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Abstract—The field of percutaneous coronary intervention
has witnessed many progressions over the last few decades,
more recently with the advancement of fully degradable
bioabsorbable stents. Bioabsorbable materials, such as
metallic alloys and aliphatic polyesters, have the potential
to yield stents which provide temporary support to the blood
vessel and allow native healing of the tissue to occur. Many
chemical and physical reactions are reported to play a part in
the degradation of such bioabsorbable materials, including,
but not limited to, corrosion mechanisms for metals and the
hydrolysis and crystallization of the backbone chains in
polymers. In the design and analysis of bioabsorbable stents
it is important to consider the effect of each aspect of the
degradation on the material’s in vivo performance. The
development of robust computational modelling techniques
which fully capture the degradation behaviour of these
bioabsorbable materials is a key factor in the design of
bioabsorable stents. A critical review of the current compu-
tational modelling techniques used in the design and analysis
of these next generation devices is presented here, with the
main accomplishments and limitations of each technique
highlighted.

Keywords—Finite element analysis, Computational mod-
elling, Biodegradable stent, Corrosion, Polymer, Hydrolysis,
Magnesium.

INTRODUCTION

Coronary stents have revolutionised the treatment
of coronary artery disease. While coronary artery
stenting is now relatively mature, significant scientific
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and technological challenges still remain, particularly
in tackling the complications associated with long-term
placement of the device. One of the most fertile tech-
nological growth areas is bioabsorbable stents. It is
now possible to generate stents that will break down in
the body once the initial necessary scaffolding period
(6-12 months)* is complete and which can promote
arterial remodelling.!' Bioabsorable stents have so far
been designed from either metal or polymer materials
(Table 1). Such technologies permit the use of repeat
treatments (surgical or percutaneous) to the same site*'
and have potential for use in areas of complex anat-
omy, where a conventional stent would permanently
obstruct side branches,*' or for paediatric patients’*
where a conventional stent may become mechanically
unstable in growing vessels. Bioabsorable stents pre-
sent possibilities for the controlled local delivery of
antiproliferative drugs, which could reduce the need
for long-term use of antiplatelet therapy. Ultimately,
bioabsorbable stents possess great potential in
addressing the long-term clinical problems associated
with permanent stents, such as in-stent restenosis,>>
late stent thrombosis*® and stent fatigue fracture®'
while effectively allowing the restoration of vasomo-
tion potential.

From the perspective of designing next generation
bioabsorable stents, the phenomenon of biodegrada-
tion, through either surface corrosion in the case of
metals® or bulk degradation in the case of polymers,™
adds significant complications, in comparison to per-
manent stents. For example, capturing the effects of
the in vivo environment, (dynamic loading, blood-flow,
tissue remodelling efc.) on the rates of degradation or
corrosion with computational techniques is a chal-
lenging task.

0090-6964/16/0200-0341/0 © 2015 Biomedical Engineering Society
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This has implications for the development and use
of computational modelling for bioabsorbable stents,
as part of the analysis and design process.”>’® This
article aims to review the state of the art in computa-
tional modelling of material degradation in metallic
and polymeric bioabsorable stents, to highlight
accomplishments and limitations to date, and to indi-
cate future advancements in this area.

A review of the literature shows that metals such as
magnesium alloys>"%®"* and iron alloys*>*” and poly-
mers such as Poly(L-lactic acid) PLLA,"*? Poly(lactic-
co-glycolic acid) PLGA™ and Polycaprolactone,
PCL®® have been the materials most commonly inves-
tigated for use in bioabsorable stents. For convenience,
the terms resorbable metal stents (RMS) and resorb-
able polymer scaffolds (RPS) are used in this review to
prevent confusion with commonly used trade names
AMS and BVS, in reference to the Biotronik absorb-
able metallic stent and Abbott bioresorbable vascular
scaffold, respectively.

Metals generally have superior mechanical stiffness
and strength compared to polymers, an attractive
characteristic for use in load bearing applications such
as coronary stents. Magnesium and iron based alloys
are considered favourable materials for RMS as they
both are naturally present in the human body, have
good biocompatibility and have degradation products
which do not cause toxicity.?*"”

Problems associated with iron-based RMS include
incompatibility with certain imaging devices (MRI)
and slow in vivo degradation rates as reported in pre-
liminary animal studies.**”> To the best of the authors
knowledge iron-based RMS have not proceeded be-
yond animal trail stage, whereas magnesium-based
RMS have progressed significantly faster with Bio-
tronik presently conducting their third clinical trial of
these devices (Table 1).>?7°° Due to this relative
advancement and clinical trial promise, and given that
iron stents would behave mechanically like permanent
stents in the short to medium term, computational
modelling (using finite elements (FE)) of RMS degra-
dation has focused on magnesium alloy stents.

Some of the problems associated with RMS, for
example high thrombogenicity due to electropositive
charges and fast degradation rates of magnesium
RMS, can be bypassed with the development of RPS,
that typically would degrade more slowly (18—
24 months).! While RPS typically have thicker struts
than RMS, no direct evidence linking strut thickness to
restenosis rates has yet been found for the current
bioabsorbable technologies.'* The microstructural
properties of polymer materials make them ideal car-
riers for drugs for the purpose of controlled release,
which was in itself a contributing factor in the devel-
opment of polymer coatings on permanent stents.

Biodegradable polymers are of increasing interest in
biomaterials research and PLLA has been extensively
investigated for medical applications since 1970%° due
to its excellent biocompatibility and physiochemical
properties, which are easily tuned through the manu-
facturing process.®® This material has successfully been
employed in Abbott’s Absorb BVS,'”** the DESolve
scaffold® and the device from Arterial Remodelling
Technologies'' which have all obtained market ap-
proval in Europe. A number of other RPS devices are
currently undergoing pre-clinical or clinical investiga-
tion, as shown in Table 1. For the stent application,
therefore, computational modelling has primarily fo-
cused on PLLA degradation and mechanical
behaviour.®

DEGRADATION OF MATERIALS

Degradation of Metals

A detailed description of magnesium degradation
through corrosion can be found in Song and Atrens.®
Magnesium alloys when implanted in vivo corrode by
various mechanisms including but not limited to: (a)
micro-galvanic corrosion, (b) localised (pitting) cor-
rosion, (c¢) intergranular corrosion, (d) stress corrosion
cracking and (e) corrosion fatigue. For the stent
application, modelling to date has been predominantly
focused on representing micro-galvanic corrosion and
localised (pitting) corrosion in magnesium alloys, both
of which are described briefly below.

Magnesium alloys are highly susceptible to micro-
galvanic corrosion. Mirco-galvanic corrosion is an
electrochemical process where magnesium (anode),
alloying elements or impurities (cathode) and an elec-
trolyte form a galvanic cell, resulting in heavy localised
corrosion adjacent to the cathode. Metals with low
hydrogen overvoltage, including Ni, Fe, and Cu cause
severe galvanic corrosion of magnesium alloys while
others such as Al, Zn, Cd, and Sn, are much less
damaging.®

Magnesium is a naturally passive metal that
undergoes pitting corrosion at its free corrosion
potential, when exposed to chloride ions in a non-ox-
idizing medium. As a result, the corrosion of magne-
sium alloys in neutral or alkaline salt solutions
typically takes the form of pitting.*

Degradation of Polymers

Polymer degradation can occur through a number
of mechanisms including mechanical, thermal, photon
and chemical (biological and/or enzymatic) driven
means. Synthetic polymers such as PLLA belong to the
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family of biodegradable aliphatic polyesters. Such
biodegradable polymer materials undergo degradation
in vivo through a two-phase process, beginning with
chemical hydrolysis, where the vulnerable bonds in the
polymeric chain react with water molecules and are bro-
ken down into oligomers and then into monomer frag-
ments.”* This hydrolysis is often considered an
autocatalytic process, as chain scission of the backbone
chains leads to the formation of carboxyl end groups,
which increase the acidic environment and therefore
accelerate the rate of hydrolytic breakdown.*” Degrada-
tion through hydrolysis is considered a passive process; it
does not require the presence of enzymes and it is governed
principally by water molecules penetrating the device.*”

The second phase of in vivo degradation involves
active metabolism reactions, where the newly formed
monomer fragments are converted into non-toxic
products, i.e., lactic acids, which are then easily ex-
creted from the body through normal cellular activi-
ties.®® Hydrolysis mechanisms in biodegradable
polymers have been studied extensively and it is
imperative that both the chemical and physical aspects
are considered when describing or modelling this
complicated process.**

COMPUTATIONAL MODELS FOR
MATERIAL DEGRADATION

Metallic Degradation Models

A brief overview and key equations of degradation
models applied to RMS is provided in Table 2. A de-
tailed description is provided in the following sections.

Uniform Corrosion Modelling

Uniform corrosion modelling, where corrosion is
considered to occur at a uniform rate over the exposed
surface of the RMS, is perhaps the simplest form of
RMS degradation modelling, and is an approximate
representation of micro-galvanic corrosion for mag-
nesium alloys if the distribution of alloying elements in
the material is considered to be homogeneous.'® Gas-
taldi et al.'® and Grogan et al® used a continuum
damage mechanics (CDM) approach to simulate uni-
form corrosion in RMS FE models by employing
sequential finite element removal from the exterior
surface of the RMS. Grogan et al.** developed this
further to model uniform corrosion using on arbitrary
Lagrangian—Eulerian (ALE) adaptive meshing tech-
nique.

The CDM methodology introduces a local dimen-
sionless damage parameter D which accounts for the
loss of mechanical integrity of the stent material due to
corrosion. In the FE context, for a partially corroded
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TABLE 2. Summary of material degradation models that have been used to investigate the performance of bioabsorbable metallic stents.

BoLAND et al.

Code

Key equations

Brief description

Model type

Authors

Abaqus/Explicit

oj=a6;(1—-D)

Element deletion model using CDM methodology by introducing

Phenomological-uniform

Gastaldi

(VUSDFLD)

damage parameter for uniform corrosion Dy and effective

Cauchy stress tensor a;
Element deletion model using CDM methodology by introducing

corrosion

et al.'®

Abaqus/Explicit
(VUSDFLD)

Cauchy stress tensor ;. Stress corrosion activated if equiva-

lent stress is greater than threshold stress
Element deletion model using CDM methodology by introducing

damage parameter for stress corrosion Dsc and effective

Phenomological-stress
corrosion

Gastaldi
et al.'®

Abaqus/Explicit

Phenomological-uniform

Grogan

et al?®

(VUMAT)

damage parameter for uniform corrosion Dy and effective

Cauchy stress tensor g;
Element deletion model using CDM methodology by introducing

corrosion

Abaqus/Explicit

5u 1
(f:/beku

(VUMAT)

dDp _ o
dt

oj =6;(1-D)

Phenomological-pitting

Grogan

et al®®

damage parameter for uniform corrosion Dp and effective

Cauchy stress tensor a;
ALE model utilising adaptive meshing which allows boundaries of

corrosion

Abaqus/Standard

Phenomological-uniform

Grogan

(UFIELD, UEXTERNALDB,

UMESHMOTION)
Abaqus/Standard (UFIELD,

the FE mesh to be moved independently. Corrosion rate directly

inputted as velocity of moving stent surface.
Physical model based on the diffusion of metallic ions from the

corrosion

et al 23,24

Dion(Ve-n)

y =

Physical-uniform corrosion

Grogan

Csol —Csat

et al 23,24

UEXTERNALDB, UMESH-

MOTION)

surface of the stent. Velocity of the moving stent surface de-

pends on metallic ion concentration gradient.
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finite element, the elemental Cauchy stress ¢; (the
stress at the integration point, assuming a single inte-
gration point per 3D element) is related to the effective
Cauchy stress (the stress in the remaining uncorroded
material within the element) ¢; through the following:

o = 6;5(1 — D) (1)

Initially when D = 0 the material in the element is
undamaged and as corrosion progresses, D increases.
When D ~ 1 the material is completely corroded and is
no longer able to support stress (g; = 0) and the ele-
ment is removed from the model. This model is applied
to surface elements exposed to the corrosive environ-
ment, and in turn to the elements in the new surface
that is generated by element removal. In the particular
case of uniform corrosion, the evolution of the (uni-
form) damage parameter Dy for surface elements is
given by:
dDy du

dt L. ku (2)
where ky is the material corrosion kinetic parameter
(dimensions [77']), dy and L. are the respective
material and FE model characteristic lengths that are
introduced to reduce mesh sensitivity. The approach
was implemented in Abaqus/Explicit (DS SIMULIA,
USA) by both groups through user subroutines
VUSDFLD (Gastaldi e al.'®) and VUMAT (Grogan
et al.”®). The models were initially calibrated using re-
sults from in vitro immersion tests of magnesium alloy
samples. Gastaldi ez al.'® tested mass loss of cylindrical
samples of five commercially available alloys. Grogan
et al®® recorded the mass loss rate of thin rectangular
films of magnesium alloy AZ31 in load free and uni-
form tension states. Both calibrated uniform corrosion
models accurately replicated the mass loss rates ob-
served experimentally.

An arbitrary Lagrangian—Eulerian (ALE) imple-
mentation of the uniform corrosion model was pre-
sented by Grogan er al?® as part of a geometrical
optimisation strategy applied to RMS to highlight how
scaffolding ability of these devices can be prolonged by
enhancing stent design. This approach utilises adaptive
meshing which allows the boundaries of the FE mesh
to be moved independently of the underlying material
between analysis increments. This simulates the effects
of material removal, as any material outside of the FE
mesh in an increment does not contribute to mechan-
ical behaviour, and the nodes on the external surface
move at a velocity equal to the corrosion rate (in the
form [LT_I]) of the material. Grogan et al.** used
Abaqus/Standard (DS SIMULIA, USA) with
UFIELD, UEXTERNALDB and UMESHMOTION
user subroutines. This approach is attractive as it is

more efficient and less mesh sensitive than the element
removal approaches, however less flexible in account-
ing for complex geometrical changes that may occur in
localised corrosion representations.?

Uniform corrosion has been demonstrated to rep-
resent the best case scenario for RMS degradation, in
terms of arterial scaffolding duration, in comparison to
more inhomogeneous and localised corrosion mecha-
nisms.>**> The above formulations, while simple to
implement and powerful in simulating how an RMS
would optimally perform, as presented,'®***° do not
account for the reality of localised surface corrosion or
the possibility of stress modulated corrosion because
they are controlled by a prescribed uniform material
corrosion rate. Enhanced formulations that address
such issues are summarised below.

Stress Corrosion Modelling

Gastaldi e al.'® presented a Stress Corrosion (SC)
model (implemented in Abaqus/Explicit) adapted from
the work of da Costa-Mattos et al.,'® who used CDM
to create a model to describe the damage induced by
SC in austenitic stainless steel. The evolution equation
for the damage parameter in this (stress corrosion) case
DSC is:

dDsc _ Le ( Sogg )R (3)

dr~ dsc \I — Dsc

when aé‘q > o > 0and deC = 0 when aﬁq < o, Where
dsc and L. are the respective material and FE model
characteristic lengths, R and S are constants related to
kinetics of the SC process and oy, is the equivalent
stress for the SC mechanism (maximum principal stress
in this case). If the value of equivalent stress of, is
below a threshold stress gy, the SC process does not
occur. A threshold stress of 50% of the yield stress of
magnesium alloy ZM21 was selected.'®

Gastaldi et al.'® coupled the SC model with the
uniform corrosion model described previously and
applied both corrosion mechanisms to RMS geometry.
The initial results of the simulations were considered
phenomenologically consistent with experimental
observations. This coupled formulation was further
studied by Wu ez al.”"’* who completed in vitro cor-
rosion tests on two RMS designs (a patented stent
design (CON) and an optimized stent design (OPT))
and compared results against simulated predictions for
one ring models of the same designs, as shown in
Fig. 1, validating the overall applicability and practical
usefulness of the model in stent design and perfor-
mance assessment.

However, magnesium alloys are subject to localised
pitting corrosion in vivo.>’® Thus, the omission of the
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The original configuration of a CON sample (a, b) and an OPT sample (d, e). The dimensions of the CON and OPT

models in the simulation (c, f) are shown. Note that the CON model only considered the short ring of the CON design. (g) Mass loss
ratio of the CON and OPT samples for the experiment and the corresponding models for the simulations.”

pitting corrosion mechanism in the coupled uniform
and SC approach may be considered a limitation.

Pitting Corrosion Modelling

Grogan et al.*® presented a model for pitting cor-
rosion by expanding on the aforementioned CDM
uniform corrosion element removal model (imple-
mented in Abaqus/Explicit) through the inclusion of a
pitting parameter /. to capture the effects of localised
or pitting corrosion. The evolution equation for the
damage parameter in this (pitting corrosion) case Dp is:

dDp ¢
- = L—U Jeky 4)
Each element on the corrosion surface is randomly
assigned a pitting parameter A, through the use of
Weibull distribution-based random number genera-
tor.>> An element assigned a larger value of 1. degrades
faster than its neighbours and nucleates a surface pit
when removed (Dp ~ 1). Subsequently, the elements
adjacent to the pit are assigned pitting parameters A,

given by:
Je = Pin (5)

where Z, is the pitting parameter of the pit nucleating
element and f is a dimensionless parameter that con-
trols the acceleration/deceleration of pit growth. In
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Grogan et al.?® the model parameters Ky, f and the

Weibull probability distribution function were cali-
brated and the model quantitatively validated by
comparison with results from three separate in vitro
immersion experiments which measured the corrosion
rate of magnesium alloy AZ31 foils in (i) load free, (ii)
corrosion followed by tensile loading, and (iii) corro-
sion during tensile loading cases.”> The pitting corro-
sion model was then applied to a stent geometry based
on the Biotronik Magic stent and generated a stent
degradation and collapse pattern that is qualitatively
very similar to clinical trial observations for RMS, for
example Waksman,®® as highlighted in Fig. 2.

A limitation of the pitting corrosion formulation as
presented” is the randomness of the location of pit
nucleation. While pitting is certainly realistic,®® pit
locations are more than likely influenced by sites of
surface defects from the manufacturing process, sur-
face defects from angioplasty procedure, or areas of
stress concentration as motivated by the aforemen-
tioned work of Wu er al”' who experimentally re-
ported an increase in magnesium stent fractures in
hinge regions.

Physically-Based Corrosion Modelling

The formulations presented above can be funda-
mentally classified as phenomenological, in that they
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(b)

FIGURE 2. (a) Computational simulation of the magnesium
stent subject to pitting corrosion model.?* (b) In vivo image of
Biotronik AMS stent 4 weeks after implantation.®® Highlighted
regions show qualitatively similar break regions due to cor-
rosion.

capture the overall phenomena of degradation (and are
quantitatively calibrated to generate realistically
meaningful predictions) but do not explicitly represent
the multi-physics processes generating the degradation.
In an attempt to address this in the context of RMS
analysis, Grogan er al.*® presented a physically-based
model that uses corrosion product (assumed to be
magnesium ion) diffusion from the stent surface into a
corrosive medium as the controlling variable for the
corrosion process, coupled with corroding stent sur-
face retreat. The model used an ALE approach similar
to that described above for uniform corrosion, without
the limitation that corrosion had to be strictly spatially
uniform, and was implemented in Abaqus/Standard
with UFIELD, UEXTERNALDB and UMESHMO-
TION user subroutines. The model was used to sim-
ulate the behaviour of a hypothetical pure magnesium
RMS, on the basis that pure magnesium, although
inferior in terms of mechanical properties,'® has a
greater tendency to corrode through diffusion con-
trolled ion transfer rather than micro-galvanic corro-
sion, making the model more physically appropriate.

Using the ALE approach, the corrosion surface
moves at a velocity v, determined through:

y— Dion(Vc . ll) (6)
Csol — Csat

where ¢y, is the concentration of magnesium in the
stent, cq, 1 the saturation concentration of magnesium
in the corrosive environment, D;,, is the diffusivity of
magnesium ions in the corrosive environment, (Ve - n)
is normal component of the magnesium ion concen-
tration gradient vector Ve¢,with n as the local normal
vector to the corrosion surface. Figure 3a shows a
contour plot of predicted magnesium ion concentra-
tion in the corrosive environment over time. As the
device corrodes its dimensions are reduced. The ini-
tially sharp edges of the device are rounded as corro-
sion progresses, as shown in Fig. 3b.>* This model
gives interesting insight into RMS degradation
including the prediction of a simple power-law
dependence of RMS mass (and hence scaffolding
ability) on time, controlled by Dj,, and cgy;.

The model is efficient and usable in its own right,
but from a practical perspective it could be used to
calibrate the corrosion parameters (even as functions
of time) in the simpler uniform corrosion formula-
tion'®?* described above to simulate RMS perfor-
mance in different corrosive environments, at least for
diffusion-controlled corrosion, given the practical
usefulness of the uniform corrosion model (especially
with stress dependence).”' Limitations of the model as
presented® include a focus on diffusion-control and a
simple material system (pure magnesium) where micro-
galvanic corrosion is less dominant. Multi-physics
simulations for more complex magnesium alloys and
the geometrical complexity of pitting would present
challenges.

Polymer Degradation Models

The modelling techniques which have been pre-
sented to date for describing the degradation of RPS
can be categorised as either phenomenological or
physically-based, as described below, and summarised
in Table 3.

Phenomenological Modelling

Phenomenological modelling approaches have been
applied to RPS, with the primary focus of simulating
the mechanical performance of the RPS and predicting
its scaffolding ability. These methods have involved a
CDM approach similar to that discussed previously,
where a degradation parameter d is introduced to ac-
count for the loss of the material’s mechanical in-
tegrity.

Following on from the degradation theory proposed
by Rajagopal and Wineman,”' Rajagopal et al.”®
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developed a thermodynamically consistent model for
strain-induced degradation of rubbery polymers. Scis-
sion and healing (reformation of the networks) of the
polymer chains were considered equally dependent on
a state variable, which measured the extent of local
degradation. This theory was further developed by
Soares e al.**>>” who reported a number of studies
focusing predominantly on PLLA RPS. Variations in
mechanical response due to degradation are captured
through evolution of material parameters present in
the chosen constitutive law. In their initial work,” a
preliminary model was developed to describe the
mechanical behaviour of a loaded, cylindrical structure
composed of a linear degradable polymeric material. A
degradation parameter d, essentially the same as the
damage parameter described previously (¢ = 0 <> no
degradation; d = 1 <> maximum degradation) was
used. It was hypothesised in an earlier study,” that the
rate of change of degradation was dependent on the
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applied strain, the current state of degradation, and
implicitly dependent on both spatial location and time,
through the following relationship:

d 1

340 =CU—dn)|(h =3+ L =37 ()

where C is a time constant and /; and I, are the first
and second strain invariants. In the constitutive model
for the material, the strain energy was related to the
degradation parameter through damage based evolu-
tion of the shear modulus u as follows:

1= po(1 —d (8)

where 1, is the initial shear modulus.”>~*

Results from experiments involving homogenous
uniaxial extension of PLLA were then used to assess
the predictions of the model. The model was first
proposed for conditions of linear elastic behaviour and
extended, in a follow up study,’” to explain the non-
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linear responses for finite deformations. As part of
other work,”® based on the results of experimental
extension tests on un-degraded PLLA fibres, a specific
form of the Helmholtz potential was used to represent
the mechanical behaviour as follows:

oWl d) = 2{d)e” D1y = 3) + p(d) Inf1 + a( - 3)]
(9)

where p and /1 are material properties that are both
considered to be functions of the degradation d, p is the
density and « is a material constant. This was imple-
mented in Abaqus/Standard with user subroutines
USDFLD and UHYPER to examine the behaviour of a
RPS based on the Cypher stent geometry, (Fig. 4),% and
investigated the effects of pressure on the degradation.

This model was extended by Muliana and
Rajagopal’’ to describe materials which show vis-
coelastic characteristics in the absence of degradation.
The degradation rate was modified to include the ef-
fects of water diffusion through the material and an
adaptation of the quasi-linear viscoelastic (QLV)
model'” was used to form the constitutive law. Mate-

7= N reference
1 (stress-free)
| configuration

" initial
'(non-degraded)
configuration

degradation

- ' 1.00

0.20

0.00

FIGURE 4. A biodegradable version of the Cypher stent was
used to investigate the effects of pressurization on the mag-
nitude and locations of degradation in a polymeric RPS,
where time t is related to the characteristic time of degrada-
tion 7p.5®
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rial parameters were calibrated and degradation of a
PLLA RPS was examined using Abaqus/Standard and
a UMAT user subroutine. The response of the polymer
to quasi-static loading was examined and it was found
that coupling between the scaffold and a viscoelastic
arterial wall had a significant effect on the degradation
response of the RPS. While this model presented an
advanced methodology for studying the effects of
degradation on the material’s mechanical performance,
the governing equation for water diffusion through the
device was based on simple Fickian diffusion and a
constant value was used for the water concentration,
limiting the model’s ability to accurately describe
internal hydrolysis reactions. More recently, Hayman
et al.*® experimentally investigated how static and dy-
namic loading influenced the degradation of PLLA
fibres and suggested exponential equations based on
their results to describe the evolution of material
properties for a Knowles’s strain energy potential.

Khan and El-Sayed® utilized the previously de-
scribed degradation parameter in the development of a
non-linear visco-plastic model to predict the mechani-
cal response of RPS under time-dependent loading
conditions. The model was implemented in Abaqus/
Standard and a study of two cylindrical annuli sug-
gested that inhomogeneous deformations can occur in
a RPS. A phenomenological model has also been
presented by Luo er al** who utilized combined
experimental and numerical techniques to investigate
the degradation behaviour of high molecular weight
PLLA for use in RPS. Changes in the diameters of
PLLA stents were measured following in vitro experi-
mental testing and the ratios of elongation before and
after degradation were used to define the degree of
degradation. FE simulations using Abaqus/Standard
(with USDFLD) were performed on a stent geometry;
stress and strain distributions were seen to accumulate
mainly at central locations of the stent and initial
values reported for strain were related to the degra-
dation rate of the material.

While the above models account for material degra-
dation, and when implemented in FE software have
demonstrated great capability for simulating the
mechanical performance and scaffolding ability of a
RPS, the formulations are phenomenological and rely
for the most part on calibration of material parameters
to macroscopic experimental material degradation data,
and do not explicitly represent the internal physio-
chemical processes involved in the material degradation.
This can be considered as a limitation, since elucidating
the influence of these processes is a very important part
of understanding RPS in vivo behaviour and is necessary
for driving future RPS design. Physically-based models
where such processes have been more explicitly repre-
sented are summarized below.
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Physically-Based Modelling

Farrar and Buchanan'? previously provided a sum-
mary of physically-based polymer degradation models
and described how complex hydrolysis of the backbone
bonds in biodegradable polyesters occurs at a molecular
level within the material. Efforts have been made to
model the most dominant physio-chemical processes
involved in this phenomenon using continuum theory,
and in particular, first-order kinetic equations have been
proposed*’ to describe the diffusion of esters, monomers
and water molecules. A recent example is the general
degradation model of Wang et al.%®, where the evolution
of ester bond and monomer concentrations are de-
scribed by non-linear first-order rate equations, which
incorporate autocatalytic rate constants, and where
monomer diffusion is based on Fick’s law.

Expanding on such an approach, Shazly ef al.>* pre-
sented a reaction-transport modelling framework to
describe how the hydrolytic degradation of a tissue-em-
bedded RPS affects the by-products released (imple-
mented in COMSOL Multiphysics™). A 3D model was
used to assess how the degradation rate, as well as arterial
remodelling and metabolic activity rates, influenced the
concentration of lactic acid (LA) present within arterial
tissue. Degradation was modelled as a chain scission
process and the concentrations of different polymer
species C§_¢ were related to the hydrolysis, K, and its
autocatalytic effects, K, using equations of the form:

le]
ot

where n; is the stoichiometric coefficient of each spe-
cies. As part of further work, Ferdous et al.'® explored
the effects of scaffold structure and composition on the
fate of the LA’s and on the kinetics of the polymer
degradation and erosion. Kinetic equations incorpo-
rating diffusion of the scaffold constituents were pro-
posed, for example where Cj and D} are the soluble
constituent concentrations and the diffusion coefficient
respectively, for a constituent with ;j ester bonds, and
where k£ and 4 represent hydrolysis degradation and
autocatalysis effects respectively, as follows:

oq _
o

:f(KaKavci7ni)7 i= 172737475 (10)

n
V- (Dvey) - kCA + 2m;1 kCS A 0<j<8

(11)

where n and C;, are, respectively, the number of ester
bonds, and any constituent’s concentration with the
number of ester bonds between n and j+ 1 in the
scaffold. A 2D computational model was developed
using COMSOL (Fig. 5), with transport of soluble
constituents through the arterial wall and the lumen

governed by Eq. 11. Results from experimental

degradation studies on poly-dispersed PLLA were then
used to validate the model. Scaffold degradation
kinetics was found to have a major influence on the
performance of PLLA-based RPS.

In terms of the material degradation models which
have been developed for drug eluting polymer stents,
Alexis> described the main factors that affect
biodegradation and drug-release rate in the early
2000s. A number of research groups®**** have mod-
elled the dual process of biodegradation and drug re-
lease for biodegradable stent coatings and RPS, using
transport-reaction formulations, which accounted for
the main physical-chemical parameters involved.

There is little evidence however, of physically-based
models being developed with a focus on structural
degradation of the RPS. Arosio er al* used a
“shrinking core” approach to develop a twinned drug
release and degradation model, which was combined
with a mechanical strength model for the analysis of
resorbable polymer materials loaded with drugs. De-
cay of the polymer’s mechanical properties, bending
strength and tensile modulus, were related to the
resistant section-area decrease and the molecular
weight decrease respectively, however; this work was
not specific to RPS. In general, the most advanced
physically-based polymer degradation models that
have been reported have predominantly been utilized
for the analysis and design of general degradable
polymeric devices and implants®®3'3 other than RPS,
as evidenced by the small number of studies of this
type listed in Table 3. Therefore further work is needed
to develop the equivalent modelling techniques for
bioabosorbable stents. A model which encapsulates the
dominant aspects of the hydrolytic degradation, while
providing insight into the scaffold’s mechanical in-
tegrity, would be of tremendous benefit to RPS
development.

DISCUSSION AND RECOMMENDATIONS

According to FDA guidelines, FE analysis is re-
quired as part of the stent design process. However,
specific guidelines relating to bioabsorbable stents have
not yet been generated.'> At present, while computa-
tional modelling techniques used to describe the
degradation of metallic alloys and aliphatic polyesters
consider the principal corrosion and hydrolysis mech-
anisms or the phenomenological effects of degradation
on the materials mechanical behaviour, further work is
needed to develop more comprehensive multi-physics
and multi-scale modelling frameworks that combine
the accuracy of the physically-based approach with the
robust practicality of the phenomenological approach.
Such advancements would have a significant impact on
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FIGURE 5. The schematic above shows the components of the two dimensional geometry used by Ferdous et al.'® to represent a
tissue-embedded PLLA scaffold. A diffusion reaction model was developed by the authors to investigate the degradation kinetics
of the scaffold and the accumulation of lactic acids within the surrounding tissues.

the analysis and design of next generation bioab-
sorbable stents, and on the development of the regula-
tory guidelines surrounding these.

Undoubtedly, the development of bioabsorbable
materials with superior performance in terms of
mechanical properties and degradation behaviour is a
critically important step in achieving more widespread
use and enhanced clinical outcomes for bioabsorable
stents.”””

For the RMS, Chen ef al.” suggested future work to
develop the next generation magnesium-based materi-
als that would include strategies such as alloying,
processing, coating, development of novel porous
magnesium scaffolds and development of metal-matrix
composite materials. Computational modelling will
form an integral part of this material development
process, especially physically-based multi-scale mod-
elling, where details of the dominant physio-chemical
processes can be represented. For example, microme-
chanical models could be developed to build on the
work of Grogan et al.>* by combining a representation
of microstructural deformation and corrosion at the
granular level in magnesium.
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For the RMS, as indicated previously, physically-
based modelling should be extended to address micro-
galvanic corrosion and pitting corrosion for magne-
sium alloys. It could be used to calibrate the corrosion
parameters (even as functions of time) in simpler
phenomenological formulations'®* to simulate RMS
performance in different corrosive environments, given
the practicality of the phenomenological approach.

Due to its excellent biocompatibility and mechani-
cal properties, PLLA has become widely used in
medical devices and shows huge potential for the de-
sign of third generation vascular stents.” Attempting to
capture each of the mechanical, morphological and
thermal changes of a polymer as it undergoes chemical
hydrolysis with a computational model is indeed
challenging. Success in this depends on the availability
of high quality experimental data to support the inte-
gration of degradation dependence on strain, temper-
ature, processing and manufacturing techniques,
crystallization and other physio-chemical processes
into models specific to RPS. In terms of the phe-
nomenological models, gaps still exist; where for
example the simple inverse proportionality that is as-
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FIGURE 6. Diagnostic imaging techniques can be used to examine the degradation of bioabsorbable stents in vivo. Optical
coherence tomography (OCT) and intravascular ultrasound (IVUS) results for the initial, 6 month and 2 year follow up of an
implanted Abbott Vascular BVS 1.1 show good expansion of the BVS at baseline and the presence of neo-intimal tissue at 2 years.
The structural changes which take place in the stent can also be easily observed using such imaging techniques. Image reprinted

with permission from the author.®®

sumed between induced damage and the changes in
material properties®® restricts the flexibility of the
model. The inclusion of chemical processes involved in
degradation would also allow such models to more
realistically capture complex interactions between
degradation and material behaviour. At present, the
influence of different chain cleavage mechanisms,
monomer diffusion and crystallization on the
mechanical scaffolding ability of a RPS have not yet
been evaluated.

Notably for the RPS, very few of the physically-based
modelling techniques discussed previously consider an
explicit representation of how the chemical reactions of
degradation influence the mechanical response of the
material. As previously stated for RPS, a physically-
based model accounting for the dominant aspects of
degradation, linked with a formulation that describes the

materials mechanical response, would be hugely benefi-
cial in simulating the in vivo structural performance of a
RPS to enhance future design and development.

The aim of computational modelling as a design tool
for bioabsorable stents should be to replicate physio-
logical conditions as accurately as possible. Combined
with in vivo data, in vitro degradation experiments,
which would more precisely mimic the clinical response
of the device and where the in vivo environment is more
accurately replicated, are required to calibrate and
validate models. Suggested methods for improving on
standard in vitro immersion tests used to quantify
material degradation include the use of flow cham-
bers®! ideally with endothelial and/or smooth muscle
cell attachment on the material surface.*

Cellular automata (CA) based modelling techniques
are powerful methods to describe, simulate, and
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understand the behaviour of complex physical sys-
tems.*® CA has been previously used to simulate pit-
ting corrosion of metals,*® bulk erosion of polymers®
and has been coupled with finite element methods to
predict metallic grain structures and recrystallization.*
Thus there is potential to use CA combined with finite
element analysis to create physically based stent
degradation models.

Advanced imaging techniques, such as intracoro-
nary optical coherence tomography (OCT), should be
more widely used to obtain in vivo data in relation to
the condition of the bioabsorable stent (scaffold area,
stent fracture, corrosion product development) and
coronary artery (lumen area, neo-intimal thickness)
post deployment and at intermittent follow-up times
(Fig. 6).%

Furthermore, OCT images such as Fig. 6 highlight
the need to develop more realistic computational
models which simulate in vivo phenomena such as
remodelling of the arterial tissue around the stent
struts and the formation of corrosion/degradation
products from the stent. The inclusion of corrosion/
degradation products is perhaps particularly important
for RMS, where degradation is a surface based phe-
nomenon involving the formation of substances such
as magnesium hydroxide, in contrast to the RPS where
bulk erosion through chemical hydrolysis is the pri-
mary form of degradation. The inclusion of degrada-
tion products in the computation models may well
have an influence on the mechanical performance of
the degrading stent. Also degradation products could
have potential biological effects on the host metabolic
system; however the representation of such effects in a
computational model would be very challenging.
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