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ABSTRACT: A coupled non-Fickian model of a cardiovascular drug delivery system
using a biodegradable drug eluting stent is proposed. Energy estimates are used to
study the qualitative behaviour of the model. The numerical results are obtained
using an IMEX finite element method. The influence of vessel stiffness in the sorp-
tion of drug eluted from the stent is analyzed. The results presented in this paper
open new perspectives to adapt the drug delivery profile to the needs of the patient.
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1. Introduction

A stent is a device with the form of a mesh tube which is inserted into a
natural body passage to expand its walls and to provide mechanical support
for the wounded tissues. Even if stents are widely used in many medical
specialities, its most common use is in vascular surgery to reduce stenosis
that is the narrowing of the arteries.

A Drug Eluting Stent (DES) is a stent that releases anti-proliferative drug
into the arterial wall with a programmed pharmacokinetics. It consists of a
metallic stent strut coated with a polymeric layer that encapsulates a thera-
peutic drug that will act to reduce smooth muscle cell growth and to prevent
an inflammatory response which are the predominant causes of neointima
proliferation and in-stent restenosis. Biodegradable polymers like polylactic
acid (PLA) have become the materials of choice to coat stents while encap-
sulating the drug ([26]).

The vessel walls of the cardiovascular system are known to display complex
mechanical response under physiological conditions. Arterial stiffness is con-
sidered as an excellent indicator of cardiovascular morbidity and mortality
in a large percentage of the population as referenced in [12]. The coronary
artery has different layers. It mainly consist of elastin, which is responsible
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FIGURE 1. Detail of the stented artery,
http://www.nucleusmedicalmedia.com.

for the vessel elasticity, combined with collagen. Elastin and collagen are re-
sponsible for viscoelastic properties of the vessel. These properties have been
clearly demonstrated by laboratorial experiments like creep and relaxation
tests [9, 17, 28].

Due to the involvement of so many factors, prediction of drug release ap-
pears to be an important issue and mathematical models constitute an im-
portant tool to design appropriate drug delivery systems. During the last
years, a number of studies have proposed mathematical models for coupled
drug delivery in the cardiovascular tissues. We refer without being exhaus-
tive to [3,5,10, 14,15 — 22,30, 31] and also [23] as a review paper. Most of
these studies address the release of drug and its numerical behavior while
the viscoelasticity of the vessel wall and the behaviour of the biodegradable
materials are disregarded.

In this paper, we propose a non-Fickian coupled model for predicting the
biodegradation of PLA as a drug carrier in the coated stent and the simul-
taneous release of the drug from the coating into the vessel wall. The effect
of viscoelasticity of the vessel wall in the drug release is investigated using
Maxwell-Wiechert model ([4]).

The geometrical and mechanical effects of the stent strut on degradation
and drug release are considered negligible in this paper. As the transport
properties through the glycocalyx (the coverage of endothelium) are not well
known, we have considered such properties in the endothelium layer.

The paper is organized as follows. Section 2 is devoted to the description of
the model and its initial, boundary and interface conditions. In Section 3
we briefly explain the mass behaviour of the materials in a phenomenolog-
ical approach. In Section 4 we present a variational formulation and prove
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FIGURE 2. Drug eluting stent inside the vessel wall.

a stability result for the continuous model. Using an implicit-explicit finite
element method, we establish in Section 5, a discrete form of the stability
results. Numerical simulations as well as a sensitivity analysis of the vis-
coelastic parameters are discussed in section 6. Finally in Section 7, some
conclusions are presented.

2. Description of the model

Three main phenomena explain the kinetics of the drug and the biodegrad-
able polymer: chemical reactions, convection and non-Fickian diffusion.

2.1. Chemical reactions. When a DES is implanted in a vessel, the coated
stent will be gradually covered by neo-intima. For a sake of simplicity, we
consider that the drug eluting stent is already inside of the vessel wall (see
Figure 2).

Three main reactions are responsible for the degradation of PLA into lactic
acid and oligomers, both in the coated stent and in the vessel wall. In the
first reaction, the hydrolysis of the PLA occurs resulting in molecules with
smaller molecular weights: oligomers (with molecular weight My, such that
20K < My < 120K), lactic acid (with molecular weight My, < 20K). The
second and the third reactions are the hydrolysis of the oligomers resulting
in lactic acid occurring in the coating and in the vessel wall respectively. In
what follows the subscript S stands for the stent coating while the subscript
V stands for the vessel wall (see Table 1).
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Molecule | Stent coating (S) | Vessel wall (V)
Plasma Cis Ciyv
PLA Chs -
Oligomers Css Csv
Lactic acid Cys Cuv
Drug Cs,s Cs,v

TABLE 1. Notation for the concentrations.

The previously mentioned reactions are represented schematically by

Reaction 1: CI,S + 0275 ﬁ) 03’5 + 04,5,
Reaction 2: C1 g+ Cs ¢ BN Cus, (1)
Reaction 3: C1 vy + Csy SN Cuv,

where k1 g and ks g denote the reaction rates of the hydrolysis of PLA and
oligomers in the stent and sy denotes the reaction rate of the hydrolysis of
oligomers in the vessel wall.

The evolution in time and space of each concentration depends on the type
of chemical reaction involved: production or consumption reaction. To sim-
plify the presentation of the reaction terms that affect the behaviour of each
concentration, we introduce the notations:

Cs = (Cn,s) ey 5 Cv = (Cm,v)m—1¥2.,5, and C = (Cs,Cy). (2)

where Cj, j =S,V are defined in (z,y,t) € j x R™.
Let F,,;(C;), m=1,...,5, 7 =5,V, be the reaction terms to be considered

in the evolution of the concentration. We adopt in what follows the reaction
terms introduced in [22] and used in [8] which are defined by

[ - _21:2]'3,5(65), m=1,
—;,;(Cs), m=2,
F.s(Cs) = < i§2<_1)i_1ﬁ7s(cs), m=3, 3)
> Fis(Cs), m=4,
6:71,2 s
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for the stent and

—F1v(Cv), m=1,
—./Tl V(CV) m=3
Foy(Cy) = Vibv), ’ 4
v(Cy) Fiv(Cy), m=4, (4)
0, m=y,
for the vessel wall. In (3) and (4) the following definitions are used
F1,5(Cs) = K1,SC’1,502,S§1 + 0404,55,
F2,5(Cs) = k2,5C1,5Cs5(1 + BClus), (5)
Fiv(Cv) = k1vCryCsv (14 ~vCuv),

where «, 8 and 7 are some positive dimensional constants (see the Annex
for more details).

2.2. Conwvection. The transport of oligomers, lactic acid and drug in the
stent and in the vessel wall occurs by diffusion and convection. The same
phenomena occur in the transport of PLA in the stent. The convection is
caused by the porous structure of the polymeric matrix and the vessel wall.
Let p;, j = S,V, represent the pressures in the stent and in the vessel wall
respectively and u;, 7 = S, V, be the corresponding velocities. We consider
in what follows the geometry described in Figure 2. We also assume that the
plasma is incompressible and that its behaviour is described by Darcy’s law.
The velocities and the pressures then satisfy the following equations

(

uy = —%va in 'V,
Vay =0 in 'V,

\ PV = Diumen on I'ymen, (6)
Pv = Padv on I'aqy,

L uyy =0 on I'yar,

in the vessel wall and

us = —%Vpg in S,
V.ug =0 n S, (7)
us.ns = 0 on Fstrut:

in the stent. In (6) and (7), n;, j = S, V, represents the exterior unit normal.
These equations are completed with the matching condition

pPs = DPv
us.ns = —uy.ny on F(:oaut;

on Fcoata

(8)
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where the boundaries I'umen, Lcoats I'struts wal and I'ngy are defined in Figure
2.

The permeabilities ks and ky depend on the properties of the medium and
also on the concentrations of PLA, oligomers, lactic acid and drug in the
stent and oligomers, lactic acid and drug in the vessel wall. As the functional
relations satisfied by k;, 7 = S, V, are not described in the literature, and
to simplify the model, we assume that k;, j = S,V, are constant. The
viscosities pj,j = S, V, depend on the chemical compounds present in the
stent and in the vessel wall. To simplify, we also assume in what follows that
the viscosities are constant.

2.3. Viscoelastic effects. Viscoelastic models have been widely used to char-
acterize mechanistic properties of the vascular tissues due to its ability to tai-
lor both the viscoelastic relaxation function and the nonlinear elastic stress-
strain relation. Numerous viscoelastic models, derived under different ex-
perimental conditions, have been proposed in the literature [15 — 17,26, 27].
In what follows, we present a linear model (Mazwell-Wiechert model, [4]).
The multiple relaxation times used in this model are well adapted to predict
viscoelastic behaviour in living tissues ([17]). We postpone for a later section
some considerations on the use of a nonlinear model (Fung’s model, [9]).

In the Maxwell- Wiechert model, the relation between the stress and the strain
is given by the following convolution integral

oy(t) = — (krev(t) + / K(t— s)cij—v(s)ds) in V, (9)

S

where oy stands for the stress in the arterial wall, £y is the infinitesimal
strain, k, is the Young modulus of the spring arm and the convolution mem-

ory kernel K is defined by K (t— s) Z/{Z = , where 7; = Z—, 1=1,...,n

The constants k;, 1 =1,...,n, represent the Young modulus of the Maxwell
arms while 7;, ¢ = 1,...,n, are their viscosities. This means that for ¢ = 0
n

the Young modulus is &, + Z/{i while for ¢ — oo its value is k.

i=1
It should be noted that the negative sign in (9) indicates that o and ¢ are of
opposite sign. This represents the fact that the vessel wall acts like a barrier
to the entry of the drug ([7]).
By using integration by parts, ey(0) = 0 and assuming a linear relationship
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between strain and concentrations in the vessel wall, ey (t) = a,,Cpv (t), m =
1,...,5, m # 2, we will have

n n t
am,vu):—am((m > kv - » 5 / e‘ffcm,v<s>ds) in vV, (10)
T
=1 0

=1
form=1,...,5, m # 2.
Particular attention will be devoted to the case n = 1 that is a mechanical

analog compound by an elastic arm and a Maxwell arm. If we consider

_L—S .
K(t—s)=(=—1)ke n for 7 =L and 7, = 2% we obtain the so
5] r K1 o KiKy

called 3—parameter solid model which can also be deduced from the following
differential formulation

doy Oey
O'V—*—Tlﬁ = _KT(‘SV_‘_TUE); (11)
where oy (0) = ey (0) = 0. Equation (11) defines one of the simplest linear
viscoelastic models that simultaneously captures effects of creep and stress
relaxation.
Equation (11) leads to the following formulation

t
Omv(t) = —am, <RTT—UCm7V(t) — ﬂ/ e_tﬁsC’mvv(s)ds) inV, m=1,...,5, m#2. (12)
1 1 Jo

2.4. The transport of drug: a reaction-diffusion-convection problem. The
reaction-convection-diffusion processes that take place in the stent are then
described by the following system of equations

dC,,
o 5 = V(D sVCins — usChs) + Frs(Cs) in S x RY, m=1,...,5, (13)

where the meaning of parameters and variables is summarized in Tables 1
and 2 (Annex).

The transport process that occurs in the vessel wall is due to convective
transport and non-Fickian diffusion driven by the stress. It is described by
the following set of equations

0Cm, v
ot
where the stress o, v, m = 1,...,5, m # 2 is given by (10). In (14), D,
represents the ”"weight” of the non-Fickian diffusion and its physical meaning
can be found in [7].
In what follows, particular attention will be paid to system (13) and (14)
when the viscoelastic behaviour of the vessel wall is described by the 3—parameter

=V.(Dim,yVCmy = uvCiy) + V.(DeVomy) + Fry(Cy) in V x R, ™7 155 (14)
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solid model (12). In this case the coupled problem (13) and (14) takes the
form
25 = V. (DisVCn,s — usCr,s) + Fs(Cs)  in S xRY, m=1,....5,

t
0 éz,v — Vt. (Dmyvcm,v — Uva7v> + me(CV) (15>

—l—/ 6_?v-<Dm,UVCm,V<S))d5 inVxRY, m=1,...,5 m#2,
0

where D, y = Dmy—ozm(/imtﬁsl)l_)g and Dy, , = am’j—lll_)g form=1,...,5, m#
2.

To ensure the positivity of the Fickian diffusion coefficient D,,y, the dif-
fusion coefficients D,,y, the Young modulus k,, the parameters x; and

o, and the viscoelastic diffusion coefficients D, should satisfy the relation
D, < _Dmv__ g assumption guarantees that Fickian diffusion dominates

A (KK
the ViSCO(GI;_Stli)C opposition, which is a physical condition for the effective pen-
etration of drug in the vessel wall.
The diffusivities of the oligomers, the lactic acid and the drug will vary dur-
ing the degradation process [25]. We assume that the diffusion coefficient of
each specie in the stent increases exponentially with the degradation of the

PLA. In [22,25] the following expression

0
3,5 C2,5

“s inSxRY, m=1,...,5, (16)

U,
Dm75 = D?R’Se 7
was proposed where Dg% ¢ is the diffusion coefficient of the respective species
in the unhydrolyzed PLA and CY ¢ is the concentration of the unhydrolyzed
polymer at ¢ = 0. For a sake of simplicity, we assume that the diffusion
coefficients in the vessel wall D,,y, m =1,...,5, m # 2, are constant.
To complete the coupled problem, we define in what follows the initial, the
boundary and the interface conditions. At the initial time, we assume that
the PLA and drug are distributed in the stent uniformly. We also assume
that at the initial time no degradation has occurred and consequently neither
oligomers nor lactic acid are in the coating. The initial conditions in the
coating are then given by

{ Crns(0) =0, m=1,3,4,

Crs(0) =1, m = 2.5 (17)

The initial concentrations in the vessel wall are

Cyv(0) =1,
{ Crv(0) =0, m = 3,4,5. (18)
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We represent by J,, ¢ and J,, v the mass fluxes in the stent and in the vessel
wall defined respectively by

Im,s = =D sVCis +usCps inSxRT, m=1,...,5,

tos (19)

t
Jm,V - _Dmvvvcmvv + uVCm,V - Dm,a e VCm,V(S)dS inV x R+7 m?zl;é.éﬁ’.

0

As the metallic stent strut is impermeable to the drug and PLA degrada-
tion products that diffuse in coating stent, no mass flux passes through the
boundary surface Igipyg. SO

Jm.sns =0 on Dy x RY, m=1,...,5. (20)

The interface conditions on the interface boundary I'...+ are described by

Cmﬁ — C'm,V on 1jcoat X R+7 (21)
Jm,S-nS = —dJdp, vy Ol Leoat X R*
for m =1,...,5, m # 2. The first condition in (21) represents the continu-

Ecy of the concentration while the second condition is the continuity of local
uxes.

We recall that the subscript m = 2 refers to PLA. In equation (21), the
interface conditions do not apply to PLA. In fact PLA has a large molecular
weight (My, > 120K) compared to the other molecules present in the pro-
cess and consequently it will not cross I'coat. As a result, I'coat is impermeable
to PLA and we assume that J; g.ns = 0. The symmetric boundaries of the
vessel wall, I'y. are sufficiently far away from the domain of interest and a
symmetry condition implies no-flux, J,, yv.ny = 0 for m =1,...,5, m # 2.
We also assume that I',q, is impermeable to all molecules.

Since the drug, the oligomers and the lactic acid go directly from the arterial
wall to the blood and are transported very fast away from the region of inter-
est, we consider J,, v.ny = —Ym.vCmy, m = 3,4, 5, for the lumen boundary
Dlumen, With an high transference rate v, 1. As the plasma penetrates from
the blood artery into the arterial wall, we may consider a natural boundary
condition J; y.ny = y1.v(1 — C1,y) for the plasma.

Summarizing boundary and interface conditions, we have:

(s ns =0 on Lgpye X RT, m=1,...,5,
J2,S-77S =0 on I'eoat X R+7
Cim.s =Cny on Legat X RT, m=1,...,5, m # 2,
Im.sNs = —Imy Ny on Legat X RT, m=1,...,5, m #2, (22)

Jvany =mny(l—Cry)  on Pymen X RY,
Jm,V-nV = _’Vm,VOm,V on Flumen X RJF: m = 37 47 57
\ Jm,v.nV:O on (FwaHUFadv) xR*,m: 1,...,5, m;éQ
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3. Qualitative behaviour of the total mass of the system

In what follows we analyse the behaviour of the total mass of species in
the model. We consider

M(t) = / CydS + / CydV, (23)
S %

5 )
where / CsdS = / C,.5dS and / CydV =) / CpoydV.
m=£2
Using (15), we obtain

5 5
./\/l’(t) = Z/Sv'(Dm’SVCm’S — usCm,S)dS + Z/SFm’S(CS)dS
m=1 m=1

> 5
+Z/V.(Dm7vvcm’v — UVCm,V)dV + Z/Fm,V(Cv)dV
nad m=1Y
° b
+Z// eiﬁv'(Dm,ovcm,V(S))deV
m=1 VJ0
m#£2

Integrating over space and applying external boundary conditions, we have

5 5
M/(t) = Z/ Jm7g.775d8 + Z/
m=1"1 m=1"1

5
T v-nyds + / > Fns(Cs)dS
Sm

coat coat =1

m;_éQ m;_éQ
5) 5)
- / > Fuy(Cy)dV + iy / (1—Cry)ds — > Ymy / Chyds.
Vm:l Flumen m=3 Flumen
m#£2

m;% Iumen (24)
AMy (1) = /S k2515 (0)Cas (1 + AC1sO)S + [ kv Cry(Cay ()(1+1Cay )V,
1%
We note that AMrp, _ (t) represents the mass per unit time of molecules

(except PLA) that enters in ['ypen at the instant ¢ while AMpy(t) stands for
the total mass of hydrolyzed oligomers that enter per unit time in the stent
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and the vessel wall at the same instant.
Using interface condition on I'.,; we easily establish

M(t) = M(O) + v Flumen

t t
e~ [ Ay~ [ A (1) di

0 0

This last equation means that the total mass in the system at a certain time
t, t € [0,T], is given by the difference between the initial mass added with
the mass of plasma that enters in the system until time ¢ and the cumulative
masses of molecules in I'jynen, the stent and the vessel wall.

4. Weak formulation

In this section, we introduce a variational form of the initial boundary value
problem (15) — (18) and (22).
Let Q be a bounded domain in R? with boundary 092. We denote by L*(Q)
and H'(€) the usual Sobolev spaces endowed with the usual inner products
(-,.) and (.,.)1 and norms ||.||z2(q) and ||.|[z1(q) respectively. We represent by
L>(Q) the space of functions v : 2 — R such that HUHLW(Q) = esssupg |v| <

T
0o. The space of functions v : (0,7) — H'(Q) such that / Hv(t)HZl(Q)dt <
0

oo will be denoted by L*(0,T; H'()) while L>(0,T; L>°(2)) represents the
space of functions v : (0,7) — L*(2) such that ess sup Hv(t)HLOO(Q) < 00.
(0,7)

4.1. Porous media problem. In order to find the pressure drop in the stented
vessel wall, as k; and p;, 7 = S, V, are constants, it is convenient to rewrite
the equations (6) — (8) in terms of pressure drop in the following coupled
form

( —V.(2Vpy) =0 n V,
—V.(£Vps) =0 .3,
Pv = Plumen on Flumem

) ]Z‘I// = Padv on L'aqy, (25)

M—VVpV.nV =0 on Fwallv
PV = Ps on Fcoauta
%va.nv = —%Vps.ng on Fcoata

L %VPS'US =0 on Iggrus.
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For a sake of simplicity, we assume p,qy = 0 and a nonzero pressure prumen =

Po-
In what follows we use the notations

A;(pj, ;) = (Z_;VPja VQj)j: J=5V, (26)

and we use the following spaces
H (V)= {19 € H'(V) such that ¥ = 0 on Flumen} (27)
and

Y = {(ps,pv) € Hl(S) X Hllumen(V) such that pg = py on Fcoat}. (28)

Let w € H'(V) be such that w = prmen 00 Dlumen and pi, = py — w €

Hﬁlmen(v)'
With the previous notations, we consider the weak formulation of problem
(25):
Find (pg,py) € V such that
As(ps, qs) + Av(py qv) = —Av(w,qv), V (gs,qv) € V. (29)

It is obvious that py can be recovered by py = pj, + w.

4.2. Convection-diffusion-reaction problem. We adopt in what follows the
following notations:

as(vs(t), ws) = <Dm,vam,s(7f) —Usvm,s(t)»Vwm,s> ,
S

b s
ay (vy (t), wy) = (Dm,vVUm,v(t) _uVUm,V(t)avwm,V) +/ e (Dm,ava,v(S),Vwm,v> ds, (30)
v Jo 1%

5
- Z’}’m,\/ <Um,V(t)a wm,V)
m=3

These bilinear forms are defined in the Sobolev space

Alumen (Vv (), wWv) = Y1,V <1 — vy (1), w1,v>

1—‘lumen l_‘lu.men

5 4
W = {(vs,vv) € <H1(S’)> X <H1(V)> such that vy, 5 = v,y on Iegat, m = 1,3,4,5}, (31)

where (Us,vv) = ((Umas)m:1 5 (vm,v)ml,...,5> and
s

T
L?(0, T, W) = {(wg,wv) such that w; : (0,7) — W and / ij(t)Hip(j)dt <oo, j= S,V}. (32)
0

The weak solution of the problem (15) — (18) and (22) is the solution of the
following variational problem:
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)
Find (Cs,Cyv) € L*(0,7,W) such that (%=, %v) ¢ (L?(O,T, L?(S))) X

(L?(O,T, L2(V)))4 and

> ((aact (£),v5), +aj(Cj(t),vj)> = > (F(Ci(1),v5); + trumen(Cy (8), 00),

=S,V J=S,V (33)
a.e in (0,7, for all (vg,vy) € W,
Cs(0) =(0,1,0,0,1), Cy(0) = (1,0,0,0),

where Cg and Cy are defined in (2) and

(Fs(€s) Fr(er)) = ((Fns(€9), oy (Fm,vwv))m_l;é.ﬁ) (34)

is defined by (3)-(5).
We define the energy functional

2

2 t t . 2
g(t) = Z < Cj(t) +/ VCJ(S) dS) + / 67?VCV(S)dS € [O,T], (35)
=SV L2(j) 0 L2(j) 0 L3(V)
where
5 5
‘ Cs(t) =) |Cas(t) and ‘ Cy (1) =) cm,v(t)H .(36)
L2(S) =1 L2(S) L2 (V) ;% L2(V)

An upper bound for the energy functional (35) is established in the following
theorem. n the following, the space L>(0,T, L>°(Q2)) will be represented by
L*>(L™).

5
Theorem 4.1. If (Cs,Cy) € L?(0,T, W) and(%, 8g—tv) € (LQ(O,T; LQ(S))) X

(LQ(O T; L2( ))) is a solution of the variational problem (33), then assum-
ing (Cs( (t) € (H? ) X (H2(V)) we have
E(t) < me%mwg(m + 2| Crumen” (62“*@”—1), (37)

where IKC, ¢, o and D, are concentration-independent constants while |Ujmen|
15 the length of the transition layer T pmen.
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Proof: Taking in (33), v; = C;(t), 7 = S,V, using (30), (34) and (36), the
equality
t, 2 t
= /eﬁVCV(s)ds :2/e o (vcv( ), VCV(t)> ds
’ SR ., 7V (38)
—2 /e_ﬁVCV(S)dS :
o L2(V)

and the inequalities

(ses0.56,0) <o (2

for j = S,V that hold for arbitrary positive €;, we can establish the following
differential inequality

2

(1 2 ) @)

L2(j)

+ 12| VG (1)

L2(j)

2 t 2 t _s 2
%% Z < Ci(t) VC;(s) ds + D, /e_tTlVCV(S)ds >
j=8.V L2(j) L2(5) 0 L2(v) 40
2 t 2 ( )
< Z HUJHOOEJ 1205 B 21 /6 Tl VCV + Z ) + Alumen-
j=S,V L2(j) 0 LQ(V
2
2
In (40)7 >\lumen = 71V|Flumen| - 37% Cl,V(t) - Z/Ymv mV
1—‘llumen 1_\lu nen
and
( ¢ = min {2D —” H }
j=S,v
Dg = min 5{Dms},
Dy = mln {DmV} (41)
D, = mln {Dmo}
\ m;’éé"

It should be noted that ¢; in (40) should be such that ¢; > %, j=2S,V.

As H?(j), 7 = S,V are embedded in the space of continuous bounded func-
tions, (see [2]), it can be shown that there exist positive constants KC;, j =
S,V, depending on ||C;]| ze(z~) such that

2 2

C;(t) (42)

<K

L2(4) L2(j)
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where IC = ]Iilg)é {ICj}.

By replacing (42) in (40) and taking
2
o = max {<j]|u| .} (43)
in differential inequality (40), we consequently deduce
E(t) < — L _2K+0E(0) + ”T’V]Flumenf <e2(’c+@)f — 1). (44)

" min {1,¢,DU}
|

Estimate (44) proves the stability of the model for finite intervals of time.

5. Finite dimensional approrimation

To define a finite dimensional approximation for the solution of (15) — (18)
and (22), we fix h > 0 and we define in 2 = SUV (Figure 2) an admissible
triangulation 7j, depending on A > 0, such that the corresponding admissible
triangulations in S and V/, respectively 7y, and Tp,,, are compatible in I'coqs
(see the zoomed part of Figure 3). We represent by A; a typical element of
Tre and by As a typical element of Ty, .

F1GURE 3. Triangulations in the stent and in the vessel wall.

Let S}, = U AL, V), = U Ay and let Agp(.,.) and Ay (., .) be defined
A1€Tng ACISY
as Ag(.,.) and Ay(.,.) but with the L? inner product defined on S, and V},
respectively. To define the bilinear form corresponding to apmen(-,.), we
represent by I'iymen s the boundary of Vj, that replaces I'ymen-
We assume that p,gy = 0 and prumen = po,n. We define in what follows the
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space of globally continuous functions on S;, and Vj, whose restrictions to
each element A; and A, respectively, are polynomials of degree at most n,
ie.

Vi, = {(pg,h,pv,h) € C%(Sy) x C°(V},) such that PS,h = Pv,h on L'eoar and pyp, = 0 on Diymen

(45)
and (p57h,pv7h)}A1XA2 € P, x P, forall Ay € T, and Ay € 7?1‘/} c HY(Sp) x Hllumen(Vh).

In (45), P, denotes the space of polynomial of degree at most n.
The finite dimensional formulation for system (25) reads:
Find (psn, pyy,) € Vi such that

Asn(psny asn) + Ava(Dyp, avin) = —Avi(wn, avn), Y (asps qvin) € Va- (46)

We use in what follows the following notations

(Us,h,vv,h) = ((Um,s,h)m_lwy (Um,v,h)ml,...,5>- (47)

m#2

To compute the semi-discrete Ritz-Galerkin approximation C, = (Csn,Cvi)
for the weak solution of C = (Cg,Cy) defined by (15) — (18) and (22), we
consider the space

W, = {(Us,h,vv,h) € (C’O(Sh))5 X (C’O(Vh))4 such that vy, sn = v vp o0 Degat, m =1,3,4,5
(48)
and (v57h,vv7h)’A1XA2 € (P,)° x (P,)* for all Ay € T, and Ag € 771\/} C (Hl(Sh))5 X (Hl(Vh))4’

where P, denotes the space of polynomial of degree at most ¢ (not necessarily
equal to n).

By a;n(.,.) we represent the bilinear form defined on a;(.,.) but with the L?
inner products defined on S}, for j = S and V}, for j = V. By ajumenn(.,.) we
denote the bilinear form defined as ajymen(-,.) but considering the boundary
integrals on I'ymen i

The weak solution of the problem (15) — (18) and (22) in the discrete case is
the solution of the following finite dimensional variational formulation:

5
Find (Cg’h, CV,h) - L2(O, T, Wh) such that (%, %) - <L2(0, T; LQ(S]?,))> X
4
(LQ(O, T; L2(Vh))> and

(
(

aC;

ajt’h (t), Ujvh)j,h + Qaj h (Cj,h(t), Uj,h)) = Z (}—j (Cj,h(t)), Uj,h)j’h + alumen7h(CV,h(t)> UV,h)v
i=Sv j=S,v (49)
a.ein (0,7), for all (vgp,vyh) € Wh,

Csk(0) =(0,1,0,0,1), Cyx(0) =(1,0,0,0).



A COUPLED NON-FICKIAN CARDIOVASCULAR MODEL 17

To conclude this section, we introduce the semi-discrete energy functional

2 t 2
En(t) = E < +/ ds>+
L2(5) 0 L2(j)

j=S,V

where ¢t € [0,7] and C;;,(t), j =S,V is the solution of (49).

This functional is the semi-discrete version of the energy functional (35).
Following a procedure analogous to the one in Theorem 4.1, a discrete version
of inequality (37) can be established.

3 _t—s 2
/e 1 VCyp(s)ds
0

Cjn(t)

VC;n(s)

;- (50)
L2(V)

6. Numerical Results

All experiments have been carried out with the open source PDE solver
freeFEM-++ considering the triangulation plotted in Figure 3, with 3688 el-
ements (1968 vertices) for the vessel wall and 100 elements (83 vertices) for
each stent. The time integration of (49) has been performed using an implicit-

explicit backward formula in the time grid <t¢,;n = 0,1,..., N }, ty =

0,ty = T and with time step size At = 1073.

The IMEX method is defined by integrating (49) with an implicit Euler
method where the diffusion and the convective terms are considered im-
plicitly being the diffusion coefficients explicit. In the discretization of the
reaction terms, we adopt an implicit-explicit approach which convert each
nonlinear reaction into a linear one. To compute the finite element solutions
of problem (49) we need to evaluate some convolution integrals. To avoid
the use of quadrature rules we generate and implicitly solve a set of ordinary
differential equations which solutions are those integrals.

Several choices of finite element spaces can be made, but we use here the
piecewise linear finite element space P; for concentrations and quadratic fi-
nite element space P, for the pressure drop.

We define the mass in the coated stent and in the vessel wall by

Mo sn(t) = / Covsn()dS, m=1,....5,

i (51)
Mm,V,h(t) = / Cm,uh(t)d‘/; m = 1, ceey 5, m 75 2,

Vi

respectively.
The following values for the parameters, extracted from [21,22], and [31],
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have been considered in the numerical experiments.

Ki1s = Koy =1 x 1079 ecm?/g.s, ko =1x 107" em?/g.s, Yy = 1 x 101 em/s,
DY g=1x10"%cm?/s,D) g =1x 107" cm?/s, Dy g=1x 107" cm?/s,

D¢ =2x10""em?/s, D} 3 =1x10"% em?/s, ks =2 x 107 em?,

ky =1x107% em?, pg =0.72 x 1072 g/em.s, py = 0.5 x 1072 g/cm.s,

Dy =1x10"% em?/s, DY}, =1 x 107" em?/s, D}y =2 x 107" em?/s,

DYy =5x10"" em?/s,a =1 s/cm?, B =~ =10 s/cm®.

We set prumen = 100 mmHg and p,qy, = 0 mmHg, so we impose a pressure
difference between the inner (I'jymen) and the outer surface (I'ygy) of the ar-
terial wall. A velocity field in the coupled stent-wall system is caused by this
pressure jump.

The pressure drop obtained by system (25) is shown in Figure 4 (b). While
pressure on I'.,; is around 76.88 mmHg, it is observed that the average pres-
sure in the vessel wall and in the stent are 35.93 mmHg and 75.34 mmHg
respectively.

FIGURE 4. Velocity field (left) and pressure distribution (right)
in the coupled system.

The release of the drug from the stent into the vessel wall is shown in
Figure 5. As time evolves the mass of the drug increases in the vessel wall.
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F1GURE 5. Evolution of drug distribution in the stent and the
vessel wall during 6 months (left to right: 6 hours, 1 day, 1 week,
1 month, 3 and 6 months).

The behavior of the mass of drug, the mass of PLA and the amount of fluid

in the biodegradable stent is shown in Figure 6. The drug presents a steep
initial gradient and gradually vanishes after three months. The penetration
of the fluid in the stent presents a steep initial slope and after around 20
days achieves a steady state. We can also observe in Figure 6 that as PLA
degrades, the release rate of drug decreases.
The release of drug from a biodegradable stent and a non-biodegradable
stent are compared in Figure 7. We observe that due to degradation of the
polymer, the drug release from a biodegradable stent is faster than the drug
release from a non-biodegradable stent. The drug release rate directly de-
pends on the reaction rate x1 s.
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F1GURE 6. Mass behaviour of fluid, PLA and drug in the stent
during 90 days.
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FIGURE 7. Mass of drug in biodegradable stent versus non-
biodegradable stent.
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The influence of the stiffness of the vessel wall in the diffusion process of
the drug is shown in Figures 8 and 9. A healthy coronary artery with Young
modulus k, = 1.2 MPa (see [11]) is compared with a highly diseased coronary
artery with Young modulus k, = 4.1 MPa (see [18]).

0.05

0.045

0.04

0.035

0.03

—— K =12 MPa (Healthy Vessel)
0.025[

Drug Mass

—A— Kr:4.l MPa (Diseased Vessel)

0.02
0.015
0.01

0.005

0 1 2 3 4 5 6 7
Time (Days)

F1GURE 8. Short time effect of k, on the drug mass that enters
in the vessel wall, 71 = 0.5, k1 = 1, 3-parameter solid model.

As k, increases due to age or atherosclerosis, the vessel wall is less elastic,
that is more stiff, and less drug penetrates to the coronary wall. This is an
interesting finding from the medical viewpoint, because cardiovascular mor-
bidity is related with arterial stiffness [12]. It means that the concentration
of drug in the DES should be tailored to the severity of the arterial disease.
In the framework of our numerical experiments the drug reduction of mass
in the initial days of the process could be compensated by adding 2 percent
drug to the initial concentration.
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F1GURE 9. Long time effect of , on the drug mass that enters
in the vessel wall,, 7, = 0.5, k1 = 1, 3-parameter solid model.

The long term influence of stiffness of the coronary wall in the diffusion
process of the drug is shown in Figure 9. In the beginning of the treatment, a
diseased coronary wall receives less drug due to its large x, when we compare
with a healthy coronary wall. A crossing occurs after the initial times around
day 15. This finding is justified by the fact that the stiffness of the vessel
wall imposes a resistance to the penetration of the drug in the beginning of
the process and leads to a drug accumulation in the long time.

When an additional thin layer named topcoat is applied to the PLA matrix,
instead of the interface conditions (21), we consider the following interface
conditions

{ Jm,S-nS = Pc(Cm,S - Cm,V); (52)

Im,s-Ns = —JImv.nv,

form=1,...,5, m # 2, where P, is the permeability of the interface layer
Leoat- The first condition in (52) is the second Kedem-Katchalsky equation
(see [21] and the references therein). We remark that the topcoat is used to
slow down the release rate of the drug and it gives more controllability of the
drug delivery process.
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FIGURE 10. The effect of topcoat on the drug release in the
vessel wall, 3-parameter solid model.

Figure 10 presents the effect of permeability of the interface layer I'co.; on
the drug release when a topcoat is applied to the PLA. The accumulation of
drug will decrease when a topcoat with smaller permeability is applied to the
coated stent. This means that the release of drug from the stent into a vessel
wall can be controlled by applying topcoats with different permeabilities.
Fung's quasilinear viscoelastic model ([9]) is commonly used to describe the
viscoelastic properties of the living tissues. Several authors consider that
Fung’s quasilinear viscoleastic model is a simple method to incorporate non-
linearity and viscoelasticity and is a good model for living tissues with mod-
erate deformation ([1,9,17,29]).

The aim of this subsection is to show that the effect of the rheological prop-
erties of the vessel wall, on drug permeation, are described analogously by
Maxwell-Wiechert model and Fung’s model.

In the framework of Fung’s model, the relation between stress and strain is
given by the following convolution integral

oy (t) = —/ K(t— s)w;—fv)(s)ds, (53)
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where
~ 1+c/72%et?8d7
Kt=s)=— @y (54)
and
o(ev (1)) = M (MW — 1) =~ M doev (D). (55)

In (54), ¢ > 0 represents the degree of viscous effects, 71 and 75 represent
the short-term and long-term time constants respectively. In (55), o°(ey)
represents the instantaneous nonlinear elastic strain, A; > 0 is the elastic
stress constant (MPa) and Ay is a non-dimensional parameter representing
the nonlinearity of instantaneous elastic response.

Replacing (54) and (55) into (53), we obtain

oy(t) = // e 7 d Td(s—v(s)ds) (56)

Ao
1+cln(%) )

The quasilinear viscoelastic model has five material parameters (three for the
reduced relaxation function ( Equation (54)) and two for the elastic response
( Equation (55)) which must be determined experimentally. Although some
estimations are available in the literature for ligaments ([13]), femur-MCL-
tibia complexes ([1]) and spinal tissue ([29]), to the best knowledge of the
authors, physiological values of these five parameters are not available in the
case of coronary walls.

Due to the lack of appropriate information, we fix four parameters A\; = 0.2
Mpa, Ao = 25, 71 = 0.5s and 75 = 1800s and choose ¢ = 0.37 to have &, = 1.2
Mpa for healthy arterial wall ([11]) and ¢ = 0.02 to have &, = 4.1 Mpa for
highly diseased arterial wall ([18]).

The plots in Figures 11 and 12 show that the profile of drug release exhibits
the same qualitative behavior as before. The barrier to drug permeation
of stiff vessel walls, in the first period of drug delivery, is a clinical finding
suggested by Fung’s and Maxwell-Wiechert mechanistic models.

where /;r =
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F1GURE 11. Short time effect of parameter &, on the drug release
in the vessel wall (Fung’s model).
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FI1GURE 12. Long time effect of parameter &, on the drug release
in the vessel wall (Fung’s model).
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7. Conclusions

In recent years mathematical modeling has become an effective tool in sim-
ulating drug delivery processes. In the case of drug eluting stents it leads to
a deeper understanding of the drug release mechanisms in the biodegradable
coating and in the vessel wall. Although the cardiovascular drug delivery
depends on very complex biochemical and physiological phenomena, a sim-
plified release model can help to adapt the delivery profile to patient needs.
In this paper we present a coupled model to simulate drug delivery from a
stent to a vessel wall. The coating of the stent is biodegradable and viscoelas-
tic properties of the vessel wall are included in the model. From a theoretical
viewpoint we prove the stability of the continuous model and the stability of
a fully discrete model.

From the numerical viewpoint two particular aspects of clinical importance
are addressed in the paper: the influence of the viscoelasticity of the vessel
wall and the effect of permeability of the stent coating.

Concerning the first aspect we show that during an initial period of time the
permeation of drug in the vessel is affected by its stiffness: the total mass
of drug that enters the vessel is a decreasing function of the Young modu-
lus. Patients who need a cardiovascular stent generally have atherosclerosis
and consequently stiff vessels that have high Young modulus. To prevent an
inflammatory response and the smooth muscle cell growth a correct concen-
tration of drug must penetrate the vessel from the moment when the stent
is implanted. Our findings suggest that the initial concentration of drug in
the stent should be tailored to the rheological properties of the vessel walls.
The second aspect we want to stress is the control of the release profile ac-
cording to the permeability of the coating: release can be speed up or delayed
as different polymers are used.
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Annex
Parameter/Variable ~ Unit  Equation
K1, K2.8, K1,V cm?/g.s (5)
a, 3,7 s/cm? (5)
us, uy cm/s  (6),(7)
kg, ky cm? (6),(7)
(LS, [y g/em.s  (6),(7)
Cm,Sa Cm,V g/cm2 (13)7(14>
D5, Dy em?/s  (13),(14)
Y,V cm/s (22)
P. cm/s (52)

TABLE 2. Parameters of the model in the drug eluting stent and
vessel wall.

In the column Equation, we indicate the first equation in the paper where
the parameter or variable appear.
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