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On the Role of Luminal Flow and Interstrut
Distance in Modelling Drug Transport from
Half-Embedded Drug-Eluting Stent
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Abstract- A model for investigating the transport of drug from a half-embedded drug-eluting stent (DES) is developed.
Keeping the relevance of the physiological situation in view, the luminal drug transport is considered as an unsteady
convection-diffusion process, while the drug transport within the arterial tissue is supposed to commence as a diffusion
process. The Marker and Cell (MAC) method has been used to handle numerically the governing equations of motion
for the luminal flow and the drug transport through the lumen and the tissue. The effects of quantities of significance
such as Reynolds number (Re), Womersley number («) and interstrut distance on the transport of drug through both the
lumen and the tissue are quantitatively investigated. Our simulation predicts that the mean concentration of drug
increases with the decreases of Reynolds number and with an increase in the Womersley number. The present results
also predict a single peak profile of drug concentration when the pair of struts are placed one-half strut width and also
as the interstrut distance increases, distinct peaks form over each strut.

Keywords: embedded drug-eluting stent; flow pulsatility; interstrut distance; convection; womersley number.

I. [NTRODUCTION

Atherosclerosis is a disease that affects coronary, carotid and other peripheral arteries in
the body. Coronary artery disease (CAD) pertains to a blockage or narrowing of coronary
arteries. Once detected as such, there are a number of interventional ways to alleviate a
stenosis in a coronary artery. Drug-eluting stents have drastically reduced the rate of in-stent
restenosis compared to bare-metal stents (BMS®) viz. 8.9% after eight months compared to
36.6% for BMS in the same study [35] and have since become the most choice for treatment
of coronary arteries afflicted with advanced atherosclerotic lesions [34]. The success of DES
is usually associated with the effective local delivery of potent therapeutics to the target site
with programmed pharmocokinetics. The local drug concentrations achieved are directly
correlated with the biological effects and local toxicity, and establishing the optimum dose
to be delivered to the tissue remains a challenge in DES design and manufacturing [3, 11, 32].
The association of tissue prolapse (i.e. the deflection of the tissue between the struts of the
stent) and in-stent thrombosis has also been reported in several studies [30, 27, 9]. Some
researchers [13, 16, 5] are on the opinion that platelet activation, endothelium injury and
inadequate antiplatelet therapy plays an important role for in-stent thrombosis. A number of
experimental and numerical studies on DES have been carried out in recent past to address
the issues like its efficiency and safety [4, 18, 2, 6, 21, 28, 29, 31, 22].

McGinty et al. [20] have included the layer structure of the arterial wall into their 1D studies.
Zunino et al. [36] opined that model based on dimension reduction enable a comprehensive
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geometrical and physical description of stenting at affordable computational costs. Kolacha-
lama et al. [14, 15] studied the impact of luminal flow on the drug transport from DES and
they concluded that the use of DES requires a complex calculus that balances vascular and
stent geometry as well as luminal flow. They showed that the flow imposes recirculation
zones distal and proximal to the stent strut that extends the coverage of tissue absorption of
eluted drug and induce asymmetry in drug distribution within the arterial tissue. Balakrish-
nan et al. [1] studied the coupled computational fluid dynamics and drug transport model
in an idealised stented artery to predict drug deposition in single and overlapping DES and
showed that the drug deposition appeared not only beneath regions of arterial contact with
the strut but also beneath stagnant drug pools created by the separation flow. Hwang et
al. [12] investigated the behaviour of hydrophobic and hydrophilic drugs as a convection-
diffusion process and showed that the asymmetric strut distribution has a higher effect on
hydrophilic drug distribution in comparison with hydrophobic one. Gogineni et al. [7] com-
pared various stent geometries in order to determine most hemodynamically favourable stent.
Models with multiple struts have also been developed to study the impact of different strut
configurations and diffusivities on arterial drug distribution [2, 3, 8, 24, 25, 33]. Moreover,
as the impact of flow pulsatility on arterial drug uptake is being increasingly characterised,
several factors associated with the pulsatile nature of blood flow on arterial drug deposition
have not been fully understood [26].

In an effort to better understand the validity and applicability of model assumptions, the
present in silico investigation deals with the transport of drug from a half-embedded DES.
This model is believed to be an extension of our previous model [19]. Here, we study
the importance of flow pulsatility and interstrut distance on the drug transport within the
framework of coupled computational fluid dynamics and mass transfer model. The govern-
ing equations of motion of unsteady momentum and mass transfer are successfully solved
numerically by MAC method primarily introduced by Harlow and Welch [10]. The primary
objective of the present study is to explore the effects of essential issues like Reynolds num-
ber, flow pulsatility, interstrut distance as well on the wall shear stress, the luminal drug
concentration and the drug concentration within the arterial tissue by using relatively sim-
ple finite difference scheme in rather complex geometries. The novelty of the study lies in
the inclusion of strut embedment and flow pulsatility on the unsteady distribution of both
the mass and momentum transport. In this investigation, embedment of the strut in the
arterial wall is assumed to be 50% only as the effect of embedment reveals only the change
in magnitude of drug concentration by keeping the overall behaviour and the conclusions
drawn unaltered [2].

[I.  MATERIALS AND METHODS

a) Model geometry

The computational domain consists of a long axial arterial section of length L idealised as a
rectangle where the embedded struts are assumed to be circular. The arterial wall thickness
is taken to be 5 times of strut diameter (d) and the lumen to be 15-fold wide (cf. Figure
1). The size of strut and interstrut distance are adapted from the geometry introduced by
Mongrain et al. [24]. We define a therapeutic zone for drug delivery consisting of a pair
of half-embedded struts together with the upstream length (zy) and the downstream length
(z1). All the simulation results are for this domain.

b) Dimensionless governing equations and boundary conditions

The streaming blood is assumed to be unsteady and Newtonian past a two-dimensional
axi-symmetric stented artery and is thus governed by the time-dependent Navier-Stokes
equations whose forms are as
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where r and z are the dimensionless coordinates scaled with respect to the radius of the
unstented arterial lumen (a) and strut diameter (d) respectively while z-axis is located along
the symmetry axis of the artery. The nondimensional components of the velocity along the
axial and the radial directions are denoted by w and w respectively. The Reynolds number
(Re) and the scaling parameter ¢ may be defined as Re = &;“, € = % where U is the
centreline velocity of the Poiseuille flow, p and p are the density and the viscosity of the

flowing blood respectively.

The unsteady convection-diffusion equation representing the transport of drug in the lumen
may be written as

Jcy 0 5, ucy] o € (D*c; 10cy = 0%y
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in which the luminal Peclet number Pey = %; Dy, the drug diffusion coefficient in blood.

Here ¢y denotes the dimensionless luminal drug concentration.
Drug transport within the tissue has been represented by the unsteady diffusion process as

dc € (0%, 10c &c
= (st el ) (5)
ot Pe, \ Or2  r Or 072
where ¢; is the dimensionless concentration of drug in the tissue and Pe; (= %) stands for
the Peclet number in the tissue. Here D, is the drug diffusion coefficient in the tissue.
In the lumen, symmetry boundary conditions were applied at the flow centreline:
ow aCf
—=0=u,— =0 on r=0. 6
or or (6)

No slip boundary condition have been imposed on lumen-strut (I'ys) and lumen-tissue (I'y,)
interfaces:

w=0=u on r=Ry (=T, UT). (7)

Continuity of flux has been maintained at the lumen-tissue interface (I'y,) and release of
drug from the struts has been simulated as a Dirichlet boundary condition with a drug
concentration of unity at strut surfaces (I'ys and I'y;):

aCf 6ct
L% on T,
gy or onte (8)
cp=1 on I, 9)
=1 on Ty, (10)

where Dy, stands for the ratio of Dy and Dj.
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A pulsatile velocity profile is imposed at the luminal inlet (I'y;,) [17]

7,2

w=(1-—=5)w(t),u=0 on Iy, (11)
Ry

where w(t) = [1 + kcos(eg%it)], k is the dimensionless amplitude and a(= ,/dlﬂ) is the
Womersley number in which w is the frequency. Also, drug concentration was set to zero at
the luminal inlet i.e.

cg=0 on Iy, (12)
At the luminal outlet (I'y ouz), zero velocity and concentration gradients are assumed:

ow ~ Ou Jcy
5—0—@ and %

In the tissue, symmetry boundary condition of drug transport are applied on the proximal
(I'y.in) and the distal (I, oue) walls:

=0 on I'y g (13)

% =0 on Iy, and Ty our- (14)
0z ’ ’

A proper boundary condition at the perivascular wall (T,) is not apparent. Some re-

searchers modelled it as a zero flux boundary condition [1, 19, 26], while some opted for

a zero concentration boundary condition assuming the adventitia as a perfect sink [2, 15].

So instead of modelling a particular one, we investigate the effects of both the adventitial

boundary conditions in this study:

8075
5 = 0 or ¢ =0o0nTl,, (15)
¢) Solution procedure
In order to avoid interpolation error while discretising the governing equations, we transform
the irregular (stented) domain into rectangular ones by making use of the following radial
coordinate transformation:

r r— Ry r— Ry

= =14 g
BTV R TR VTR

7 (16)

so that the arterial lumen transforms into a finite nondimensional rectangular domain as
[0, L] % [0, 1], while the tissue domain into [0, L] x [1,2]. Here Ry, = [y, UThs, Ry = Dy Ul s,
Ry, =Ty and R = Ry, — Ry. The transformed governing equations along with the set of
boundary conditions are solved numerically by finite difference scheme in staggered grids.
In this type of grid alignment, the velocities, the pressure and the drug concentrations are
calculated in different locations of the control volume [cf. Figure 2]. The discretisation of the
time-derivative terms is based on first order accurate two-level forward time-differentiating
formula, while those for the convective terms in the momentum equations are accorded with
a hybrid formula, consisting of central differencing and second order upwinding. The dif-
fusive terms are, however, discretised by second order accurate central difference formula.
The discretised equations are then solved by MAC method primarily introduced by Harlow
and Welch [10]. Each run takes about 9 hours of CPU time in Debian Lenny 64-bit OS on
a desktop of intel (R) core (TM) i5 with 8 GB RAM, for steady state computation. No
standard package has been used in the present computations. However, our in-house code
using FORTRAN language is based on the following computational sequences:
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Strut position,

Stage 1:

(i) wZF%’j, iy 1 ¢ and ¢~ are initialised at each cell (¢, j). This is done either from result
of the previous cycle or from the prescribed initial conditions.

(ii) Time step dt calculated from stability criteria.

(iii) The Poisson equation for pressure is solved to get the intermediate pressure-field p; g

using velocities w , , u? i of the n*® time step.
2’ 2 2

(iv) The momentum equations are solved to get intermediate velocities w*

u:j L1 inan
’ 2
explicit manner using the previously known velocities and pressure.

+27]

Stage 2

(v) The maximum cell divergence of velocity-field is calculated and checked for its tolerance.
If the tolerance limit is satisfied, then drug transport equations are solved to get drug con-
centrations ¢! and c”+1 in an exphclt manner and steady-state convergence is checked for
whether to stojp calculatlon If the maximum divergence of the velocity-field is found to be
greater than the tolerance limit at any cell in absolute sense, go to step (vi).

(vi) The pressure at each cell is corrected to obtain p}; and consequently the velocities at
each cell are adjusted to get w"jlj and u”HQ. Then step (v) is again performed. This
completes the necessary calculations for advancing flow-field through one cycle in time.

The process is to be repeated until steady-state convergence is achieved. Intersested readers
are referred to Mandal et al. [19] for detailed discussion on method of solution, pressure-

velocity correction and numerical stability.

[II.  RESULT AND DISCUSSION

For the purpose of numerical computation of the desired quantities of major physiological
significance, the computational domain has been confined with a finite non-dimensional
arterial length of 15. For this computational domain, solutions are computed through the
generation of staggered grids with a size of 301 x 81 for both the lumen and the tissue regions.
The simulation concerning the grid independence study was performed for the purpose of
examining the error associated with the grid sizes used and is depicted in Figure 3. One may
notice from this figure that the profiles concerning three distinct grid sizes almost overlap
with one another for Re = 500 and a = 1 in case of pulsatile inlet profile of the flowing
blood. Thus the grid independence study in the present context of numerical simulation has
its own importance to establish the correctness of the results obtained.

The variations of the dimensionless wall shear stress (WSS) distribution over the entire
arterial segment having a pair of half-embedded DES?® in its lumen for different Reynolds
numbers are exhibited in Figure 4. The flow separation points are observed when the WSS
changes its sign. The reattachment points occur when the WSS changes its sign again.
The curves in this figure show several flow separation zones from proximal and distal to
the struts, where the latter is significantly larger than the former. One may note that the
downstream separation length increases with increasing Reynolds numbers and the WSS gets
its maximum value at the maximum height of the strut which also increases with increasing
Reynolds numbers. Our simulations predict that these recirculation zones create pockets
of stagnant drug—laden blood that allow drug accumulation at lumen-tissue interface and
eventually filtration into the arterial wall. This observation is in conformity to that of
Balakrishnan et al. [1] though they studied the transport of drug eluted from single and
overlapping well-apposed DFES?® in which the cross-section of the strut is square in shape.
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Figure 5(a) exhibits the profiles for the dimensionless drug concentration through the depth
of the arterial tissue at Pe; = 1000, = 1 and Re = 500 for different times. Here, drug
concentration does increase with increasing time and thereafter, attains steady state for
zero flux perivascular boundary condition. It is also to be observed that the penetration
depth of drug within the tissue increases with increasing time. However, if one assumes zero
concentration boundary condition at the perivascular end, the mean concentration appears
to be much lower as compared to zero flux perivascular boundary condition [cf. Figure 5(b)].

Figures 6(a) and 6(b) show how the flow pulsatility affects the respective drug concentrations
in both the lumen and the tissue at a depth of 1.5 strut radius for Pe; = 100, Pe; =
1000, Re = 500 and o = 1. Both the figures reveal asymmetry between regions distal and
proximal to the strut in which the degree of asymmetry appears to be much higher in the
luminal concentration profile than that of the concentration profile within the tissue. The
above observations may be argued in the sense that the asymmetry in the lumen is due to
the convective nature of the luminal drug transport, however asymmetry in the tissue is
due to stagnant drug-laden blood at the recirculation regions that allows drug accumulation
and finally filtration beneath these regions. One more interesting observation is to be noted
that the concentration of drug in both the lumen and the tissue is higher in case of usual
parabolic inlet profile than that of the pulsatile one. Thus flow pulsatility significantly affects
the transport of drug eluted from DES.

Figure 7(a) shows a change in Re of the flow alters the distribution of drug in the lumen
while Figure 7(b) depicts that the mean drug uptake within the tissue is significantly affected
by Re. Our simulation demonstrates that a decrease in concentration in the lumen with an
increasing Re i.e. an inverse relationship between drug concentration and Re is revealed. A
similar pattern is also observed in the tissue [cf. figure 7(b)]. The above observations may
be justified in the sense that as Re increases, recirculation regions adjacent to the struts
increase, which in turn, dilute the surface concentration of the pooling drug and decrease
its contribution to the total drug deposition. Our observations are in good agreement with
those of Kolachalama et al. [15] and O’Brien et al. [26].

Axial variation of drug concentration eluted from a pair of half-embedded DFES*® with vary-
ing flow pulsatility (Womersley number) in the lumen is displaced in Figure 8(a). Our results
reveal a complex interplay between Womersley number and arterial drug distribution. Ev-
idently, an increase in vessel Womersley number via a change in the inlet flow profile is to
increase the deposition in the lumen. It may also be noted that the mean concentration
in the tissue does increase with increasing Womersley number [cf. Figure 8(b)], therefore,
highlighting the importance of pulsatile inlet on stent-based drug delivery.

Figure 9 shows the concentration profile at a height 1.5 strut radius depending on interstrut
distance for Pey = 100, Pet = 1000, Re = 500 and o = 1. A single peak profile is noted
when the struts are placed one strut radius apart. As the interstrut distance increases, the
peak concentration falls and distinct peaks over each strut are observed. The spatial patterns
for drug concentration [cf. Figures 10(a,b)] clearly establish our findings further. All these
observations are in conformity to the findings of Balakrishnan et al. [1].

IV. CONCLUSION AND FUTURE WORK

In this numerical investigation, we propose a two-dimensional axi-symmetric model of drug
transport and luminal flow in presence of a pair of half-embedded D FES®. The finite-difference
method used in this paper allows us to numerically solve the governing equations both in
the lumen and the tissue. The present results predict a single peak profile when the struts
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are placed one strut radius apart and also as the interstrut distance increases, distinct peaks
form over each strut. This study also highlights the facts that the mean concentration of
drug within the tissue to be higher if one assumes the zero flux boundary condition instead
of sink condition at the perivascular end. Another important observations may also be noted
that as the Reynolds number increases, the drug concentration both in the lumen and the
tissue decreases; however, a reverse trend is observed while changing the Womersley number.
Though experimental studies can provide information on release kinetics and other his-
tological information, computational studies can provide detailed predictions of the drug
distribution over time. With the rapid ascent of stent-based drug delivery in the treatment
of vascular disease, many important issues concerning drug delivery and its retention in the
arterial tissue need to be addressed. The work presented in this paper only consider free
drug as part of the governing equations. In reality, specific binding to tissue ultrastructural
elements determines long term drug retention. As the target zone for stent-based delivery
is atherosceloretic plaque [23], future direction for this work may also include different com-
positions of the plaque with varying diffusivity together with the time-dependent release
kinetics.
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Figure 1: Schematic diagram of the stented artery
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Figure 2: A typical combined MAC cell for lumen and tissue.
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Figure 5(a): Transmural variation of dimensionless tissue drug concentration for

different times (Pe=100, Pe,=1000, Re=500, a=1).
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Figure 5(b): Mean concentration of drug within the tissue for different perivascular
boundary conditions (Re=500, Pe,=100, Pe,=1000, o=1)
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Figure 6(a): Axial variation of luminal drug concentration at a depth of 1.5 strut radius
from mural interface for different types of inlet flow (Pe=100, Pe,=1000, Re=500, a=1)
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Figure 7(a): Axial variation of luminal drug concentration at a depth of 1.5 strut radius
for different Reynolds numbers (Pef=100, Pet=1000, o=1)
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Figure 8(a): Axial variation of luminal drug concentration at a depth of 1.5 strut radius
for different Womersley numbers (Re=500, Pe,=100, Pe,=1000)
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Figure 8(b): Mean tissue drug concentration in the tissue for different Womersley
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Figure 9: Axial variation of tissue drug concentration at a height of 1.5 strut radius in
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Figure 10: Visual representation of drug concentration in the tissue, (a) interstrut
distance=7, (b) interstrut distance=1/2 (Re=500, Pe; =100, Pe, =1000,a=1)
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