
This article was downloaded by: [Massachusetts Institute of Technology]
On: 15 January 2013, At: 16:56
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Computer Methods in Biomechanics and Biomedical
Engineering
Publication details, including instructions for authors and subscription information:
http://www.tandfonline.com/loi/gcmb20

Modelling intravascular delivery from drug-eluting
stents with biodurable coating: investigation of
anisotropic vascular drug diffusivity and arterial drug
distribution
Xiaoxiang Zhu a , Daniel W. Pack b & Richard D. Braatz a
a Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge,
MA, 02139, USA
b Department of Chemical and Biomolecular Engineering, University of Illinois at Urbana-
Champaign, Urbana, IL, 61801, USA
Version of record first published: 18 Apr 2012.

To cite this article: Xiaoxiang Zhu , Daniel W. Pack & Richard D. Braatz (2012): Modelling intravascular delivery from drug-
eluting stents with biodurable coating: investigation of anisotropic vascular drug diffusivity and arterial drug distribution,
Computer Methods in Biomechanics and Biomedical Engineering, DOI:10.1080/10255842.2012.672815

To link to this article:  http://dx.doi.org/10.1080/10255842.2012.672815

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any substantial or systematic
reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any form to
anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae, and drug doses should
be independently verified with primary sources. The publisher shall not be liable for any loss, actions, claims,
proceedings, demand, or costs or damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.

http://www.tandfonline.com/loi/gcmb20
http://dx.doi.org/10.1080/10255842.2012.672815
http://www.tandfonline.com/page/terms-and-conditions


Modelling intravascular delivery from drug-eluting stents with biodurable coating:
investigation of anisotropic vascular drug diffusivity and arterial drug distribution

Xiaoxiang Zhua, Daniel W. Packb and Richard D. Braatza*
aDepartment of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139, USA; bDepartment of Chemical

and Biomolecular Engineering, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA

(Received 26 October 2011; final version received 29 February 2012)

In-stent restenosis occurs in coronary arteries after implantation of drug-eluting stents with non-uniform restenosis thickness
distribution in the artery cross section. Knowledge of the spatio-temporal drug uptake in the arterial wall is useful for
investigating restenosis growth but may often be very expensive/difficult to acquire experimentally. In this study, local
delivery of a hydrophobic drug from a drug-eluting stent implanted in a coronary artery is mathematically modelled to
investigate the drug release and spatio-temporal drug distribution in the arterial wall. The model integrates drug diffusion in
the coating and drug diffusion with reversible binding in the arterial wall. The model is solved by the finite volume method
for both high and low drug loadings relative to its solubility in the stent coating with varied isotropic–anisotropic vascular
drug diffusivities. Drug release profiles in the coating are observed to depend not only on the coating drug diffusivity but
also on the properties of the surrounding arterial wall. Time dependencies of the spatially averaged free- and bound-drug
levels in the arterial wall on the coating and vascular drug diffusivities are discussed. Anisotropic vascular drug diffusivities
result in slightly different average drug levels in the arterial wall but with very different spatial distributions. Higher
circumferential vascular diffusivity results in more uniform drug loading in the upper layers and is potentially beneficial in
reducing in-stent restenosis. An analytical expression is derived which can be used to determine regions in the arterial with
higher free-drug concentration than bound-drug concentration.

Keywords: drug-eluting stents; mathematical modelling; restenosis; anisotropic diffusivity; arterial drug distribution

1. Introduction

Drug-eluting stents have shown great benefits in reducing

in-stent restenosis after angioplasty procedures compared

with bare metal stents (Fattori and Piva 2003; Sousa et al.

2003; Santin et al. 2005; Daemen and Serruys 2007).

The device enables a prolonged local delivery of drugs,

such as sirolimus or paclitaxel, which are embedded in and

released from the polymeric stent-coating and can interrupt

certain stages in in-stent restenosis formation (Costa and

Simon 2005; Wessely et al. 2006; Deconinck et al. 2008).

Significant work has been carried out on stent design

(Bailey 2009), in-vitro drug release from polymeric stent-

coatingwith various configurations including drug type and

loading, coating polymer type and molecular weight, and

coating thickness (Ranade et al. 2004; Sharkawi et al. 2005;

Acharya and Park 2006; Kamath et al. 2006;

Venkatraman and Boey 2007), physiochemical drug

properties (Creel et al. 2000; Zhang et al. 2002;

Levin et al. 2004;Wessely et al. 2006), in vivo examination

of drug delivery and arterial drug uptake (Lovich and

Edelman 1995; Lovich et al. 1998; Creel et al. 2000; Hwang

and Edelman 2002; Hwang et al. 2005; Tzafriri et al. 2010),

and in-stent restenosis formation (Wentzel et al. 2001;

Murata et al. 2002; Carlier et al. 2003; Finkelstein et al.

2003; Takebayashi et al. 2004). Nevertheless, the various

factors lead to complexities in stent design and evaluation

and impede the development of drug-eluting stents.

Modelling and simulation methods promote the under-

standing of drug-eluting stent function and can facilitate the

improvement of device efficacy. Drug release from coating

and drug–vascular tissue interactions were studied in

one-dimensional models (Lovich and Edelman 1996;

Sakharov et al. 2002; Hossainy and Prabhu 2008).

Analytical solution for drug diffusion in one-dimensional

multilayer wall structure was also derived (Pontrelli and de

Monte 2010). Convective and diffusive transports of drug

in the arterial wall have been assessed for both hydrophilic

and hydrophobic drugs (Hwang et al. 2001). The effects

of thrombus (Balakrishnan et al. 2008), blood flow

(Borghi et al. 2008; Kolachalama et al. 2010), stent coating

(Balakrishnan et al. 2007) and strut position (Balakrishnan

et al. 2005) on stent-based drug delivery have been

investigated for a single strut in the axial profile of the

artery using a coupled computational fluid dynamics and

mass transfer model. In a cross-sectional model, drug

elution from a fully embedded stent strut was found to

be most effective with a bilayer gel paved stent (Grassi et al.

2009). Models with multiple struts have also been

developed to study the impact of different strut
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configurations (half, fully and not embedded) and

diffusivities on arterial drug uptake (Mongrain et al.

2007; Vairo et al. 2010). Mechanics and fluid dynamics

simulation have also been done to study stent expansion

and interaction with coronary artery (Zunino et al. 2009).

Additional questions arise as in-stent restenosis has

been experimentally observed to be more likely to occur in

stented coronary arteries with non-uniformly distributed

struts, and the maximum thickness occurred at the site with

maximum inter-strut angle in the artery cross section

(Takebayashi et al. 2004). Knowledge of the spatio-

temporal drug uptake in the arterial wall can provide some

insights into this observation. This paper mathematically

models the integrated process of (1) the delivery of a

hydrophobic drug from a drug-eluting stent with

biodurable polymeric coating and (2) drug distribution in

the arterial wall with reversible binding. The drug delivery

and distribution are studied in a detailed manner for

implications on improving device efficacy and reducing

in-stent restenosis for drug-eluting stents. Development of

such a model can potentially be used for the optimal stent

design in silico in the future to avoid suboptimal stent

designs and undesirable outcomes in patient treatments.

2. Methods

2.1 Description of the implanted stent

The drug-eluting stents studied in this paper have a

biodurable polymeric coating and delivers a hydrophobic

drug, which is the case for FDA-approved stents such

as CypherTM stents (Cordis, a Johnson & Johnson

Company, New Brunswick, NJ) and TaxusTM stents

(Boston Scientific, Natick, MA, USA). The cross section

of the coronary artery with an implanted eight-strut stent

is illustrated in Figure 1(a). The cross section for each strut

is assumed to be square with strut dimension a having a

typical value from Cypher stents (Bailey 2009). The struts

are assumed to be distributed evenly in the lumen with

same degree of strut embedment, Lp, in the arterial wall,

which is within the range of no embedment to total

embedment in the previous studies (Mongrain et al. 2007;

Grassi et al. 2009; Vairo et al. 2010).

A single strut section can be separated and studied using

the symmetry, as indicated by dotted lines in Figure 1(a).

Based on the small thickness of the coronary artery wall

(Lx , 200mm) compared to the diameter of the lumen

(2.5–3.5mm), the single strut section can be modelled

as a rectangular arterial wall domain, as in Figure 1(b).

The domain can be further reduced to half to increase the

computation speed by symmetry. The inter-strut distance

(distance between the centres of two adjacent struts), Ly, is

estimated for an eight-strut stent in a 3-mm-wide coronary

artery. The transmural and circumferential directions are

labelled as the x and y axes, respectively. Blood flow has a

direction into the paper plane. Parameters defining the

spatial dimensions are labelled in Figure 1(b), with their

values summarised in Table 1. The coating thickness d has

values in the literature within the range of 5–50mm

(Finkelstein et al. 2003), and a value of 50mm is used

consistent bywith previous modelling work (Mongrain et al.

2007; Vairo et al. 2010). Strut embedment in the wall can

range from no embedment to total embedment (Mongrain

et al. 2007; Grassi et al. 2009; Vairo et al. 2010), revealing

slightly different uniformity in drug distribution and higher

amount of drug in the arterial wall with increased degree of

embedment. In this study, the depth of strut embedment into

the wall Lp is used with a value close to half-embedment.

2.2 Mathematical model

The drug delivery process is described by drug diffusion in

the polymeric coating as Equation (1) and coupled drug

diffusion and reversible binding in the arterial wall as

Equations (2) and (3).

Free drug in the coating:

›C

›t
¼ D1

›2C

›x2
þ D1

›2C

›y2
: ð1Þ

Figure 1. (a) Cross-sectional view of an implanted stent in a
coronary artery. Dashed lines show a reduced domain by
symmetry. (b) Extracted single strut domain with partial
embedment into the arterial wall.

X. Zhu et al.2

D
ow

nl
oa

de
d 

by
 [

M
as

sa
ch

us
et

ts
 I

ns
tit

ut
e 

of
 T

ec
hn

ol
og

y]
 a

t 1
6:

56
 1

5 
Ja

nu
ar

y 
20

13
 



Free drug in the arterial wall

›C

›t
¼ D2x

›2C

›x2
þ D2y

›2C

›y2
2 kaðS0 2 BÞC þ kdB: ð2Þ

Bound drug in the arterial wall

›B

›t
¼ kaðS0 2 BÞC 2 kdB: ð3Þ

Drug transport by diffusion has been identified as the

dominant mechanism in the arterial wall (Lovich and

Edelman 1995) and convective drug transport in the wall is

not considered, same as in most models (Balakrishnan et al.

2007, 2008). The coating drug diffusivity (D1) studied has a

range of 0.01–1mm2/s (Sakharov et al. 2002; Mongrain

et al. 2007), and the isotropic vascular drug diffusivity

has a higher range of 0.1–10mm2/s (Creel et al. 2000; Levin

et al. 2004). Anisotropic vascular drug diffusivity is

investigated, where the transmural vascular diffusivity

(D2x) has the same range as that of the isotropic vascular

diffusivity, while the circumferential vascular diffusivity

(D2y) can be the same as the transmural diffusivity for large

drugmolecules or one or two orders larger in magnitude for

decreasing drug molecule sizes (Hwang and Edelman

2002). Drug binding in the wall is described as a first-order

reversible reaction, C þ S!
ka
ˆ
kd

B, characterised by an

association (binding) rate constant ka reacting free drug

(C) with binding site (S) into bound drug (B), and a

dissociation (unbinding) rate constant kd (Lovich and

Edelman 1996; Sakharov et al. 2002; Borghi et al. 2008).

The amount of available binding sites S at each location

within thewall can be tracked by the difference between the

initial binding sites concentration S0 and the bound drug

concentration B. Reported values for the association

(dissociation) rate constants ka (kd) (Zhang et al. 2002)

and binding site concentrations (S0) (Levin et al. 2004) are

used as in Table 1.

At each interface in Figure 1(b) (defined by the length

dimensions), the boundary conditions are expressed in flux

form. At the arterial wall–perivascular space interface, the

flux is expressed as (Hwang et al. 2001)

Jwp ¼
1

Rwp

Cw

kwp
2 Cp

� �
; ð4Þ

where Cp is the perivascular drug concentration, Cw is the

drug concentration on the arterial wall side of the

interface, kwp is the partition coefficient (defined as

kwp ¼ ½Cw=Cp�equililbrium) and Rwp is the mass transfer

resistance (Hwang et al. 2001). The boundary conditions at

the lumen–coating interface and the lumen–arterial wall

interface can be written in a similar way as Equation (4).

While a washed-out boundary condition is usually adopted

for a hydrophilic drug such as heparin (Lovich and

Edelman 1996; Sakharov et al. 2002), for hydrophobic

drugs such as sirolimus and paclitaxel a zero-flux

boundary condition is justified and used as described

below.

For hydrophobic drugs such as sirolimus and

paclitaxel, studies (Levin et al. 2004; Tzafriri et al. 2010)

have shown strong partitioning of the drugs into the arterial

wall at the lumen–arterial wall interface, even in the

presence of binding proteins or in serum (Lovich et al.

2001). These experimental observations and a high

resistance imposed by the intima (Lovich et al. 1998) can

greatly damp the drug depletion into the blood and result in

a negligible drug flux into the lumen. In addition, the drug

uptake by the bloodstream was found to be a very limited

part of the drug initially stored in the polymer coating

(Borghi et al. 2008), while simulations have indicated that

the blood flow rate and drug diffusivity in the blood have

Table 1. Model parameters and values.

Dimensions
Strut dimension a 140mm (Bailey 2009)
Strut coating thickness d 50mm (Mongrain et al. 2007)
Strut embedment Lp No embedment , total embedment
Coronary artery wall thickness Lx 200mm (Lovich and Edelman 1996)
Inter-strut distance Ly 1000mma

Model parameters
Initial drug concentration in the coating C0 1025 M (Sakharov et al. 2002)
Coating drug diffusivity D1 0.01 , 1mm2/s (Mongrain et al. 2007)
Isotropic vascular drug diffusivity D2 0.1 , 10mm2/s (Levin et al. 2004)
Transmural vascular drug diffusivity D2x 0.1 , 10mm2/s
Circumferential vascular drug diffusivity D2y 1 , 100 D2x (Hwang and Edelman 2002)
Association rate constant (binding) ka 104 M21 s21 (Zhang et al. 2002)
Dissociation rate constant (unbinding) kd 0.01 s21

Resistance at perivascular boundary Rwp 5 , 100 s/mm (Hwang et al. 2001)
Initial binding site concentration S0 1025 M (Levin et al. 2004)
Partition coefficient at the perivascular boundary kwp 1 (Creel et al. 2000)
Partition coefficient at the coating–arterial wall interface kcw 1 (Balakrishnan et al. 2007)

a Estimated for an eight-strut stent in a 3-mm-wide coronary artery.

Computer Methods in Biomechanics and Biomedical Engineering 3
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negligible effects on the amount of accumulated drug in the

arterial wall (Mongrain et al. 2007). Furthermore, it is the

drug transported into the arterial wall that can be effective

in suppressing restenosis (Costa and Simon 2005). Based

on these facts, a simplification of neglected drug flux at the

lumen–vascular wall and the lumen–coating interfaces is

justified.

At the perivascular boundary, drug concentration in

the perivascular space (Cp) is assumed zero and the mass

transfer resistance (Rwp) has a reported range of 5–

100 s/mm (Hwang et al. 2001; Sakharov et al. 2002). Zero

flux boundary condition applies to the other interfaces

including the coating–strut interface and right–left wall

boundaries (due to symmetry). The boundary conditions at

the wall–coating interface are described by concentration

partitioning and flux matching (Equations (5) and (6)).

Ccoating ¼ kcwCwall; ð5Þ

2D1
›C
›x

��
coating

¼ 2D2
›C
›x

��
wall

;

2D1
›C
›y

���
coating

¼ 2D2
›C
›y

���
wall

:
ð6Þ

Values of one are used for the partition coefficients at the

coating–vascular wall interface (kcw) (Balakrishnan et al.

2007) and perivascular boundary (kwp) (Creel et al. 2000).

Initial conditions for simulation include uniformly

dispersed drug in the polymer coating at concentration C0,

absence of both free and bound drug in the arterial wall,

and uniform binding sites throughout the arterial wall at

concentration S0.

2.3 Numerical simulation

The mathematical model was simulated using the finite

volume method. To illustrate how the numerical scheme

was developed, for a mesh cell of size Dx by Dy centred at

(x, y), Equation (2) can be expressed as

d

dt

ðxþðDx=2Þ

x2ðDx=2Þ

ðyþðDy=2Þ

y2ðDy=2Þ

Cðx; y; tÞdxdy

¼ Jxjx2ðDx=2Þ;yDy2 JxjxþðDx=2Þ;yDy

þ Jy
��
x;y2ðDy=2Þ

Dx2 Jy
��
x;yþðDy=2Þ

Dx

2 ka

ðxþðDx=2Þ

x2ðDx=2Þ

ðyþðDy=2Þ

y2Dy=2Þ

ðS0 2 Bðx; y; tÞÞCðx; y; tÞdxdy

þ kd

ðxþðDx=2Þ

x2ðDx=2Þ

ðyþðDy=2Þ

y2Dy=2Þ

ðBðx; y; tÞÞdxdy;

ð7Þ

where Jx and Jy correspond to the fluxes in the x and y

directions, respectively. Applying a forward-difference

approximation for the time derivative with a time step Dt

and mesh size h ¼ Dx ¼ Dy results in

�C
nþ1
i;j 2 �C

n
i;j

Dt
¼
1

h
Jxj

n
i2h=2;j 2 Jxj

n
iþh=2;j þ Jy

��n
i;j2h=2

�

2Jy
��n
i;jþh=2

�
2 ka S0 2 �B

n
i;j

� �
�C
n
i;j þ kd �B

n
i;j;

ð8Þ

where superscript n is the time index, subscripts i, j are the

indices for x, y coordinates of the mesh cell, ^ h/2 are the

boundaries with neighbouring mesh cells and �C and �B are

the average of the free- and bound-drug concentrations

over the mesh cell centred at (i, j) at time index n. The flux

across boundary of two adjacent mesh cells was calculated

by a second-order centred difference, i.e.

Jxj
n
i2h=2;j ¼ 2D

�C
n
i;j 2

�C
n
i21;j

h
:

The numerical simulations were implemented in

Matlab 2010b running on an Intel-based personal

computer. The explicit numerical scheme used forward-

time centred-space discretisation (Durran 1999). Standard

Von Neumann stability analysis of the numerical scheme

and further consideration to avoid over-damping gave a

criterion of ðDt=h2ÞD2 # ð1=8Þ. Similar procedures can be

used to derive the stability condition for anisotropic

diffusion as ðDt=h2ÞðD2x þ D2yÞ # ð1=4Þ. This criterion is

a sufficient condition for numerical stability as the binding

reaction terms in Equation (8) are overall negative. While

satisfying the stability condition, each simulation was run

at several decreasing time steps ranging from 2 to 0.1 s

with an optimised spatial discretisation (14,000 mesh

cells) until the release profiles in the coating were within

the difference of 1%. The correctness of the Matlab

implementation was also assessed by reducing the code to

a 1D transmural diffusion problem at the high drug loading

case, which was subsequently verified with analytical

solution.

Values of the parameters used in the simulation are

summarised in Table 1. Isotropic vascular drug diffusivity

(D2) was first investigated, followed by an anisotropic

vascular drug diffusivity study.

2.4 Dimensional analysis

Some insights of the system characteristics can be

obtained by carrying out dimensional analysis.

The characteristic lengths of the coating domain and the

arterial wall domain are the coating thickness d and

lengths Lx and Ly/2, respectively. Define �C ¼ C=C0, �B ¼

B=S0 and non-dimensionalise Equations (1)–(3) to obtain

Equations (9)–(11) in Table 2.

Three characteristic timescales appear, t1, t2, t3,

corresponding to diffusion in the coating, transmural

X. Zhu et al.4
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diffusion and the binding reaction. An evaluation of the

magnitude of the three groups gives t1 , 103–105 s,

t2 , 103–105 s and t3 , 102 s, which indicate that

reversible binding is very fast compared to diffusion.

The relative significance of diffusion and reversible

binding in the wall is also implied by their correspond-

ing dimensionless groups in Equation (10). Compared

with the coefficient of transmural diffusion component

(which is one), the reaction components have very large

coefficients (known as Damköhler numbers), G2 , 102–

104 and G3 , 101–103, which also implies that the

binding reactions play a very strong role in the spatio-

temporal dynamics. The competition between associ-

ation and dissociation reactions is quantified by

G2/G3 ¼ 10 in Equation (11), which indicates a

preference of association over dissociation.

The competition between transmural and circumfer-

ential diffusion in the arterial wall is implied by the

dimensionless group G1. With increasing D2y, the group

G1 increases from,1021 to,10, revealing an increasing

importance of circumferential diffusion in Equation (10)

compared with transmural diffusion.

3. Results and discussion

3.1 Low drug load (C0 # Cs)

The drug is dissolved in the polymer matrix when the

loading is equal to or less than the solubility, and the drug

transport in the coating is purely diffusion controlled

(Cohen and Erneux 1998). Due to the absence of drug

aggregates, the dissolved drug concentration in the stent

coating depletes gradually with the release.

3.1.1 Drug release profiles from the stent coating

The release rate decreases significantly with reduced

coating drug diffusivity (D1), when the isotropic vascular

drug diffusivity (D2) remains constant (see Figure 2).

Lower coating diffusivity is associated with prolonged

drug release, which is in agreement with previous studies

(Balakrishnan et al. 2007; Mongrain et al. 2007). Within

the simulated range of coating diffusivity D1, more than

90% of the total drug is released in the first 100 h at a

high D1 value of 1mm2/s, while a two-order lower D1

ensures a prolonged release of the drug by releasing less

than 70% within 400 h. Meanwhile, changes in the

vascular diffusivity D2 and the presence of binding in the

wall both affect the drug release process. Compared to the

same change in D1, increment in an order in the

magnitude of D2 significantly enhances the release rate as

well. Elimination of the binding reactions results in a

slightly reduced release rate, explained by the fact that

with binding a greater concentration gradient is produced

in the wall by transferring free drug into bound form

(Sakharov et al. 2002), and thus faster drug transport from

the coating–wall interface. These findings suggest a

potentially significant impact of drug–arterial wall

interactions on the drug release from an implanted

stent. In a clinical application of an implanted stent, even

more complexity may arise due to the physiological

environment compared with the simplified domain in this

model. This impact leads to a difference from in vitro

release measurements carried out in buffer solutions.

In particular, for a drug-eluting stent with hydrophobic

drug, where the drug dissipation into blood is small or

negligible, drug–arterial wall interactions can vary the

release profiles greatly.

Table 2. Non-dimensionalised equations.

ð› �C=›ðt=t1ÞÞ ¼ ð›2 �C=›ðx=dÞ2Þ þ ð›2 �C=›ðy=dÞ2Þ (9)

› �C=›ðt=t2Þ ¼ ð›2 �C=›ðx=dLxÞ
2Þ þ G1ð›

2 �C=›ð2y=LyÞ
2Þ2 G2ð12 �BÞ �Cþ G3

�B (10)

› �B=›ðt=t3Þ ¼ ðG2=G3Þð12 �BÞ �C2 �B (11)

Characteristic timescales and dimensionless groups

t1 ¼ d 2=D1
t2 ¼ L2x=D2x t3 ¼ 1=kd

G1 ¼ ðL2x=D2xÞ=ðL
2
y=4D2yÞ

G2 ¼ ððL2x=D2xÞ=D2xÞkaS0 G3 ¼ ðL2x=D2xÞðkaS0=C0Þ

Figure 2. Drug release profiles in the stent coating at different
diffusivities (with binding) and in non-binding case (the
diffusivities are in units of mm2/s).

Computer Methods in Biomechanics and Biomedical Engineering 5
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3.1.2 Spatially averaged drug concentration

Two types of drug forms exist in the arterial wall: free drug

and bound drug. The temporal profiles for the spatial

average of both drug concentrations in the arterial wall

were simulated (i.e. the integral of the concentration over

the arterial wall domain in Figure 1(b) divided by its

volume). The spatially averaged bound-drug concentration

was about an order of magnitude higher than that of free

drug in Figure 3, which is consistent in magnitude with the

ratio of their dimensional groups, G2/G3 ¼ 10. This also

implies the preferred association than dissociation in the

reversible binding process. For each simulated diffusivity

pair (D1, D2), the spatially averaged bound- and free-drug

concentrations have similar trends over time.

The spatially averaged free- and bound-drug concen-

trations in the arterial wall approach quasi-steady values

that reduce slowly for most (D1, D2) pairs (see Figure 3).

The time needed to reach peak concentrations for both

bound and free drugs can be estimated by the diffusion

time in the transmural direction, t2. Evaluation with the

real dimensions (reduced transmural distance due to strut

embedment) in Figure 1(b) gives t2 ¼ 33.6 h for

D2 ¼ 0.1mm2/s, which is in agreement with the peak

positions for corresponding plots in Figure 3. Besides,

noticeably the quasi-steady spatially averaged drug

concentrations are dominated by the diffusivity in the

wall, D2, rather than the diffusivity through the stent

coating, D1. While all three (D1, D2) pairs with the same

D2 (0.1mm2/s) achieved similar quasi-steady spatially

averaged drug concentrations, the fourth (D1,D2) pair with

an order of magnitude of higher D2 (1mm
2/s) had a much

lower quasi-steady drug concentration (see Figure 3).

Under quasi-steady conditions, both diffusion and binding

achieve a dynamic equilibrium throughout the arterial

wall, and with the drug dissipation in the arterial wall

occurring through the perivascular space, the binding

kinetics and the vascular diffusivity D2 provide the trade-

off that specifies the quasi-steady spatially averaged drug

concentrations. Higher vascular drug diffusivity speeds the

transport of free drug through the arterial wall and faster

dissipation of drug at perivascular boundary.

While the quasi-steady spatially averaged drug

concentrations are similar for the same vascular diffusivity

D2, the spatially averaged drug concentrations are higher

in early times for increased stent coating diffusivity D1

(see Figure 3). The higher D1 results in faster initial drug

transport through the stent coating into the arterial wall

(Mongrain et al. 2007), before approaching quasi-steady

spatially averaged drug concentrations. These obser-

vations can provide some guidance in the design of the

stent coating to maintain the vascular drug concentrations

within the therapeutic window throughout the treatment.

3.1.3 Anisotropic diffusivities in the wall

The vascular drug diffusivity can be anisotropic in the

transmural and circumferential directions in the coronary

artery wall, mainly attributed by the flat shape of the

smooth muscle cells (Hwang and Edelman 2002). For

small drug molecules, the circumferential vascular

diffusivity can be as high as orders of magnitude larger

than the transmural diffusivity, but the anisotropy in the

diffusivity gradually diminishes with increasing drug

molecules. Although anisotropic diffusivity was

accounted for some of the studies (Hwang et al. 2001;

Vairo et al. 2010), there has not been a full investigation on

this property. Here, diffusivity anisotropy in the arterial

wall is studied in detail for its impact on the drug

concentration and distribution in the wall.

The spatially averaged drug concentrations in the

arterial wall were enhanced with increased circumferential

vascular diffusivity D2y, when the transmural diffusivity

D2x remains the same (see Figure 4). With increased D2y,

the diffusion in the circumferential direction competes

overpenetration through the arterial wall (Hwang and

Edelman 2002), reducing the penetrated drug concen-

tration close to the perivascular interface and correspond-

ing local drug dissipation. This allows a longer time for the

arterial drug build-up and as a result the peak times for

anisotropic cases are observed to be shifted slightly to the

right compared to the isotropic case (Figure 4). Mean-

while, increased circumferential vascular diffusivity

transports drug in the arterial wall away from the stent

coating more quickly, resulting in faster drug release from

the stent coating. These factors mentioned contribute to

the enhanced spatially averaged bound-drug concen-

trations at increased D2y. In early times, the spatially

averaged free-drug concentration is slightly lower at

enhanced circumferential diffusivity due to the increased

availability of binding sites within the arterial wall where

drug has diffused. With the anisotropy ratio (ratio of

Figure 3. Spatially averaged free- and bound-drug concentrations
in the arterial wall for different coating and vascular diffusivities
(mm2/s).
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circumferential diffusivity to transmural diffusivity,

D2y/D2x) increased from 10 to 100, the corresponding

increment in the quasi-steady drug concentrations

becomes less significant. This observation is partly

explained as that when the circumferential diffusion is

very fast compared with transmural penetration, the latter

becomes the dominant limitation for drug transport in the

wall and dissipation at the perivascular side. More details

are included in following discussions for Figure 5.

Anisotropic diffusivity changes the spatial distribution

of drug in the arterial wall greatly (Figure 5). Depending

on the particular value of the vascular diffusivity

anisotropy ratio, drug concentrations can range from

being highly non-uniform along the circumference of the

arterial wall (Figure 5(A-1)) to being highly uniform

(Figure 5(C-1)), whereas a concentration gradient always

exists in the transmural direction. At very high anisotropy

ratios, the drug concentrations can be well approximated

as only being a function of time and depth in the

transmural direction (Figure 5(C-1)).

The time evolution of the drug concentrations at

positions P1 and P2 (near the left and the perivascular

boundaries in Figure 1(b)) are shown in Figure 5 as well.

With increasing circumferential diffusivity D2y, the free-

and bound-drug concentrations at P1 increase, and those at

P2 decrease. The reduced local drug concentrations at P2 at

increased circumferential diffusivity further reduce the

drug dissipation at the perivascular boundary, resulting in

the slightly higher spatially average drug concentrations

observed in Figure 4.

The first appearance of drug at P1 and P2 corresponds

to the diffusion time in each direction (see right column in

Figure 5). For isotropic diffusion in Figure 5(A-2), the

diffusion time in the circumferential direction is a lot

longer than the penetration time. The drug distribution is

very non-uniform in the circumferential direction when

transmural penetration is already achieved, and areas with

negligible drug concentrations exist far away from the

strut (see Figure 5(A-1)). Similar results on free-drug

concentration distribution have been reported in a model

where drug binding was absent (Hwang et al. 2001). The

lack of drug in upper layers far away from the strut in the

circumferential direction can be a serious factor of

restenosis occurrence, as high drug concentrations in the

upper layers of wall is more important than penetration in

suppressing restenosis (Wessely et al. 2006). This lack of

drug in the upper layers of the arterial wall away from the

stent strut after implantation also provides a potential

explanation to the reported observation that the thickest

restenosis occurs at the largest inter-strut angle site, where

two stent struts are further apart due to uneven stent

placement (Takebayashi et al. 2004). This finding could

further contribute to the observed asymmetric neointimal

thickness distribution in arterial cross section, for which

higher wall shear stress was considered as an important

factor to induce less neointimal growth (Wentzel et al.

2001; Carlier et al. 2003).

For D2y ¼ 10D2x, the time evolution of the free- and

bound-drug concentrations at the locations P1 and P2 in

Figure 5(B-2) shows comparable diffusion times with both

positions initially receiving drug at a similar time. With

even higher D2y (100D2x), the diffusion time in the

circumferential direction is much shorter compared to that

of penetration (see Figure 5(C-1),(C-2)). In this case, a

very fast coverage of drug in the upper media layers is

achieved, and nearly uniform drug concentrations in the

circumferential direction are produced. The potential

adverse effect of unevenly placed struts could be greatly

reduced, compared with isotropic diffusion. These

simulations indicate that drugs with high diffusivity

anisotropy in the arterial wall are preferable from the

clinical point of view, in terms of achieving higher and

more uniform drug concentration in the upper layers of the

arterial wall.

3.2 High drug load (C0 > >Cs)

In clinical applications, high drug loadings are used which

are very often orders of magnitude higher than the

solubility in the matrix and most of the drug is dispersed in

the polymer matrix in aggregated form (Acharya and Park

2006). While the drug is released from the stent coating,

the dynamic equilibrium between drug aggregates and

dissolved drug ensures a continuous drug supply. When

reaching a dynamic equilibrium is fast compared to the

release, the drug concentration can be assumed as constant

at its solubility within the coating, similar to the

continuum pharmacokinetics situation investigated in

some works (Kolachalama et al. 2010). In this case, the

spatially averaged drug concentrations in the arterial wall

achieve quasi-equilibrium values (as in Figure 6) until the

Figure 4. Spatially averaged free- and bound-drug
concentrations in the arterial wall at different circumferential
diffusivities (D2x ¼ 0.1mm2/s).
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drug aggregates in the coating is eventually depleted.

Shorter times are required to achieve quasi-equilibrium

with increased circumferential diffusivity, and the quasi-

equilibrium drug concentrations are enhanced. Due to the

availability of the prolonged drug source, the trend of

enhancement is more significant here than in Figure 4.

The drug distribution profiles for isotropic vascular

diffusivity indicate that quasi-equilibrium has not yet

Figure 5. (A,B,C-1): drug concentration fields at different circumferential diffusivities at 100 h with low drug loading in the coating
(logarithmic plots, D2x ¼ 0.1mm2/s, x and y axes are dimensions in mm); (A,B,C-2): time evolution of drug concentrations (mM) at point
P1 (blue) and point P2 (red), free (- -) and bound (—) drug. (A) D2y ¼ D2x, (B) D2y ¼ 10D2x and (C) D2y ¼ 100D2x.
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fully established after 400 h due to the slow diffusion

in the circumferential direction (Figure 7(A-1,2)).

The low quasi-equilibrium drug concentrations at sites

far away from the strut in the circumferential direction

lends support to the finding in the previous section that

maximum restenosis thickness at maximum inter-strut

angle is related to lack of drug in that position.

Quasi-equilibrium was established quickly when the

circumferential diffusivity D2y is enhanced (cases B and

C in Figure 7). In Figure 7(B-1), the free-drug

concentration forms a clear gradient centred at the

strut even at quasi-equilibrium, indicating non-uniform-

ity of drug concentration in both circumferential and

transmural directions. When D2y is increased to 100D2x

as in Figure 7(C-1), the fast circumferential diffusion

compared with penetration resulted in planar layers

containing uniform equilibrium drug concentrations, and

layers form a drug gradient downward the arterial wall,

similar to Figure 5(C-1).

The concentrations at boundary points P1 and P2 (as

located in Figure 1(b)) in Figure 7(A),(B),(C-2) have a

similar initial trend as those in Figure 5, while reaching at

constant quasi-equilibrium levels. In Figure 7(C-2), the

free-drug concentration at quasi-equilibrium is higher than

that of the bound drug at P1. A careful investigation of C-1

shows that this circumstance is true for a large vascular

area neighbouring the strut. Although part of the arterial

wall has higher free-drug level than that of bound drug, the

spatially averaged concentration is still lower for free drug

(see Figure 6), as expected from the preferred association

with dissociation in binding. These simulations show that,

while the spatially averaged concentrations have higher

bound-drug concentration than that of free-drug concen-

tration, this observation does not necessarily hold for

individual vascular sites.

The critical condition for the occurrence that free-drug

concentration exceeds that of bound-drug concentration

can be derived. Assuming at equilibrium conditions, the

rates of association and dissociation in Equation (3) are

equal, kaCðS0 2 BÞ ¼ kdB. This equation can be rearranged

to solve for the free-binding-site concentration in terms of

the free-drug concentration, B ¼ KCS0=ðKC þ 1Þ, where

K ¼ ka/kd is the binding equilibrium constant. For a higher

concentration of free drug than bound drug, or C . B, the

condition can be reduced to C . S0 2 1=K. Because the

highest free-drug concentration in the wall occurs at

the coating–wall boundary, where C ¼ Cs/kcw, and the

inequality becomes Equation (12),

Cs

kcw
. S0 2

1

K
: ð12Þ

When this inequality is satisfied, higher free-drug

concentration can occur in the region close to the strut.

Furthermore, the relationship also defines the boundary of

equal free- and bound-drug concentrations in this work,

which is met by C ¼ S0 2 1=K ¼ 9mM.

4. Conclusion

The intravascular drug delivery of a hydrophobic drug

from a drug-eluting stent and coupled drug binding

and distribution in the arterial wall were modelled

simultaneously. Dimensionless groups were derived to

provide insights into the relative importance of

directionally dependent diffusivities and reversible

binding on the spatio-temporal distribution of drug

in the surrounding arterial wall. Drug release from

an implanted drug-eluting stent is affected by the

surrounding arterial wall via the vascular drug diffusivity

and reversible binding reaction, which implies a

potentially large difference from in vitro release

behaviours of a hydrophobic drug. Moreover, the average

drug concentrations in the arterial wall at quasi-steady

state are observed to be greatly determined by

the vascular drug diffusivity rather than the coating

drug diffusivity. Anisotropic vascular drug diffusivities

result in slightly different spatially averaged drug

levels but with very different spatial distributions, and

higher free-drug concentration than bound-drug concen-

tration can occur in the arterial wall. For the latter, the

critical condition of occurrence was derived as

Cs=kcw . S0 2 1=K. Higher circumferential vascular

diffusivity reduces the drug gradient in the circumfer-

ential direction and produces more uniformly loaded

drug layers, which can be beneficial in reducing in-stent

restenosis after drug-eluting stent implantation. Simu-

lation results as presented here provide insights as to how

Figure 6. Spatially averaged free- and bound-drug
concentrations (mM) in the arterial wall under continuous drug
release from the stent coating at high drug loading
(D2x ¼ 0.1mm2/s).

Computer Methods in Biomechanics and Biomedical Engineering 9

D
ow

nl
oa

de
d 

by
 [

M
as

sa
ch

us
et

ts
 I

ns
tit

ut
e 

of
 T

ec
hn

ol
og

y]
 a

t 1
6:

56
 1

5 
Ja

nu
ar

y 
20

13
 



Figure 7. (A,B,C-1), drug distribution profiles at different circumferential diffusivities at 400 h with high drug loading in the coating
(D2x ¼ 0.1mm2/s, x and y axes are dimensions in mm); (A,B,C-2), concentration (mM) evolution at point P1 (blue) and point P2 (red), free
(- -) and bound (—) drug. (A) D2y ¼ D2x, (B) D2y ¼ 10D2x, (C) D2y ¼ 100D2x.
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changes in drug properties (such as its directional

diffusivities) influence spatial uniformity in the arterial

wall and show potential guidance for designing drug-

eluting stents with improved efficacy.
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