model that describes a
saturating reversible binding process (Tzafriri et al. 2009)
treating bound drug as a dynamic variable:


1
1 ∂b
= Da0 c j (1 − b) −
b
f cb ∂t
f cb Bp


(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 concentration at the inlet
boundary in the lumen. Because convection is dominant in the
lumen, we set the outlet boundary condition to: Δc = 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 = Peel cα,m + c̄α,eel Jv,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 parameters of interest. The baseline
model uses the third option since it is considered the closest
to the physiological situation.
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 Pe0 Λl, j u j c j − D j ∇c j
= P j Δcα, j + s j c̄α, j Jv, j ,

(11)

where P j is the permeability of the respective interface and
the local average liquid concentration c̄α, j is calculated as
the weighted average concentration of the layer (for more
details see “Appendix 2”).
At the outer boundary of the stent polymer, drug flux continuity is prescribed:


Js,c = −nc (Dc ∇cc ) = n j Pe0 Λl, j u j c j − D j ∇c j .

(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 t˜ = 0 = c̃0 = 100 mol m−3 in the polymer.
• c = 0 elsewhere.
This initial concentration is representative of a high-dose
stent (Radeleff et al. 2010).
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 (Formaggia et al. 2009 and references therein) when necessary. The solely tissue-dependent
parameters, namely the hydraulic conductivity L̃ p , the porosity ε, the Darcy permeability P̃D , and the properties of blood
and plasma, are well documented in the literature. All values with their respective sources are summarized in Table 2.
Fluid density is assumed to be the same for plasma and
whole blood with ρ̃ = 1,060 kg m−3 . The hydraulic conductivities of the
and IEL were calculated from

 endothelium
L p, j = PD, j / μp L j following the approach of Ai and Vafai
(2006) and Prosi et al. (2005). The fiber matrix porosity
and effective porosity of the media were, respectively, set

Table 2 Fluid model parameters
Symbol

Unit

Lumen

ET

SES

IEL

μ̃

Pa s

3.5 × 10−3 a,b

P̃D

m2

7.2 × 10−4 a,b

7.2 × 10−4 a,b

7.2 × 10−4 a,b

7.2 × 10−4 a,b

× 10−21 a

× 10−16 a

× 10−19 a

N/A

3.22

2.0 × 10−18 a

L̃ p

m2 s kg−1

N/A

2.2 × 10−12

N/A

2.2 × 10−9

N/A

0.983 d

4 × 10−3 a

0.25 c

10 a

2a

500 a

ε

–

1

5 × 10−4 a

L̃

µm

d̃l = 3 mm

2a

Values without a reference are computed as presented in this section
a Ai and Vafai (2006)
b Prosi et al. (2005)
c Formaggia et al. (2009)
d Huang et al. (1994), Yang and Vafai (2006) and Khakpour and Vafai (2008)
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to εf,m = 0.45 and εm = 0.25, yielding a SMC fraction in
the media of χSMC = 0.44, which agrees well with previous
data (Karner et al. 2001; Formaggia et al. 2009) (see “Appendix 5” for a detailed definition of the different porosities).
The effective diffusivities for the different layers D j , the
lag coefficients Λ j , the membrane permeabilities P j , 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 6.”
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 Dalton
(Levin et al. 2004) and an average radius of r̃PAX = 1.2 nm
(Hilder and Hill 2008). Diffusion of paclitaxel in blood is
reduced due to nonspecific binding to blood proteins; therefore, the free diffusivity in plasma for paclitaxel is taken as
the measured value in calf serum as determined by Lovich
et al. (2001) 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
D̃free,p,PAX = 4.176 × 10−12 m2 s−1 . (13)
μ̃b

The effective diffusivity D j in Eq. (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 nonspecific 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 mate-

rial properties (Whitaker 1986). We will thus approximate
the effective diffusivity as



1

r̃mol
,
(14)
D̃eff,f, j = D̃free exp − 1 − εf,i 2 1 +
r̃f
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. (2004) 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 ≈ 1,000. The work
conducted by Hwang et al. (2001) suggests an anisotropy
between radial and circumferential diffusivities in the media
of D ϕ /Dr ≈ 10. The structure of the media as investigated
by O’Connell et al. (2008) 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 (Weinbaum
et al. 1985) and D z /Dr = 10. Because the importance of
anisotropic diffusion has been highlighted by Hwang and
Edelman (2002), we will explicitly investigate the effect of
different anisotropies. A summary of all coefficients for the
transport of paclitaxel can be found in Table 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 Dalton (Levin et al. 2004), the Stokes–
Einstein radius and blood plasma diffusivity need to be
adjusted (details in “Appendix 7”). All transport coefficients
for sirolimus are summarized in Table 3.

Table 3 Transport model parameters for paclitaxel (upper part) and sirolimus (lower part)
Drug

Symbol

Unit

Lumen

ET

SES

Paclitaxel

Λ

–

1

N/A

s

–

N/A

0.86

P̃

m s−1

D̃r

m2 s−1

D̃ z

m2 s−1

Λ
s

Sirolimus

IEL

Media

1.02

N/A

3.4

N/A

1.0

N/A

N/A

3 × 10−6

N/A

9.8 × 10−6

N/A

4.2 × 10−12

N/A

1.7 × 10−11

N/A

2.0 × 10−(11+n) a,b

4.2 × 10−12

N/A

1.7 × 10−11

N/A

5.0 × 10−11 a

–

1

N/A

1.02

N/A

3.4

–

N/A

0.855

N/A

1.0

N/A

P̃

m s−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

D̃ z

m2 s−1

4.1 × 10−12

N/A

1.67 × 10−11

N/A

4.0 × 10−11 a

Values without a reference are computed as presented in this section
a Levin et al. (2004)
b n = 1, 2, 3
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Table 4 Non-equilibrium
reaction model parameters for
paclitaxel and sirolimus
(Tzafriri et al. 2009)

Drug

Da

Paclitaxel

2,700

Sirolimus

5 × 104

Bp =

b̃max

K̃ d =

(1−ε j ) K̃ d

k̃r∗
k̃f

(mol m−3 )

b̃max (mol m−3 )

41

3.1 × 10−3

0.127

139

2.6 × 10−3

0.366

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 kinetics. More specifically, sirolimus binds and
unbinds significantly more rapidly than paclitaxel as seen in
Table 4. 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. (2007) showed that simple diffusion is
appropriate to model this complex process. Reported values
for diffusion coefficients range from D̃c = 1 × 10−13 m2 s−1
(Vairo et al. 2010) 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 ).

The ratio of the (corrected) unbinding rate constant K̃ d =
k̃r∗ /k̃f to the binding rate coefficient is the equilibrium dissociation constant (Tzafriri et al. 2009) 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 timescales 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:

2.4.1 Timescales and dimensionless quantities for drug
transport

H̃w =

In order to better interpret the results, it is useful to analyze
the timescales introduced by the dynamic reaction model
(Eq. 10) and compare them to the other timescales in the
transport equation (Eq. 7). Considering the dimensional form
of Eq. (10):

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


−1 
∂ b̃ 
k̃f c̃ j b̃max − b̃ − k̃r b̃ ,
= 1 − εj
∂ t˜

t˜fR =

1 − εj

k̃f b̃max

(15)


.

(16)

The second term on the RHS of Eq. (15) describes the drug
unbinding due to the assumed reversible
nature
of the reac

tion. For simplicity, we denote k̃r / 1 − ε j as k̃r∗ , which is
the drug unbinding rate constant corrected for the solid tissue
fraction. The typical timescale characterizing unbinding is:
t˜rR =

1
k̃r∗

.
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μ̃p H̃w

(17)

= 1.5 × 10−8 m s−1

(18)

with
L̃ j
P̃D, j

j

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 binding rate coefficient
k̃f and the porosity ε j of the tissue. Thus, the characteristic
timescale for drug binding is:


p̃out − p̃eel

ũ w =

t˜C =

,

L̃ m
Λm ũ w

(19)

(20)

and for diffusion
t˜D =

L̃ 2m
r
D̃m

.

(21)

To weigh the relative importance of these various processes,
we form the following three dimensionless quantities:
• Peclet number Pe: ratio of diffusion timescale to convection timescale,
• Damköhler number Da: ratio of diffusion timescale to
binding timescale,
• and the ratio of the former two dimensionless quantities
Da
Pe : ratio of convection timescale to binding timescale.
The resulting computed timescales and dimensionless quantities, summarized in Table 5 (the different magnitude of
the Damköhler number compared to Tzafriri et al. (2009)
stems from the adapted length scale ( L̃ m ) and diffusivity
r ) used), indicate that due to differences in their reaction
( D̃m

t˜C
t˜fR

6.75

34
125.0

0.5

=
Da
Pe
t˜D
t˜fR

Da =

3.7
Vergara and Zunino (2008): assuming the stent elutes into a perfect sink surrounding

2.8

2.8

m w

Sirolimus

a

0.08
9.9

11.2

5.1
34.7

210.7

k̃r
D̃m

k̃f b̃max

Binding time
1−ε
t˜fR = ( j ) (h)

Paclitaxel


cm (1 − b) +

5.5

5.5

4 D̃c

13.0

Damköhler number

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 ( Da
Pe  1), whereas paclitaxel is more sensitive to
convection ( Da
Pe < 1). This table reveals an additional important timescale 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 Damköhler number and the ratio of the Damköhler
and Peclet number defined above compare the initial maximum reaction rate to the rates of diffusion and convection,
respectively. 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 Damköhler number
which compares the averaged magnitude of the reaction term
to that of the convection term in the media at each time point:

t˜D
t˜C

Peclet number

Stent emptying timea
π L̃ 2
t˜E = c (h)

Unbinding time
t˜rR = 1∗ (h)
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Da0
Daint (t) =
Pe0

Diffusion time
L̃ 2
t˜D = mr (h)

Convection time
t˜C = ΛL̃ mũ (h)
Drug

Table 5 Timescales and dimensionless quantities for the stented part of the media for paclitaxel and sirolimus

Pe =

Ratio of both quantities
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Vm

b
f cb Bp


dV
.

(22)

cm dV
Vm

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. Consequently, 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 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
(Prosi et al. 2005) and used the total resistance to obtain an
effective hydraulic conductivity as:
⎛
L p,eff = ⎝μp
j

⎞−1
Lj
⎠ .
PD, j

(23)

For the effective parameters for solute transport, we choose
the same values as for the endothelium in the non-denuded
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case and those of the IEL in the denuded case, since these
correspond to the largest resistances to transport.
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 momentum 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 (Hindmarsh and
Brown 2005). The maximum time step size is restricted to 1 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
√
−1/2 −1/3
using the Reynolds number
by δ̃c ≈ 2 3d̃s Red Scb
Red based on the (hydrodynamic) stent diameter d̃s and the
Schmidt number in blood Scb (Vairo et al. 2010). 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. 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 AIAA
(1998) determined the number of elements in the lumen, the
SES, and the polymer. We consecutively increased the number of mesh elements in each of these layers by a factor of
1.5–2 until the time evolution of the average concentration in
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the SES and the polymer showed a relative difference of <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@ 3.33 GHz processor
is about 1 h.

3 Results
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:


b j (x, t)
1
c j (x, t) +
dV.
(24)
NMC j (t) =
Vj
f cb
Vj

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

1
Γses

εses c̄α,ses (s, t) dΓ.

(25)

Γses

Figure 2 shows simulation results for the baseline model eluting paclitaxel from the stent coating at the fastest rate of the
presented range. Representative of the entire stent, Fig. 2a
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: t˜ = 50 min, which
corresponds to the time of maximum NMC in the media;
t˜ = 1 day; and t˜ = 7 day post-implantation. At t˜ = 50 min,
the drug has already completely invaded the arterial wall.
From the second strut onward, 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
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Fig. 2 Baseline simulation (paclitaxel). A Normalized concentration (NC) distribution in the media and the SES at three different time points:
t˜ = 50 min, t˜ = 1 day, and t˜ = 7 day post-stenting. B Temporal evolution of the normalized mean concentration (NMC) in the SES and the media

in between struts than at the upstream and downstream ends
of the stent, creating a backflow pattern 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 1 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 2b 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.

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 ratio of the Damköhler number and

the Peclet number constant. Given that all equations are nondimensional, the analysis is presented in terms of the sensitivity of the NMC to the Peclet number in the different layers:
Peij =

ũ w L 0
D̃ ij

.

(26)

Figure 3 illustrates the sensitivity of the model results to
the Peclet number in the SES as well as to the radial and
axial Peclet numbers in the media. We have selected two
parameters to measure the sensitivity of the model: (1) the
magnitude of the peak NMC in the SES and in the media
(Fig. 3a, c, e) and (2) the ratio of the NMC after 1, 5, and
7 days compared to the maximum value (Fig. 3b, 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. 3a). More specifically,
varying the SES Peclet number over four 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 1 day changes only by 6 % (Fig. 3b). The NMC in the wall
is more sensitive to a variation of the radial Peclet number
in the media (Fig. 3c, 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 Perm = 0.02 to Perm = 0.2. With
the peak concentration increasing, the retention coefficient at
1 day decreases by 75 % over the entire Perm range. Here, too,
the majority of the variation occurs in the Perm < 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. 3e), whereas the
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Fig. 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 reten-

tion coefficient at three time points (t˜ = 1 day, t˜ = 5 day, and t˜ = 7 day
post-stenting) on B SES Peclet number, D radial medial Peclet number,
and F axial medial Peclet number

medial NMC is weakly affected, with a ≈14 % total decrease
z . The retention
over a two-order-of-magnitude change in Pem

coefficients for all three time points decrease by ≈30 %. Interestingly, in all cases the retention coefficients at 5 and 7 days
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(Fig. 3b, 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 volume fraction of SMCs χSMC .
Figure 4 depicts the sensitivity of the peak concentrations in
the SES and the media (Fig. 4a) and the retention coefficient
in the media (Fig. 4b) 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]) reveals a significant dependence
of the concentration evolution in the SES on blood flow in the
lumen (Fig. 5). The maximum NMC in the SES decreases significantly (more than 85 %) with increasing Reynolds number; however, consistent with the previous results by Mongrain et al. (2007), the maximum total NMC in the media is
only weakly affected.
3.3 Effect of one-layer modeling
It is currently common in DES modeling to treat the arterial
wall as a single layer with homogenized transport properties mostly representing the media. However, it was shown
by Hwang and Edelman (2002) that the layered structure of
the arterial wall can affect the deposition and distribution of
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Fig. 4 Sensitivity analysis (paclitaxel). A Dependence of maximum
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Fig. 5 Sensitivity analysis (paclitaxel). Dependence of the maximum
NMC in the SES and media on Reynolds number in the lumen

drugs. Figure 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 emphasize the differences in the predictions of the
flow field (and consequently the concentration field) resulting from the TLM and OLM, we altered the geometric setup
of our models: In both models we reduced the total strut size
from the baseline diameter of ds = metallic strut diameter +
2·polymer thickness = 0.15 mm+2×0.05 mm = 0.25 mm
to a diameter of ds = 0.05 mm + 2 × 0.025 mm = 0.15 mm
(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 6 shows the superimposed flow and
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Fig. 6 One-layer versus
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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Fig. 7 One-layer versus two-layer modeling (paclitaxel). NMC for two different SES thicknesses (L ses = L ses,0 and L ses = 3L ses,0 ). A In the
SES (both predictions of the OLM collapse onto one curve) B in the media

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 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.
Figure 7 compares the OLM and TLM predictions for the
NMC in the SES and in the media for the baseline model.
Using Eq. (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 h post-implantation. For a “diseased”
configuration with a threefold thickened SES, the differences
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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.
3.4 Effect of reaction modeling
We wished to establish whether an equilibrium reaction
model adequately represents drug transport in the arterial
wall. Figure 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 dynamic
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Fig. 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

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 (Vairo et al. 2010), 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.
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 (Garg and Serruys 2010),
sirolimus and paclitaxel have similar transport properties (see
Table 3). With a binding potential Bp > 40, both drugs fall in
the category of strongly retained drugs (Tzafriri et al. 2009).
Figure 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 (t˜ = 50 min) and 1 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 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 1 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 with 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 %.
Figure 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).
Figure 10a, c demonstrates 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 with paclitaxel: For paclitaxel, the drop
to 25 % of the peak average concentration takes ≈6 h, while
for sirolimus, the same drop almost requires 1 day.
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t = 50 min

t=1d

0

0.5

1

Fig. 9 Paclitaxel versus sirolimus. Bound drug fraction b at two different time points: t˜ = 50 min (first row) and t˜ = 1 day (second row)
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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−1 . When comparing the concentration profiles for the two drugs in the SES (Fig. 10b) and
media (Fig. 10d) for the slow-release stent, a very different picture emerges: While the qualitative behavior for both
drugs remains similar, the concentration levels of sirolimus
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.
Figure 10e, f compares 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.

4 Discussion
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
timescales of paclitaxel and sirolimus (see Table 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 timescale 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 drugs, the transport becomes dominated by unbinding since t˜rR  t˜C and
t˜rR  t˜D . For sirolimus, on the other hand, the initial dom-
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inant process is binding. When the drug enters the media,
binding sites are very rapidly occupied, since t˜fR is several
orders of magnitude smaller than t˜C or t˜D , 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 timescale 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 Damköhler number and the Peclet number and depends not only 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 Perm and the medial porosity εm illustrates
this nicely: In the first case, we do not simply vary the relative importance of diffusion and convection but also bring
the 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 Perm
range. Once Da > 1, the results become almost insensitive
to further variation. The same is true for the variation of the
medial porosity where effectively the ratio of the Damköhler and Peclet number is varied: Going from a low to a high
porosity, we approach Da/Perm ≈ 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 timescale of unbinding determines the retention characteristics independent of the release kinetics.
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: Paclitaxel has
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a broad therapeutic window with a minimum effective concentration of c̃eff = 1 × 10−5 mol m−3 and a maximum concentration level of c̃tox = 1 × 10−2 mol m−3 above which
the drug becomes toxic (McGinty et al. 2011; Kamath et al.
2006), while for sirolimus to be effective, saturation of the
FKBP12 binding sites appears to be required (Wang et al.
2007), 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 by Balakrishnan et al. (2007) 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 implementing 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 additional conclusion from the present results is that
the uncertainty in the diffusion coefficients in the arterial
wall is 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.

4.2 Multilayer 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 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. 7a). The strong sensitivity of the SES
drug concentration to the lumenal flow field (Fig. 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.
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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. 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. 31). 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 be observed even up to five years after
DES implantation (Räber et al. 2011). As the diseased configuration in Fig. 6a 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. 9, 10e).
The representation of a diseased arterial wall as presented
in this study is 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
(Radeleff et al. 2010) and facilitate conjectures to the diseased case.
4.3 Reduction in 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. (2009) 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 (Eq. 9). Figure 8 illustrates
that an equilibrium reaction model fails to capture essential
features of the transport process: The binding coefficient κ
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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 in the partition coefficient, while matching the drug residence time demands an
increase. Both objectives cannot be achieved simultaneously.
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Appendix 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 = −

μ∗p

μp
u+
Δu.
PD Re0
Re0

 Pe∗j 

1
cα, j−1 − cα, j+1 .
c̄α, j = cα, j−1 +cα, j+1 +
2
12

Appendix 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 steadystate conditions (Levitt 1975). Assuming ∂b
∂t = 0 for the
reaction equation (Eq. 10) yields
b=

μp
u.
PD Re0

(28)

Appendix 2: Derivation of the weighted concentration
The local average fluid concentration c̄α, j as required by the
Kedem–Katchalsky matching boundary conditions is calculated from the integral of the solution of the attributed differential equation for the concentration distribution in one
dimension (Levitt 1975):
∗

cα, j−1 ePe j − cα, j+1
e

Pe∗j

−1

−

cα, j−1 − cα, j+1
Pe∗j

(29)

with
s j Jv, j
Pe∗j =
.
Pj



c

c + f cb Bp

−1 .

(32)

Reintroducing this expression into the transport equation of
the arterial wall (Eq. 7) leads to the concentration-dependent
partition coefficient:
kp (c) =

(30)

1
Bp−1 + 2 f cb c + Bp ( f cb c)2

.

(33)

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 =

c̄α, j =

(31)

(27)

An order-of-magnitude analysis on the Brinkman equation
reveals that the viscous term only plays a significant role
when L̃ 2 ∼ 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 = −

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 average concentration of the layer:

ce±1

.
εe±1 kp (ce±1 ) + 1

(34)

Appendix 4: Governing equation for the equilibrium case
Assuming constant equilibrium between bound and free
drug concentration (Eq. 9), the governing equation (Eq. (7))
reduces to:

∂cT, j
1 
+ ∇ Λ j Pe0 uj cT, j − D j ∇cT, j = 0,
∂t
κ

(35)

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 .
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With a mean fiber radius of r̃f = 3.2 nm (Formaggia et al.
2009), the values for the SES and media can be calculated.

Appendix 5: Definition of porosities
The (effective) porosity ε j of layer j describes the ratio of
the pore space volume to the total volume:
fluid volume
.
fluid volume + fiber volume + SMC volume

εj =

Appendix 7: Diffusivity of sirolimus
(36)

The fiber matrix porosity εf, j of layer j describes the following volume ratios:
εf, j =

fluid volume
,
fluid volume + fiber volume

(37)


which for the media needs to be adjusted by the volume
fraction of SMCs
χSMC =

No experimental data on the diffusivity of sirolimus in blood
or blood plasma are 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:

SMC volume
fluid volume + fiber volume + SMC volume

r̃mol =

1
3

,

(43)

yielding


(38)
SIR
=
r̃mol

to yield the effective porosity in the media
εm = εf,m (1 − χSMC ) .

3 M̃
4π ρ̃ NA

(39)

In the subendothelial space, the (effective) porosity equals
the fiber matrix porosity due to the absence of SMCs.

M̃SIR
M̃PAX

1
3

PAX
r̃mol
= 1.23 × 10−9 m.

(44)

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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