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ABSTRACT: A two dimensional coupled nonlinear non-Fickian model for drug re-
lease from a biodegradable drug eluting stent into the arterial wall is studied. The
influence of porosity and biodegradation of the polymer as well as the dissolution
rate of the drug are analyzed. Numerical simulations that illustrate the dependence
of drug profiles on these properties are included.
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1. Introduction

Cardiovascular diseases are among the leading causes of death in the in-

dustrialized world. Although cardiovascular mortality rates have declined in
many high-income countries, cardiovascular deaths have increased at a fast
rate in low-income and middle-income countries ([27]). Among all cardiovas-
cular diseases, atherosclerosis is the most common one wherein some arteries
start thickening until they eventually occlude. The disease is characterized
by intramural deposits of lipids and proliferation of vascular smooth muscle
cells. These changes are accompanied by loss of elasticity of the vessel walls
and narrowing of the vascular lumen. Coronary atherosclerosis is clinically
the most important type of atherosclerosis. As coronary arteries are rela-
tively narrow, atherosclerosis can seriously reduce the blood flow through
them.
The progress of using arterial stents for scaffolding and expanding the nar-
rowed coronary arteries, was initiated with the bare metal stents (BMS).
During a certain period of time, these first generation stents represented the
gold standard for the treatment of atherosclerosis. Due to the frequent oc-
currence of restenosis (re-narrowing of the lumen), as a result of wounded
endothelial cells caused by the stent implantation, drug eluting stents (DES)
emerged. The second generation of arterial stents, DES, included a thera-
peutic agent to prevent the occurrence of restenosis ([15]).
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The DES, a device that releases an anti-proliferative drug with programmed
pharmacokinetics into the arterial wall, consists of either a metallic stent
strut coated with a polymeric layer or a fully polymeric device as a drug
carrier. The drug reduces smooth muscle cell growth and tackles an inflam-
matory response which are the predominant causes of neointimal proliferation
and in-stent restenosis.

Several studies showed that in the case of permanent-polymer based formu-
lations, the influence of polymer-tissue interactions can induce severe host
tissue responses, such as sub-acute thrombosis and in stent restenosis ([25]).
Biodegradable polymers like polylactic acid (PLA) are increasingly being
used to coat the stents and to release the specific therapeutic agent to pre-
vent thrombosis and in stent restenosis.

Arterial stiffness is considered as an excellent indicator of cardiovascular mor-
bidity and mortality in a large percentage of the population ([13]). Taking
into consideration the arterial stiffness in the mathematical modeling of drug
release is a key factor in understanding the pharmacokinetic of the drug
in atherosclerosis. At low strains (physiological pressures), the media, the
thickest tissue layer constituting the arterial wall, mainly determines the me-
chanical properties of the arterial wall. Moreover, due to the high content of
smooth muscle cells compared to other layers, it is the media that is respon-
sible for the viscoelastic behavior of the arterial wall. This aspect has been
studied in [9] where the healthy arterial walls were compared with stiffer
walls. To simplify the complex multi-layered structure of the arterial wall,
only the interaction of the coated stent with media was considered. The
impact of the atherosclerosis plaque on the drug release from drug eluting
stent into the arterial wall is recently studied in [18].

When the plasma penetrates the biodegradable polymeric coating, it re-
acts with the polymer, producing diffusible molecules with smaller molecular
weight. As the degradation proceeds the porosity of the polymer increases
and consequently the effective diffusion coefficient of the drug molecules dis-
persed in the biodegradable polymer also increases ([31]). This time de-
pendent porosity influences the pharmacokinetics of the drug and alters its
residence time in the vessel wall. The interplay between porosity and degra-
dation rate can act like a tuning mechanism to adapt the released drug
concentration to a predefined profile. In the present paper we focus on that
mechanism and we analyze its impact on the drug delivery to the vessel wall.
Domain decomposition method (DDM) is an efficient technique to solve
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multi-domain problems. It is used in this paper to simulate the polymer-wall
problem. DDM solves an initial boundary value problem (IBVP) by split-
ting it into smaller IBVP on sub-domains and iterating the solution between
adjacent sub-domains ([24]). We have considered a Robin-Robin domain de-
composition algorithm to model the release of the degradation products and
the dissolved drug into the arterial wall.

In [9], the effect of arterial stiffness on the drug release was studied. In this
paper, while keeping the stiffness of the arterial wall in the model, a more
realistic description of the polymeric coating, namely its time dependent
porosity is studied. A non-Fickian coupled model for predicting the porosity
dependent biodegradation of PLA and the simultaneous drug release from
the stent into the arterial wall is proposed. The effect of time dependent
porosity of the polymer as well as dissolution rate of the drug on drug re-
lease in the arterial wall is investigated.

The paper is organized as follows. In Section 2, the nonlinear non-Fickian
coupled cardiovascular model is introduced. A Robin-Robin domain decom-
position algorithm applied on the interface boundary is introduced in Section
3 and its convergence behavior is analyzed. Numerical simulations are in-
cluded in Section 4. In Section 5 some conclusions are presented.

2. Description of the model

Let us consider a two dimensional straight arterial segment. Assuming the
symmetry of the geometry, we consider only a small rectangular part of the
domain ([4,17,29]). Let S C R? be a two dimensional domain which repre-
sents the polymeric stent and V' C R? which represents the arterial wall. A
schematic representation of the two dimensional domains used in this model
is shown in Figure 1.

After implantation of the DES in the region of interest, the stent will be
progressively covered by neointima. In this study we assume that the evolu-
tion of the arterial wall around the stent occurs instantaneously: this means
in a very short period of time when compared with the period of drug release
([19,32]). This is a simplification with respect to the complex dynamics of
tissue healing and regrowth that takes place after stent implantation.

The following assumptions are taken into consideration in the mathematical
model:

e Viscoelastic properties of the polymeric stent are considered negligible;
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e The arterial wall is represented as an homogeneous viscoelastic porous
media with the main properties of Media;

e Permeability and viscosity of the arterial wall are considered con-
stants;

e A unique diffusion coefficient is considered for different oligomers;

e Drug does not react with PLA and its reaction products.

A mass transport process and a series of chemical reactions, which are re-
sponsible for the degradation of the polymer and the consequent release of
drug, have been considered in the model.

We intend to study the residence time and the release profile of the drug in
the arterial wall when the porosity of the polymeric stent changes during the
time. In this paper, we study the influence of porosity and degradation rate
on the drug delivery into the arterial wall.

2.1. Chemical reactions. We introduce in what follows the following no-
tations:

Mg = {W, P,O,L,SD,DD}, My = {W,O,L,DD}, (1)

where W, P,O, L,SD and DD respectively stand for fluid, PLA, oligomers,
lactic acid, solid and dissolved drugs in the stent and

CS - (Cm,5> ) CV - (Cm,V> ) (2)
meMg meMy

represent concentration of molecules in the stent and in the arterial wall
respectively.
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2.1.1. Porosity and degradation. When the stent is inserted in the arterial
wall, it enters in contact with the plasma. The biodegradable polymer reacts
with the fluid and its molecular weight decreases due to polymer degradation.
The porosity of the polymer increases as a result of biodegradation. These
two aspects are considered in the model and their influence in the release
process is analyzed.

The effective diffusivity in the polymer coating ([31]) is defined by

(1 — ¢s)Dins + AsdsDin v
1 —¢s+ Asos

It incorporates the diffusion coefficient of the molecules in the polymer, D,, g,

the diffusion coefficient of the molecules in the liquid-filled pores, D,, v, the

porosity ¢g of PLA, and the drug partitioning coefficient, \g, between the

liquid-filled pores and the solid PLA phase.

The porosity of the PLA can be described by the following formulation ([31])

b5 = P50+ (1 — ¢go)(1 4 e 2krwst _ ge=hrwst) (4)

assuming the same density for PLA chains of different lengths. In (4), ¢g is
the initial porosity in the PLA and the expression 1+e~2Frwst —2e=krw.st ¢ >
0, represents biodegradation. It describes the mass loss as a function of time,
where kypgs stands for a degradation rate constant. It is obvious that at
t = 0, no erosion has occurred which means that the polymer is totally in-
tact with initial porosity ¢go, while at the end of the process the PLA is
completely eroded and replaced by fluid (¢g — 1) ([31]). A constant poros-
ity ¢y = 0.61 is considered for the arterial wall ([32]).

The diffusion coefficients of the different species, oligomers, lactic acid and
drug, in the polymer vary during the degradation process. As the poly-
mer degradation proceeds, diffusional paths are opened through the polymer
matrix pores, allowing dissolved drug molecules to leave the device via a
degradation-controlled release ([25]). Hence, the diffusion coefficients in the
coated stent follow the formula ([7,23])

010375 - CRS
N PR &)
P.S in S xRT, me Mg, m#P,SD,

where D(r)m g, m e Mg, m# P,SD, is the diffusion coefficient of the respec-
tive species in the polymer, C'}OD’ ¢ 1s the concentration of polymer at t = 0 and
Om.s, m € Mg, m # P,SD, are experimental constants. In this paper, we

Dm,eff: , m e Mg, m;«éP,SD (3)

— o
Dm,S — Dm756
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assume that the diffusion coefficients in the arterial wall, D,,, m € My,
are constants.

Two main reactions are responsible for the degradation of PLA into smaller
molecules. The first reaction is the hydrolysis of the PLA producing oligomers
which have smaller molecular weights My, 2 x 10* g/mol < My < 1.2 x
10° g/mol. Tt is assumed that all of these oligomers have similar diffusion
coefficients when they diffuse through the coated stent ([23]). The second re-
action is the hydrolysis of the oligomers producing lactic acid with molecular
weight My < 2 x 10 g/mol. The lactic acid generated by this reaction is
assumed to have a catalytic effect on further degradation of the PLA ([23]).
These reactions are schematically the following:

PW,S

k

Cws+Cps — Cos+ CLs, (6)
k

Cw,s + Cos —= CLs,
where Cys, Cpg, Co,s and C, g are the concentration of the fluid, PLA,
oligomer and lactic acid in the polymeric stent respectively. When oligomers
enter the arterial wall, they convert into lactic acid in the presence of plasma
by the following relation:

Cwyv + Coyv fowy, Cry. (7)

Parameters kpw.s, kows and kowy represent the reaction rates of (6) and

(7).

2.1.2. Drug dissolution. When the fluid diffuses through the polymeric ma-
trix, the solid drug starts to dissolve accordingly to its thermodynamics and
to the kinetics of the process. The dissolved drug diffuses through the poly-
mer matrix. The process is schematically modeled by the following relation:

k
Cw.s + Csp.s —=> Cpp.s, (8)
where Csp s and Cpp g stand for the concentrations of the solid drug (SD)
and the dissolved drug (DD) respectively and kpp g is the dissolution coef-
ficient.

2.2. Convection in the arterial wall. The filtration of the plasma inside
the arterial wall is driven by a decreasing pressure gradient from the inner
layer of the artery (Ijymen) to the outer layer of the artery (I'aqy). By conse-
quence, we require that py = Prumen 00 I'ymen and py = pagy. on L'y, where
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Plumen > Padv. ([32]). As the dimensions of the stent are very small when
compared to the dimensions of the arterial wall, it is assumed that transport
is essentially driven by diffusion.

Assuming that the arterial wall is a porous medium, the relation between
the velocity field and the pressure drop is described by Darcy Law:

((uy = —%va in V,
V.UV =0 m ‘/,

9 Pv = Plumen on Flumen; (9)
Pv = Padv on Fadv>

L UV = 0 on I'yan U Fcoat:

where uy and py are the velocity field and the pressure in the arterial wall
respectively and 7y is the exterior unit normal. The coefficient ky is the
permeability of the medium, which characterizes the capacity of the arterial
wall to allow permeation of small molecules. The permeability &y, depends
on the properties of the medium and also on the concentrations of oligomers,
lactic acid and drug in the arterial wall. To the best of our knowledge a
functional relation satisfied by ky is not described in the literature. In this
paper we assume that ky is constant. In (9), uy is the viscosity of the fluid in
the arterial wall which is the resistance of the fluid to flow. The viscosity
depends on the chemical compounds present in the arterial wall. We assume
in what follows that the viscosity uy is also constant ([9]).

2.3. The non-Fickian model. We couple now the phenomena taking
place in the stent and in the vessel wall. The evolution of concentrations
of molecules in (1) is described by the governing equations:

( 8:@”;’5 — V. J(Cps) + Fns(Cs) inS xR, me Mg, m#P,SD,
< Zgi’s = Fp,s(CS) n S X R+, (10)
Sf’s = FSD,S(CS) in .S x R+,
| %% = V. J(Cy) + Fuy(Cy) in VxR, m € My,
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where
([ — > Fis(Cs), m=W,
i=1,2
—]:175(C5), m:P,
Y (=) Fis(Cs), m=0,
Fm,S(CS) = i=1,2 (11)
E 'FZ}S(CS)7 rn:L,
i=1,2
./_"375(63), m:DD,
L —./_"373(05), m:SD,
and
—JT"ly(Cv), m:W,
Fm,V(CV) = _-FLV<CV>7 m:O, (12)
fl,V(CV)7 mIL?
and

F1,5(Cs) = kpw,sCw,sCps(1 + aClg),
Fo.5(Cs) = kow,sCw,sCo.s(1+ BCLs),
Fs3.5(Cs) = kpp,sCw.sCsp,sChp s
Fiv(Cv) = kowvCwyCov(1+~CrLy).

In (13)3, Cpp g stands for the difference between the concentration of dis-

solved drug (Csp.g) and its maximum solubility (Cs,), normalized by Clg,
([2,26]). The model is similar to what is presented in [16].

The negative signs in (11) and (12) indicate the consumption of molecules,
while the positive signs indicate the production of molecules. For example,
the reaction term for plasma (m = W) in (11); indicates that the fluid is
consumed causing the degradation of PLA and the subsequent hydrolysis of
oligomers.

We note that the reversible binding of drug molecules to specific sites in
the arterial wall has not been considered in the present work. We refer the
reader to papers [3,10,14,16] and [28] where different models account for the
influence of binding in drug distribution.

The mass fluxes in the stent and in the arterial wall in (10) are defined
respectively by

J(Cm,S) = _D’rn,effvcm,87 m e MSa m 7é P7 SD7

n t
J(Cm’v) = (Dm,VVCm,V - uVCm,V + Dm,o'v E ’?/ e_t”svom’v(s)d8>, m e Mv.
0
=1

where uy is calculated by (9).
The flux in the arterial wall is non Fickian ([9]). The integral term is a
representation of Vo, where oy represents the stress response of the arterial

(13)

(14)
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wall to the strain of the incoming molecules as given by Maxwell generalized

model ([5]). In (14) 7; = -, where the constants x;, ¢ = 1,...,n, represent
the Young’s modulus of the Maxwell arms while n;, ¢ = 1,...,n, are their
viscosities.

The constants D,, y and D,,,, are defined by

n

Dm,V = Dm,V - amJ/(K?@V + Zﬁi,V)Dava (15)
=1

Dm,av - km,VD

ay

where Dmy and D,, are the diffusion and stress driven non-Fickian coeffi-
cients in the arterial wall respectively ([8,9]). The multiple relaxation times
used in this model are well adapted to predict the viscoelastic behavior in
living tissues ([20]). For the rest of the paper, specific attention is devoted
to the Mazwell-Wiechert viscoelastic model with n = 1.

In what follows we denote by v(¢) a function that depends on z,y and ¢, that
is for each t, v(t) : Q@ — R, where Q represents S or V.

To complete the coupled problem (10), we define the initial, the boundary
and the interface conditions. At the initial time, we assume that the PLA
and the solid drug are distributed uniformly in the stent. We also assume
that at the initial time no degradation has occurred and consequently neither
oligomers nor lactic acid are present in the coating. The initial concentrations
in the coating and in the arterial wall are then given by

Omvg(()) =0, me Mg, m=# P,SD, Cm,S(O) = CS%S, m=P,SD, (16)
CW,V(O) = CI(/]V,V’ Cmy(O) =0, me Mv, m 7é Ww.
The boundary and interface conditions are summarized as follows:
( (QbS)\S)_lcm,S = (qﬁV)\V)_lCm,V on Fcoat X R+7 m e MVa
J(Cp.s)ns = —J(Cpv).nv on Leoat X RT, m € My,
s J(Cwyv)my =ywv(Cwout — Cwy)  on Diymen X R, (17)
J(Cm,V)-nV = _’Vm,VCm,V on Flmmen X R+7 m & MV; m # VV:
\ J(Om’v).nv =0 on (Fwau U Fadv) X R+, m &€ Mv.

As PLA has a large molecular weight (My, > 1.2x10%g/mol) compared to the
other molecules present in the process, it does not diffuse and consequently
no boundary condition is needed for the concentration of PLA.

The condition (17); stands for the discontinuity of the diffusible molecules
on the interface boundary I'coay Where ¢; and A, j = S, V, are the porosities
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and partitioning coefficients of the domains respectively. The condition (17),
stands for continuity of fluxes on the interface.

As the plasma penetrates from the blood lumen into the arterial wall, we
consider a natural boundary condition (17)s for the plasma where Cyy oy
stands for the fluid concentration in the lumen. As the other molecules
present in the arterial wall go directly to the blood lumen and are transported
very fast away from the region of interest, condition (17)4 in considered for
the lumen boundary I'lymen, With a high transference rate 7, v.

Symmetry on [y, implies a non-flux condition (17)s5. As the adventitia
is considered impermeable to all species present in the arterial wall, the
condition (17)5 also holds for T',qy.

3. Robin-Robin domain decomposition method

In this section, we analyze a Robin-Robin domain decomposition algo-
rithm to couple the polymeric stent to the arterial wall through the interface
boundary I'coas.

3.1. Robin-Robin domain decomposition algorithm. We denote by
L*(j) and H(j), j = S,V, the usual Sobolev spaces endowed with the usual
inner products (.,.)z2> and (.,.)g and norms ||.||z2¢;) and [|.||g(), § =S, V,
respectively ([1]).

Let S, = U Ag, V), = U Ay, where A;, j = S,V, are the typical

As€Thg Ay €Th,,

element of 7, the corresponding admissible discretization in j = S,V re-
spectively (Figure 2).

We introduce in [0, 7] a uniform grid {tn; n=20,..., N} withtg =0,ty =T,

and t,, — t,_1 = At.

In what follows the approximation of a quantity will be identified by a sub-
script h and two superscripts n and k: the first superscript identifies the time
instant and the second one stands for the iteration. Consider

J(CPFNTY) = —Dip ey VORISR m € Mg, m # P, SD,

n

(n—i)At .

n+1,k+1\ n—+1,k+1 n+1,k+1 K1 ,— = i+1,k+1 (

J(Cm,v,h )= — (Dm,Vva,V,h — uV7hCm,V,h + Doy E e v ch,v,h At), m e My,
=0

18)

where uy, is computed using the variational formulation for the Darcy’s law

(9).
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Considering

Wh = {((Um,s,h)/\/l57 ('Um,V,h)Mv> € (Co(gh))ﬁ X (CO(Vh))4
such that (¢5,As)  vm, 5.0 = (OV,RAV) " Um, v 00 Teoatn,

for m € My, (Vm,s,n) Mg (Um,v,h)Mv> ' € (P)% x (P4,
AsxAV

(19)

Ag € Thg, Av € Thv},

where P, denotes the space of polynomials of degree at most r, we have the following variational formulations:

Find ((szsl ) Mo (Cg;r‘} ) M V) € W), such that

Cn—l—l k+1 —_c™ Jk+1
m,j,h m,j,h ] o CnJrl Jk+1 v
Omgh | = J(Crish ) Vimsh
Jn Sh

j=8,VmeM; g;%%

T E ( (Crrbity wm,v,h)
‘/}L

meMy

n+1 k+1
§ E ( m,j,h njvvm,j,h)

j=S,VmeM;

Z: :( nj;lhkﬂ Js h)avm,j,h) ‘ (20)

Jh
j=S,VmeM;

n+1,k+1
+yw,v (CW,out = Cwivh ,Uw,v,h>
Tlumen,n

n+1,k+1
- E Ym,V (Cm V,h Um,V,h) y
Tiumen, h

meMy
m#W

Fcoat,h

for all (('Um,S,h)Msa (Um,v,h)MV) € Wh,

¢y}, = (0,1,0,0,1,0) ,Cy:) = (1,0,0,0),

To establish the Robin-Robin interface boundary condition on I'coatp, we
consider the following algorithm:

Algorithm 1 (H). Robin-Robin Iterative Scheme C' mshs Dmerr, m € Mg, C th, Doy Dy, m €
My, and 7,71y and e > 0 are given.

Take n and At such that N = n/At, ((UmSh)MS, (Vm.v.n) Mm ) CW,.

Forn=20,...,N,
For k >0,
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Solve
( n+1,k+1 nk+1
Cosh — Cwlisi
2 (BT ) = D (A0 T
Sh. Sh
meMs ng;éEF/’V.IS’SD
+1,k+1
(J(Cz,s,h )~77$,Um,s,h) in S,
T coat,n
3 (i),
m! b Sh (21)
meMsg
such that:
E 1,k+1 1,k+1 1,k K
<J(C::L7+S’hjL )WS + 5SCZZI’TS’}L+ a'Um,S,h> == E (J(CZ;LVJL)'”V - 6VCZLT\},h1vm,V,h>
1—‘coaL,h FcoaL,h
\ meMy meMy
Solve
On-‘r‘},;:—i—l _ Cm’lij_hl
(S L -3 (s
Vi ’ Vi
meMy meMy
k
—<J(Cﬁ‘}jh+1)-’7v7vm,v,h>
Teoat,h
+ E (F:wj\/l,qu(cv,h)avm,v,h)
Vi mn Vh,
meMy
Flumen Jh
- § " (C;,*‘}jj“,umyvvh> |
Ciumen, h
meMy
m#W
such that:
E k K
(J(C’T’r‘}:hﬂ)'nv —ovCniva™ ”va)h> T Z (‘](Cﬁgfﬂ)ﬂs +0sCtan vm,s,h) .
Tcout, T oat,h
meMy meMy
n+1,k+1 n+1,k+1
If érelf\l/tx 5VCm,V,h - 5SCm,S,h < ¢ then stop,
v Loo (Fcoat,h)
Else k:=k+1,
End (for k),
n:=n+1,

End (for n).
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where 0; = > 0, 5 = 5,V, are non-negative acceleration parameters

Ajs ¢
responsible for por081t1es and partitioning coefficients of domains.

4. Stability of Robin-Robin iterative method

We study the stability of the Robin-Robin iterative method, introduced in
section 3.1, in the simplified situation ds = 0y = ¢ on the interface boundary

Fcoauth
Consider W' Jh C’ndh cmk G J o= = 5, V, where anh and kah are

m
two different finite element solutions of the system (10) at time level n and
iteration. k. 1Ek+1 1,k+1 1,k+1 1LE+1
We first linearize the term F"Jr * (C’7l+‘/,LJr )—F (C'nJth+ ), m € My,

m m,V, m

around the solution C’"Jr‘} }]f H. We get

n+1,k+1 n—+1,k+1
=FiCn vy Wmvh » m=W,
n+1,k+1 n+1,k+1 n+1,k+1 n+1,k+1 n+1,k+1 n+1, k+1 n+1 k+1 n+1 k+1 _
F’m7V7h (Cm,V,h ) - FM«,V,h (Cm V,h ) IFJ(CWLVJL )Wm V,h —Fs (Cm \Ig'h )Wm \lg'h ) m_O’ (23)
n+1,k+1 n+1,k+1
‘FJ(Cm V,h )Wm Vih Hl—L,

where F. J(C’:f‘} fH)ng‘}’fH, represents the Fréchet derivative ([12]) given
by

n+1,k+1 n+1,k+1 n+1,k+1 n+1,k+1 n+1,k+1
F (Cm V.h )Wm,V,h = “OW,VCO 11/]? ) (1+ CL,X{,Z 1 )WWYkh )
n+1,k+ n+1,k+ n+1,k+
+rowyv Oy, (L+7CT v IWovh (24)
n+1,k+1 ~n+1, k+1 n+1,k+1
+rowvYCwvin Covi Wrvi
. .. : Lk+1
There is a positive constant Ky, depending on (|CY;, = max ngv h+
’ I,00 meMy I,
such that
E / ]FJ 77:1+‘}}’:+1)W:L7+‘}7f+1wn+1 k+1d8 < ICVh E H :LHJF{}}I;JFI (25)
meMy meMy
. Lk+1 . 1,k+1 :
Now we re-write (22) for )/VnJr ™ with U Vh = Wgﬁ/’}f . By taking (25)

into consideration and using Cauchy inequality with € = \/Lé for the left hand
side of (22), we obtain

2

n+1,k+1 n+1,k+1 n+1,k+1 Wit LE+ n+1,k+1
Z Wm,v,h < 2At Z (/ J(Wm V,h )VWm V,h dv — / ( m,V,h )~77V) Wi, V,h ds
7n€MV Vh meM Vh ) coat h ) (26)
+1,k+1 +1,k+1 1
VAW v AV =Y, v | Won v ) + HWZ V,h
I h meMy

Vh Vh

umen,

Now, we establish upper bounds for the convective and non-Fickian terms of
the flux in the arterial wall.
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For the convective term, using the Cauchy inequality with £ = \/5 we get

2 2

), (27)
L2(Vh)

n+1,k+1 n+1,k+1 H“V,hHw n+1,k+1

m7 m’V7
Vh

LQ(Vh)

for m € My
For the non-Fickian term, we deduce succesively the following inequality

n
Z — )AL i k1 n+1,k+1
h

i=0
1 S iAo At i
= _Q_At< Z@ 71 Wm,VZh At — ZG 71 WWZL,V,hAt )
i=0 i=0 Vi
1[I~ —onae WWiHLEHL A ’
T Ze 1 m,Vih ! Vi
=0 " 2 n 2 (28)
1 i DAt e _nm)At et
< _E( dem mowiata =D e Wik A )
i=0 Vi i=0 Vi
1 ||~ i WiHLEFL A ?
1|4 1 m,Vih ! Vi
1=0 n h ) n 5
1 At _=DAE g 1 _(n=iat g
S _(5 7__1) Ze 1 an:v:h—’_ + § Ze 1 Wﬂ;,‘—ﬁ,h
i=0 Vi i=0 Vi

By taking (27) and (28) into consideration, we obtain

/ J(Wn-‘r‘}f-‘rl)vwn-i-l k+1dv
Vi ’

m,

_ (n—i)At 'L)At

|

2
HuwH witen|” e Hoo P Lk
g_(Dmy _)HVW ' Ll
Vh Vi
1 At _ (n—i)At 2 (n—i)At 2
= z+1 k+1 Dy, Hmov i Z k41

m UV Wi vin € Wil

Vi

(29)
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for m € My.
Using (26) and (29), the inequality

> << — 2At Ky + )H ml,f“

meMy
Vh
+2At<Dm7V— )H "}{,’jﬂ
Vi 5
1 At — DAL i k1
+2At Dy g (5 + —) Ze WL (30)
L s Vi
2 " . 2
n,k+1 —AEUEE S i1k
P> HWth ALY Duay D e W
meMy Vi meMy =0 Vi
WLk k+1,k+1
_QAtZ/ ( Wit )-nv)Wm,v,h ds,
mGMV coath

holds for m € My .
Similar calculations for Wy, s, m € Mg, lead to

5 ()

meMg

< 2

meMg

2

+ 2AtD,, 5
Sh

)
Sh
2

o z/ (7 y;,fﬂ).ns)wg;;,fﬂds.
S coath

meMy

(31)
nk+1
mSh

Summing up (30) and (31), we have

Z(( EPYNT o 21 )H ﬁvl},jﬂ

meMy

+2At<Dm,v - —”““5“0@) va;*vl i

Vi
1 At I TN 2
F2ADmzy (5 * 7_1) Ze W v
=0 ) a 2
+ ((1 - 2Aths,h> wrktll” oasp,, of e )
meMg S, .
k+1 2 (n—i)At +1 f1 2
H m,j,h +At Z Dmo’v Ze 1 th
- SvmeM meMy Vi

- (/ (J(WZT&,}’?“)nvv)W;ifvlf“ds+ [ (ot )it as ),
1—‘coat,h 1—‘coat,h

meMy
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In what follows, we prove that

i S ([ (sovia i [ (S0v e Wi as) <o, s
o 1—‘coat,h 1—‘C()at,h,

meMy

As
(A+0B)° = (A—6B)* — 46AB =0,
then

2
[ (o wias = [ (v - oWt ) as
Fcoat,h Fcoat,h )
5[ (o + o) s
Fcoat,h
From (34), the Robin-Robin interface condition (22), allows us to conclude
2
-/ (J<W£2Tv1,f“>-nv)W;i,*vl,f“ds i | (J(W&T&f“).nv + aw:;,*&,f“) ds
1—‘coat,h, 1—‘coat,h

2
1 n+1,k+1 n41,k+1
— 1 / (— JOVEE) g — WL ) ds.
1_‘coat,h

(34)

(35)

Using the same argument for W:f; ’f“, m € My, and the interface condition

(21)3, we obtain
2
- / (J (w;g{f“).ns) Wiisi s +35 / (— TV g — 5w;f5{f+1> ds
Fcoat,h Fcoat,h ) (36)
=i (sovs o) as
coat,h

Adding (35) and (36), then summing up from k = 0 to k = M, we establish

M
2 2 (/ (J <W33v1,’/f“>-nv)wz,+&;,f“ds+ / (J(Wz,*s{f“).ns)W,’;T;;f“ds)
Fcoat,h Fcoat,h

M 2
1
== > ( / = (— TVt ms — aw;f;,f“) ds)
k=0meMy V eoat,n )
n+1,k n+1,k
+ /F 3 ( — JWtan ™ ms — 5ng{h“> ds (37)

1 mn n 2
= ( / (J<wmfv{»,?>.ns X mmfv{f) ds

meMy )
- / (J(W;T&;,?“U-nv + 6W$f&;¥“) ds)-
1_‘coat,h
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Let f and g are defined as follows:

=% ([ (sovia wiias s [

(J(W;TS{;’:“MS) W,Z*;;f“ds) :
oat,h

meMy Leoat,
and
2
Y / ( (WIEEEMAL) o s M+1> s
meMy Teont.h
M M+1
From (37) we deduce that Zf(k;)+g(M) = const and Zf )+g(M+1) =

k=0
const, which lead to g(M) = f(M + 1) + g(M + 1). So hm f(M +1) =0.

Taking the limit in (32), we obtain for the energy functlonal
2

2
(n+1) _— 13 n+1k+1 n+1,k+1
eret = Jim 3 5 (i o+ o] )
=S, VmeM, h Jn
' ’rf (n—1)At 2 <38)
ALY D e W
meMy ' i=0 Vi
the inequalities
g(n—l—l) < gg(n) < en—klg(())’ (39)
where 6 is given by
0 = L

Y
min (k\mJ€V,2J€V,3J€s,1,ks,2> (40)

and

HUV}L

bra = min £2(D, —1250) 1
20\t 41
kvg = mrg/l\fllv Dm,av (1 -+ 7'—1)} ( )

ks1=1-2Atkg),
kgo = 2D, . .
52 = m/l\fll { ,ff}

me
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The inequality (39) holds provided that

: 1 1
at<mn{ o ol 2

Dy, v > M, Dyoy, >0, me My and Dy, cpr >0, m € Mg.

If
min {km, k‘g’l} < min {kv,z, kv3, k5,2}7 (43)

then, by (39) we conclude the stability of the proposed method.

5. Numerical experiments

The governing equations are discretized in space with the finite element
method using the commercial software package COMSOL Multiphysics 5.1
(COMSOL AB, Burlington, MA, USA).

To reduce the computational cost, we assume that the domain consists only
of two PLA based strut and that it is fully-embedded in a straight portion
of an arterial wall. The coating and arterial wall domains are meshed as
illustrated in Figure 2, where in the coating is used a finer mesh than in
the arterial wall, considering the much smaller scale of the coating domain.
Refined meshes are also used at the stent-wall interfaces to improve the sim-
ulation accuracy. We have used PDFE interfaces in the Mathematics module
to have more flexibility to define the system of equations in COMSOL.

The time integration is performed with a backward differential formula (BDF)
with a time step size of 1 second, while the space is discretized by quadratic
finite elements (P,) with the average mesh size in the stent 29.8um (323 el-
ements) and in the arterial wall 56.7um (1112 elements) respectively. The
thickness of the media ranges from 1.25— 3.5 x 10~%m ([30]) with the average
of 2 x 107*m ([6,21,29] and [22]). In our model, considering atherosclerosis
plaque, we have assumed that its thickness is around 3 x 10~*m. The thick-
ness of the polymeric stent is assumed to be 150um ([11]).



TUNING POLYMERIC AND DRUG PROPERTIES IN A DES 19

e
el
e

\—=——

FicurE 2. Computational meshes in the domain.
Figure 3 shows the pressure distribution in the arterial wall while the arrows

indicate the velocity field. The average pressure and velocity are 70.85 mmHg
and 5.94 x 1076 ™ respectively.

120

F1GURE 3. Pressure distribution and velocity field in the stented
arterial wall.

Parameters in Table 1 which have been extracted from [4,6,15,21,23,29]
and [32], are used in all numerical experiments. The computational time for
the reference simulation performed on an Intel(R) Core(TM) i7-4790 3.60
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GHz processor, 16.0 GB RAM and 64-bit operating system is around 1 hour.

Parameter /Variable Definition Value
Stent coating
D%/, g diffusion coefficient of plasma 1078 em?/s
DOQ g diffusion coeflicient of oligomers 10712 cm?/s
D} diffusion coefficient of lactic acid 5x 10712 cm?/s
DY, D.S diffusion coefficient of dissolved drug | 5.7 x 1072 em?/s

kpw.s rate of first reaction 1075 ecm?/g.s
kow.s rate of second reaction 10" em?/g.s
kpp.s dissolution rate 107° mol/ch.s
?3,0 initial porosity 0
Csol maximum solubility 3 x 10~* mol /em?
o dimensional parameter 1 s/cm?
5 dimensional parameter 10 s/cm?
Arterial wall
Dy v diffusion coefficient of plasma 1078 cm?/s
Doy diffusion coefficient of oligomers 10712 em? /s
Dpy diffusion coefficient of lactic acid 5x 10712 cm?/s
Dpy diffusion coefficient of drug 2.6 x 1079 cm?/s
D, viscoelastic diffusion coefficient |5 x 10719 g/(cmsPa)
T relaxation time 0.5 s
Ky Young’s modulus 4.1 MPa
K1 Young’s modulus of the arm 1 MPa
kowv rate of first reaction 10" em?/g.s
ky permeability of fluid 2 x 10714 em?
Ly viscosity of fluid 7.2 x 1072 g/cm.s
ov porosity 0.61
v dimensional parameter 10 s/cm?
Plumen pressure in lumen 120 mmHg
Padv. pressure in adventitia 30 mmHg

TABLE 1. Values of the parameters and variables in the stent
coating and in the arterial wall.
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The release of drug during the first month of the stent implantation is
shown in Figure 4. Less drug concentration is observed in the lumen bound-
ary as it is washed out by the blood flow.
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(A) Drug release after 12 hours, (B) Drug release after 1 day,
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CIT I viy
[, 2o
o
o
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(C) Drug release after 7 days, (D) Drug release after 30 days,

FIGURE 4. Drug release from coating into the arterial wall dur-
ing the first month, kpy g = 1079,

In Figure 5 the effect of the degradation rate on the porosity of the polymer

is shown. We observe that a larger degradation rate increases the porosity
of the polymer. This observation suggests that more fluid penetration and
speed-up of the drug release will occur. We will illustrate this aspect in
Figures 7 and 8.
Figure 6 shows the time evolution of the mass of the dissolved and solid drugs
in the polymeric stent. We observe that the mass of the dissolved drug in
the stent first increases but due to its release into the arterial wall, it then
decreases.



22 J. NAGHIPOOR, J.A. FERREIRA, PAULA DE OLIVEIRA AND T. RABCZUK

y g +k {PW,S}=1e-6
0.9 o7 ok_{PW,S}=5e-6

0.8

0.7

0.6

0.5

Porosity

0.4

0.3

0.2

0.1

0 5 10 15 20 25 30
Time (d)

F1GURE 5. The effect of degradation rate on the porosity of the
polymer.
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FIGURE 6. Dissolved and solid drugs in the stent during one
month, kDD,S = 107°.
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In Figures 7 and 8, the effect of the polymer degradation rate on the ac-
cumulation of the dissolved drug in the stent and in the arterial wall are
shown. It is observed that a larger polymeric degradation rate decreases the
maximum amount of drug accumulations in both domains. In other words,
with a smaller degradation rate, a higher initial burst of the dissolved drug
in the stent and in the arterial wall could be expected.

—¥- Dissolved drug, k_{PW,S}=1e-6 | |
o Dissolved drug, k_{PW,S}=5e-6
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0.05F

0.0451

Drug

0.04r

0.0351

0.03f

0.0251

0 5 10 15 20 25 30
Time (d)

F1GURE 7. The effect of degradation rate on the drug accumu-
lation in the stent.
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0.022F -%- Drug In the arterial wall, lk_{PW,5}=1e-6 | |
o Drug In the arterial wall, l<_{PW,S}=5e-6

0.02F
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0.014r

0.012

Drug

0.01r

0.008

0.006

0.004

0.002 -

6 é lIO ll5 2‘0 2‘5 36
Time (d)
F1GURE 8. The effect of degradation rate on the drug accumu-
lation in the arterial wall.

In Figure 9 the effect of different diffusion coefficients on the amount of dis-
solved drug in the stent has been compared. In the case of effective diffusion
coefficient (3), when the plasma penetrates the stent, it breaks the chemical
chains of the polymer and increases polymer’s erosion. This causes more fluid
entrance into the stent and more degradation in the polymer. Consequently
the dissolved drug leaves faster the stent than the case of a constant diffusion
coefficient.
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=¥ Dissolved drug, variable coefficient | |
@ Dissolved drug, constant coefficient
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FIGURE 9. The effect of different diffusion coefficients on the

accumulation of the dissolved drug in the stent, effective diffu-

sion coefficient (3) versus constant diffusion coefficient DY, o,

kDD,S = 1077,

Figure 10 illustrates that changing the diffusion coefficients of molecules
(specially fluid and dissolved drug) in the stent influences the amount of
drug in the arterial wall. In the case of a biodegradable polymer, where
the effective diffusion coefficients in the stent are given by (3), the drug
accumulates more in the arterial wall before its peak. When a fixed diffusion
coefficient is used, the drug has a larger residence time in the arterial wall
than in the case a variable diffusion coefficient is used. This is due to the fact
that in the case of effective diffusion coefficient, the dissolved drug leaves the
stent faster and reaches the arterial wall quicker.
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F1GURE 10. The effect of different diffusion coefficients on the

drug accumulation in the arterial wall, effective diffusion coef-

ficient (3) versus constant diffusion coefficient DY, ¢, kpps =

1075,

It is observed that in the case the effective diffusion coefficient is used for
the plasma (3), more fluid enters the stent (see Figure 11) which causes more
degradation and eventually more lactic acid and oligomers concentrations in
the stent and in the arterial wall.

Figure 12 illustrates that in the case the effective diffusion coefficient (3) is
used, more lactic acid is produced and accumulates in the arterial wall. One
main concern with the use of PLA is that its degradation products reduce
local pH, which can originate an inflammatory response. In this sense the
amount of lactic acid is an important information because its accumulation
in the smooth muscles surrounding arteries is a cause of plaques formation.
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FiGURE 11. The effect of different diffusion coefficients for the
plasma in the stent.
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FIGURE 12. The effect of variable diffusion coefficient on the
lactic acid present in the arterial wall.
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FIGURE 13. The effect of dissolution rate on the drug accumu-
lation in the stent.
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FI1GURE 14. The effect of dissolution rate on the drug accumu-
lation in the arterial wall.
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In Figures 13 and 14, the effect of the dissolution rate on the mass of the
dissolved drug both in the stent and in the arterial wall are shown. It is
observed that the larger dissolution rate leads to the largest peaks of drug in
both domains. However a steepest decay of the mass is also observed leading
to a shorter residence time.

Figure 14 illustrates that in the case of an initial burst, the drug leaves the
arterial wall faster and it is washed out by the blood flow through I'iymen. As
a result, to have a more sustainable drug release, with a larger residence time
in the arterial wall, a drug with a smaller dissolution rate should be used in
the stent. The weak water solubility avoids rapid release into the circulation.

6. Conclusions

In recent years mathematical modeling has become an effective tool to sim-
ulate 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 arterial wall. Although cardiovascular drug delivery de-
pends on very complex biochemical and physiological phenomena, we believe
that a simplified release model can help to provide understanding of the de-
pendence of drug pharmacokinetics on the properties of the three main actors
of the process. The three main actors that interact in the drug release are
the coated stent, the drug, and the vessel wall. Concerning the device we
mention the properties of the polymeric coating, such as the degradation rate
and its time dependent porosity. Regarding the vessel properties, we refer
to the stiffness of the vessel wall and its influence on the the drug delivery
profile. Finally as far as the drug properties are concerned we mention the
importance of its dissolution rate. All these properties have been included in
the model presented in this paper. The sensitivity of the process relatively
to the parameters that characterize these properties are analyzed.

In a previous paper ([9]) by some of the authors, the influence of arterial
stiffness on the drug release was studied. In this paper, while keeping in the
model the stiffness of the vessel wall, a more realistic description of the poly-
meric coating, namely its time dependent porosity, is included. The coating
of the stent is biodegradable and the influence of the time dependent poros-
ity of PLA on the release of drug into the arterial wall has been analyzed.
The numerical results suggest that drug leaves faster the polymer when the
effect of time dependent porosity is considered. The results also show that
in this case the residence time of the drug in the arterial wall is shorter. The
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numerical simulations also illustrate that to have a more sustained drug ac-
cumulation in the arterial wall, a drug with a smaller dissolution rate should
be used.
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