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Chapter 1 9

Introduction.

For many years, percutaneous transluminal coronary angioplasty (PTCA) has been
used to treat diseased, narrowed vessels. While it has been a greaf success in improving
patient outcome, the technique is not free from complications: restenesis, dissections and
abrupt closures are serious complications of the technique, necessitating repeat
revascularization or surgery, Experimental animal studies suggested that the results of PTCA
could be improved by scaffolding the internal wall of the artery with a stent, an idea first
proposed int 1912 by Carrell. In the late 1960°s Dotter gave new impetus fo this idea?, and in
1986 the first human coronary stent implantation followed 3.

Initial stent implantations were associated with high thrombosis rates and results of
stent trials were greeted cautiously or even skeptically by some. In 1994 however, the results
of the European BENESTENT and American STRESS trials were published. In these trials
restenosis rates afler balloon angioplasty or Palmaz-Schatz stenf implantation were
compared, and showed significant reductions in restenosis rafes after stenting (BENESTENT:
22%; STRESS: 32%) compared to angioplasty alone (BENESTENT: 32%,; STRESS: 42%).
These landmark trials heralded the starf of an exponential growth in the use of endovascular
stents, such that today, stenting has become accepted as a standard therapeutic modality in
interventional cardiology.

Current clinical indications for the use of stents include: (1) the primary reduction in
restenosis in de novo focal lesions in vessels greater then 3.0 nun in diameter, (2) focal
lesions in saphenous vein grafts and (3) the treatment of abrupt or threatened vessel closure
during angioplasiy*. However, as the variety and sophistication of stenting devices improves,
new applications are being found. Currently there are more than 55 standard or customized
stent types available for use in the coronary system manufactured by more than 30 different
companies.

Despite the unquestionable success of vascular stenting (reductions in restenosis rates
from +28-39% to +12-22% and thrombosis rates from +5-15% to £1-4%), and the cver-
increasing munber of commercially available stents, the problems of restenosis and to a lesser
degree thrombosis remain, While modifications of stent design, improved implantation
techniques, anti-platelet therapy, together with improved operator experience have done
much to improve stent performance, the above-mentioned problems still remain unresolved.

In conirast to balloon angioplasty where restenosis has been shown fo be due to the

combination of intimal hyperplasia, vascular remodeling, and elastic recoil, restenosis after
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stenting is due solely to intimal hyperplasia. It has been proposed that intimal hyperplasia
after stenting is due to an exaggerated wound healing response, thought {o be brought about
by an acute and chronic response to injury, together with the penimanent presence of a foreign
body (the stent).

Improving current stent performance therefore may further reduce restenosis rates and
allow the development of a new, improved generation of stents exhibiting a reduced
neointimal response. This may be achieved by modifying the blood and vessel wall response
to the stent which can be done by changing the mechanical and/or non-mechanical stent

properties.

Stent implantation: the sequence of events.

Implantation of stents is always accompanied by damage fo the endothelial lining and
stretching of the vessel wall. The extent of acute injury depends on several factors such as
stent design, means of delivery (self vs balloon expandable stents), lesion morphology and
the use of pre or post stent angioplasty. The induced acute injury together with the
implantation of the stent triggers a sequence of events, the magnitude of which is likely to
depend on the morphology of the lesion and the degree of injury, '

The sequence of events following stent implantation can broadly be divided info three
phases: the proteinaceous response, the cellular response and the wound healing response
(Figure 1).

The profeinaceous response:

Immediately following stent implantation, the stent is covered with a layer of proteins.
Which proteins adsorb to the stent surface is initially determined by their concentration in
vive, and then by their affinity for the stent surface as determined by the surface
characteristics of the stent itself i.e, topography, charge and chemistry of the stent surface
(Vroman effect), Adsorption is also likely to be influenced by the extent of vascular injury
and the composition of the vessel wall lesion. Given that different proteins can affect the
subsequent vascular response, this initial phase is thought to play an important role in
determining subsequent events,

Concomitant with protein adsorption is the activation of the intrinsic coagulation
system and the complement system. The intrinsic coagulation system is initiated by binding
and conversion of factor XII' and high niolecular weight kininogen (HMWK) to the stent

surface, while the complement system is aetivated via the alternative route.
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Initial response to stents
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Figure 1. Schematic representation of the sequence of events which occur on the stent surface

following implantation.

The cellular response.
This response constitutes the response of cellular elements from the blood stream as

well as the response of the damaged cells in the vessel wall,

Platelet activation by soluble agonists such as ADP, thrombin, and tissue factor
released by the injured vessel wall is the first initiated cellular response. In addition, the
chemotactic C5a fragment produced by the complement systemt attracts neutrophils to the
injury site, while C3a and C5a both act as inflammatory mediators. Thus the cellular response
on the stent surface comprises the formation of a thrombus composed of platelets, trapped
erythrocytes neutrophils and fibrin, It is worth noting that adhesion and aggregation of
platelets, activation of the intrinsic coagulation cascade and early inflammatory responses are
not separate events, but act in synergy (Figure 2).

In the vessel wall, proto-oncogenes are activated in the damaged smooth muscle cells

(SMC) which play an important role in the subsequent wound healing response.
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Figure 2. The vascular response to a stent 4 hours after implantation. A platelet -rich

thrombus, with entrapped eryilirocytes and neutrophils overlies the stent wire void and

damaged vessel wall,

The wound healing response.

The healing and organization of the inflamed tissue, initiated by the action of
monocytes and macrophages, is followed by proliferation of smeoth muscle cells and
endothelial cells, Remnant endothelial cells that remain between the stent wires, and adjacent
to the stent, proliferate and spread out to cover the thrombus covered stent wires and injured
vessel wall, At the same time, as macrophages move in to clear up remaining thrombus
reinants around the stent wires and along the injured vessel wall surface, smooth muscle
cells profiferate and migrate to the intima, where they secrete extracellular matrix.
Organization of the SMCs follows to form circumferential layers of SMC, such that in time,
the granulation tissue is eventually replaced by connective tissue.

Because clinically used stents are permanent implants, their presence may be a
stimulus for prolonged inflammatory and foreign body responses, which could potentially
interfere with the wound healing response, They may also acl as a source of chronic vessel
wall injury, induced by the movement of a rigid implant in a pulsating artery (degree of
compliance mismatch). In humans, the vessel wall healing process is usually complete
between 3 fo 6 months post stenting, although a foreign body response has been observed as

late as 320 days post implant’,
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The ideal stent,
Theoretically, if all aspects of stenf implantation are considered, the ideal stent shouid
have the following characteristics:
L. Flexible - have the capacity to negotiate curved and tortuous coronary segments
2. Radio-opaque - easily visible during angiography
3. Low unconstrained profile — facilitates the passiﬂg and positioning of the stenf in the
artery without pre-PTCA per se
4. Circumferential coverage — total coverage of the lesion
5. Low surface area — minimize surface area for potential thrombogenic interactions
6. High radial strength — capacity to hold open the arfery against the vessel wall’s
constrictive tendencies (minimize recoil) and heold the stent at its selected implantation
sife
7. Show both blood and tissue compatibility
8. Not induce an excessive inflammatory or neointimal response
To date, no ideal stent exists. Depending on the lesion to be treated, there is ofien a
compromise of one or more of the above factors e.g. stents with low surface area may not be
very radic-opaque, while lesions requiring total coverage may require stents having high

surface area.

Stent properties

By understanding how stent properties influence the blood and lissue response, this
response can polentially be modified to reduce the thrombotic and neointimal responses.
Stent properties can be divided into mechanical and non-mechanical properties (Table A).
() Mechanical stent properties

Studies documenting the influence of mechanical stent parameters on the vessel wall
have frequently been conflicting. Radial force (an outward force that a stent itself exerts on
the vessel wall) was shown by Vorwerk et al to give no differences in neointimal thickening
between Wallstents with different radial forcesS. However, in another study, stents with
higher radial force were found to induce a greater neointimal response compared to stents
with lower radial force’. Studies of stent longitudinal flexibility (the stent’s ability to bend or
flex in its length) and compliance (the ability of a stent to yield elastically when an external
force is applied) have also shown conflicting results8®, No studies of the exclusive effect of
hoop strength (a measure of the external force needed fo plastically deform the stent) on

neointimal thickening have been published,
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(b) Non-mechanical stent properties.

Numerous studies have documented the effects of non-mechanical stent parameters.
Herlein et al, in a rabbit model, showed that the charge of stents did not seem to play a major
role with respect to stent thrombogenicity, but that low stent charge correlated with an
increased neointima formation!0. Palmaz showed that, in vitro, grooved stent surfaces
promoted an increased rate of endothelial cell migration compared to smooth, controf
surfaces, and therefore could theoretically enhance endothelialization of the stent!!, Rogers et
al showed that alterations in stent design and geometric configuration of the stent could affect
vascutlar injury and neointimal hyperplasia, while surface material plays a greater role in

thrombosisi2,

Table A. Nou-mechanical and mechanical

characterisiics of stents,

Non-mechanieal Mechanical
Charge Radial force
Topography Hoop strength
Stent design Longitudinal flexibility
Metal:artery ratio Compliance
Type of metal used

Manipulation of the vessel wall response to stents,

Potentially each of the three phases of the vessel wall response to stent implantation
can be manipulated to improve stent performance. This can be achieved by modifying the
mechanical or non-mechanical stent properties. Of these, modifications of the stent surface
{topography) by polishing or the use of stent coatings have been most frequently used,

Stent coalings

Coating stenfs changes the outer few micrometers of the stent and therefore can be

achieved with currently available stents. The ideal stent coating should meet the following

criferia:
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1. Tt should be non-thrombogenic,

2. I should not induce an inflammatory response. An inflammatory response may delay the
wound healing response and contribute to an exaggerated neointimal response, or
thrombotic events.

3. It should have a low profile i.e. it should form a thin, even layer on the stent surface and
not significantly increase the total profile of the stent.

4, Tt should have mechanical inlegrity i.e. it should not crack of flake off during handling,

To date, no ideal stent coating exists. The majority of stent coatings used are made
from synthefic polymers — both biodegradable and non-biodegradable polymers — and are
frequently associated with inflammatory reactions. Table B lists several examples of each
type of stent coating, while a comprehensive review can be found elsewherel3, Stent
coatings can be divided into passive and active coatings.

Passive and active stent coatings.

Passive slent coatings are designed to influence the surface properties of the stent.
Depending on the coating nsed e.g. fibrin or phosphorylcholine they can be used as a form of
biological camouflage, or biomimicry. Although strictly speaking not a stent coating, a novel
form of biomimicry is the covering of a stent with an autologous vein or artery. Animal
studies have shown the technique to be feasible and in a porcine model, 6-month follow-up
showed minimal intimal hyperplasia covering the grait303!, Such promising resulis led to the
use of this stent-graft in the clinic, and preliminary clinical resulis are encouraging32-34,
However, given the technical complexity of the technique, it has yet to be determined
whether it will find a niche in routine stent implantations.

Active stent coatings are those which present or elule drugs directly into the vessel
wall. The treatment of thrombosis and restenosis using drug-eluting stents therefore offers a
two-fold approach: a mechanical scaffold reduces elastic recoil and remodeling, while locally
delivered therapeutic agents prevent intimal thickening and thrombesis. For local drug
delivery, biodegradable polymers offer the advantage that drug release is achieved by both
diffusion from the polymer and degradation of the polymer, By controlling the degradation
rate of the polymer, sustained drug release can be achieved for a prolonged period of time.
Since stent implantation induces both a thrombotic and tissue response, drug-loaded coated

stents should ideally treat both aspects of this response. While heparin-coated stents
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(although strictly speaking non-eluting), have successfully been used clinically to treat the
thrombotic aspect of stent implantation, drug-eluting stents have shown limited success in
reducing neointimal thickening in experimental studies.

Stents seeded with genetically modified endothelial cells are also a form of active
stent coatings. By seeding stents with endothelial cells it is hoped to increase the rate of stent
endothelialization such that potentiaily the neointimal response may be limited. Genetically
modified cells may potentially improve the endothelial function of a stented vessel, through,
for example, enhanced NO production or increased prostacyclin production so as to improve

the barrier function.

‘Fable B, Some examples of polymers tested as potential stent coatings.

Synthetic Drug-eluting polymer
Polymers +drug
Biodegradable (bicabsorbable) Non-
biodegradable
PLAM Biogold!> - PLLA + Dexamethasone 16
PGLA, PCL, PHBV, PUIRIY PUR + Forskolin2®
POE, PEQ/PBTP!7
POP2t PSNO/BSA+NO22
pci PEG-hirudin PGI2 25-27
PETP, SIL!7 PLLA+colchicine?®

POP+methylpredaisolone 29

PLA: poly-lactic acid, PGLA:polyglycolic/polylactic acid , PCL: polycaprolactone, PHBV:
polyhydroxy-butyrate/valerate, PEO: polyerthoester, PEO/PBTP: polyethylencoxide/ polybutylene
terephthalate. PU: polyurethane, POP; polyorganophosphazene, PC:
methacryloylphosphoryicholine, PETP: polyethylene terephthalate, SIL: silicone, PSNO/BSA:

polynitrosaled nitric oxide albumin.

Assessment of implanted stents.

A variety of techniques are available to assess the results of implanted stents. During
implantation, quantitative coronary angiography {QCA) and intravascular ultrasound (IVUS)
are computer-aided techniques that atlow the acute effects of stents in the vasculature to be
studied e.g. stent expansion, thrombus in the stent, vessel spasm. At follow-up these
techniques are used to assess the performance of the stent over time e.g. stent migration,

patency and tissue composition and volume, However, a limitation of QCA and TVUS is that
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assessment of the cetlular response to the stent cannot be determined with these techniques.
Histology is therefore an important supplementary technique in helping to elucidate this
vascular response by allowing assessment of cell type and density. When combined with
immunohistochemistry, the proliferative response induced by a stent can also be studied. It
can highlight insufficient/inadequate technical aspects of stent implantation i.e. incomplete
stent expansion (the metal stent struts are not (all) in direct contact with the vessel wall), or it
can show the co-implantation of contaminating factors or other foreign bodies together with
the stent, Histology therefore can confirm and expand upon information gained by the use of
such techniques as QCA and IVUS to give a broader and clearer picture of what exactly

happens when a stent is implanted into an artery.
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Aim of this thesis,

The aim of this thesis is first to elucidate the acute, but particularly the chronic vessel
wall responses to endovascular stent implanfation. Having determined such responses, the
second aim is o see if these responses can be improved by modifying both mechanical and
non-mechanical stent properties.

Ontline of this thesis.

Histology plays a pivotal role in the assessment of the vessel wall response to
endovascular stents. Previous histological processing techniques for assessment of coronary
arteries containing metallic stents have invariably resulted in damage to the stented vessel
wall, such that accurate interpretation of the vessel wall response to the stent may be
hampered. Chapter 2 describes a new method of histological processing for arteries
containing metallic stents, which eliminates any damage to the stented vessel induced by
histological processing.

Techniques of stent implantation may, together with the stent, inadvertently introduce
other foreign bodies into the vessel wall. Chapter 3 describes foreign bodies that were
observed to be co-implanted with stents in the coronary arteries of pigs, and suggests ways in
which such co-implantations can potentially be avoided or reduced.

The acute and chronic effects of sfenting are examined in chapters 4 and 5.
Specifically, the parameters of stent induced injury, endothelial {(dys)function and the vessel
wall proliferative response are examined at multiple time points in the coronary arteries of
young swine.

The effect of the mechanical property of stent compliance on neointimal thickening is
examined in Chapter 6. Two stents with different compliance are examined in a porcine
femoral model and the vessel wall reactions following stent implantation compared between
healthy and atherosclerotic models,

Chapters 7, 8 and 9 deal with stent modification through the use of coatings. An
overview of mechanisms of drug loading and release kinetics are presented in Chapter 7,
while Chapter 8 looks at the biocompatibility and short and long-term effects of a non-
degrading synthetic polymer coating on the thrombotic and neointimal responses in a porcine
coronary model. In contrast, the short and long-term effects of a drug-eluting, biodegradable
stent coating are presented in Chapter 9, In particular, its effects on the neointimal and
proliferative responses, together with endothelial function are examined.

Chapter 10 gives an overview of studies presented in this thesis and discusses the

implications of these results.
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A Practical and Rapid Method of Histological Processing for
Examination of Coronary Arteries Containing Metallic Stents

Heleen M. M. van Beusekom, MD, PhD, Deirdre M. Whelan, BSc, Monique van de Plas, MD,
and Willem J. van der Giessen, PhD

From the Department of Cardietogy, Thoraxcenter, Erasuus University Routerdam, The Netherlunds

++

A practical and rapid method was developed to study vascular pathology sfter implantation of metal
endoprostheses {slents) thut ure used as internal splinting devices of tube-like structures. This method
obviates the need for time-consuming grinding of thick sawing sections or removal of the prosthesis
prior to histological processing, allowing for detailed analysis of the tissue in general, but especially
of the stent-tissue interface. The vessels, with the metal stents still in place, were dehydrated in graded
series of ethanol and embedded in methyl meihacrylate. Using a motor-driven rotary microlome,
3- to 5-um sections were easily cut, After deplastination, routine and special histological stainings
were performed according to standard protocels for paraffiin sections. This method proved 1o save
lime, compared with sawing sections, while allowing for a more complete examination of the stent-
lissue interface than is possible with routine paraffin techniques. Cardiovase Pathol 1996,5:69-76

Stents as endoluminat splinting devices are increasingly used
as an alternative to surgery by providing inner mechanical
support for internalfy stenosed or externally compressed hol-
low structures, such as the esophagus, trachea, bile ducts, ure-
ters, veins, aorta, and peripheral and coronary arteries. As
many of these applications are still in the investigational phase,
histopathological examination is an imporiant technique in
the evaluation of the short- and long-term merits of this new
treatment.

Standard preparatory techniques for evaluation of stented
blood vessels, or any other tissue with metal implants, have
their limitations, especially when they require the time-con-
suming removal of the prosthesis prior to embedding, When
studying metallic endovascular prostheses (stents}, as with any
biomaterial implant, it is important to study not only the gen-
eral tissue reaction, but also the interface between {he receiv-

This study was supporied by Grant No. 93-158 of the Netherlands Heart
Foundation and the Interuniversity Cardiology Instilule of The Netherlands
{Praject 18).

Manuscript received April 5, 1995; accepled July 18, 1995.

Address for reprints;: Heleen M. M. van Beusekom, PhD, Department
of Cardiology, Thoraxcenter, Ee 2357, Erasmus University Rollerdam, P.O.
Box 1738, 3000 DR Roiterdam, The Netherlands.

ing tissue and the implant surface. Removal of the prosthesis
prior to embedding witl often result in the loss of the direct
stent-tissue interface and cause excessive damage to the tis-
sue in case of complicated designs of the prosthesis (1}, In
studies of acute reactions to vascular implants this is espe-
ciaily true, as the usually limited amount of adherent cells
is often lost. Current methods of histological preparation of
irplanted biomaterials in hard plastics enable the prostheses
to be left in place but warrant the time-consuming prepara-
tion of thick sawing sections, sometimes followed by grind-
ing to prepare thinner sections (2,3). Although several tech-
niques are available to stain these sections (4), the guality
of the thick as well as the ground sections is not comparable
to that of stained paraffin sections. Glycol methacrylate has
also been described as an embedding medium for stented ar-
teries (5}, but it may not always be hard enough to allow cut-
ting of the vessels while leaving the metal prosthesis in place,
and it does not allow for a complete range of stainings to be
performed.

This article describes a technique that obviates the need
to remove the prosthesis prior to embedding, leaving the in-
terface between the steat and the tissue intact. This is espe-
cially imporiant for vascular tissue when studying the inter-
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action between blood and the vessel wall. The technique
enables thin sectioning (3-5 pm) while allowing for a whole
range of routine and special stains to be carried out with a
quality equal to that of paraffin sections and better than that
of sawing sections,

Materials and Methods

Vascular implants. Stents of various designs and mate-
rials, such as the tantalum Wiktor stent (Medtronic Inc., Min-
neapolis, MN), (he stainless steel Wallstent (Schneider {Eviope}
AG, Buelach, Switzerland), Palmaz-Schatz stent (Johnson and
Johnson Interventional Systems, Warren, PA), polymer stents
(9}, and polymer-coaied metal stents (10) (Figure 1), were
implanted in coronary arteries of pigs as previously described
(6,7). The pigs were sacrificed at intervals ranging from sev-
eral hours to months following stent implantation.

Fixation and tissue retrieval. To retrieve the stented ar-
teries, the thorax was opened by a midsternal split, and a le-
thal dose of sodium pentobarbital was injected intravenously.
Thereafter, the ascending aorta was cross-clamped and the
aortic root punclured above the coronary ostia for in situ
pressure fixation {approximately 150 cm HO) with 4%
phosphate-buffered paraformaldehyde. Thereafter the coro-
nary arieries weré dissected free from the epicardial surface,

and the tissue was kept in fixative for at least another 24 hours
before methyl methacrylate embedding.

Embedding procedures. The stented coronary arteries
with some surrounding tissue were dehydrated in a graded
series of ethanol, impregnated in three changes of methyl
methacrylate (MMA; E. Merck Nederfand B. V., The Nether-
lands) as described in Table 1, and modified from the method
of Buijs and Docterom {8). After completion of the MMA
impregnation, the specimens were placed in glass vials; then
5 mg/mL perkadox 16 (bis [4-ters-butyleyclohexyl} perox-
vdicarbonate; AKZO Nobe! Chemicals, The Netherlands) was
added to the MMA as a catalyst for polymerization and mixed
well, and the specimens were oriented in the vial as required.
Plasticizers were not added. After a one-hour vacuum im-
pregnation to remove any air, the glass vials were carefuily
closed, and the MMA polymerized overnight ina 37° C oven.
As polymerization is an exothermots reaction, the vials con-
taining the specimen were kept in a container with water to
prevent overheating. After completion of the polymerization
process, the glass vials were broken and the polymerized
blocks washed in water.

Sectioning and staining. After the excess MMA was
trimmed off, sections were cut on a motor-driven rotary micro-
tome (HM350, Microm GmbH, Munich, Germany) using
stainless steel disposable knives (Superlap, Adamas In-

Figure L. Various iypes of stents. {A) Palmaz-Schatz stent: (B) Wiktor stent; (C) Wallsient; (D)
polymer stent.
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TFable 1. Schedule for MMA Embedding

X 80% ethanol Ih
2X %6% cthanol th
22X 100% ethanol 1h
ix 100% ¢lhanel I0h
2x 160% MMA th
1% 100% MMA 3h
Add 5 mp/mL of perkadox 10 the MMA, mix

Vacuum impregnation th
Oven (37°C) 216 h

strumenten BV, Leersum, The Netherlands). While keeping
the block surface wet, sections 3 to 5 um thick were cut, On
chrome alum coated slides, sections were stretched on a hot
plate at 40° C using a mixture of 60% 2-butoxyethanol and
10% ethanol in distilled water. Sections were covered by a
plastic film, excess butoxyethanol-ethanol mixture was re-
moved, and the slides were left overnight to dry ina40° C
oven.

Sections were deplasticized in a solution of equat volumes
of xylene-chloroform for at least 30 1o 60 minutes. There-
after, standard staining protocols for paraffin sections were
carried out, such as Goldner's trichrome stain and resorcin-
fuchsin as an elastin stain.

Results

Sectioning and staining. Several different stent materials,
such as stainless steel, tantalum, and metal in combination
with polymeric material, could be cut without difficuity. The
intact MM A-embedded vessels containing the sfents were sec-
tioned at several intervals along their lengths. For every tis-
sue levet to be studied, approximately 10 sections were cut
per stain (to allow for difficulty with stretching and adhering
of the sections). Additional dry sections from each level were
stored in case further analysis was required. The thickness
of the stent wires (70-130 um) did not pose any problem dur-
ing sectioning, although the amount of scoring in the tissue
sections varied among the different types of metal stents. The
average lime needed for trimming and sectioning of four tis-
sue levels {i.e., 40 sections) with subsequent stretching and
adhering to glass slides is approximately twe hours.

Following deplastination, hematoxylin-eosin, resorcin-
fuchsin, and Goldner trichrome stainings were carried out
according to standard protocols for paraffin sections. The
results are illustrated in Figures 2 through 6.

Figures 2 and 3 illustrate paraffin embedding of stented
vessels compared with MMA embedding. The intact neoin-
tima over the stent wires in Figure 3 is in stark contrast to
that in Figure 2B. During seciioning the metal often scores
the tissue, but the resulting damage is never such that it inter-
feres with pathological assessment. As the sections are very
thin, the metal may often dislodge from the section, leaving
a void (Figure 4). However, small amounts of adherent cells,
thrombus, and proteinaceous malerial rematn present for

evaluation of the bleod and tissue response to the implant
(Figures 4 and 3). The complicated and intricate design of
some stents (e.g., the pelymer-coated stents shown in Figures
6A and 6B} means that removal of the stent wires would cause
extensive damage to the vessel. Such removal would most cer-
tainly involve the removal also of the polymer, with subse-
quent foss of the delicate interface between the polymer and
tissue and the metal and tissue. Such interfaces are well
preserved with an MMA embedding technique, white dam-
age to the vessel caused by the operator is kept to a mini-
mum, The cellular detail of the inflammatory response to the
polymer is clearly evident in Figure 6B.

Various types of stenis and stent materials were all suc-
cessfutly embedded in MMA and sectioned to give clear and
detailed results,

Discussion

Over the last few years there has been a dramatic increase
in the use of percutancous implants, both in patients and in
the experimental setting. The desire to achieve the “perfect”
implant device has led to the development of numerous stent
designs, the short- and long-term effects of which must be
assessed prior to patient use. Histology is one of the key tech-
niques to assess these short- and long-term effects.

The behavior of 2 material as a vascular implant is dic-
tated by the acute and chronic response to blood as well as
the response of the vascuiar tissue to the foreign material.
When studying the pathology of blood vessels containing metal
or other endovascular prostheses, it is therefore important to
study the interface between the prosthetic material and the
surrounding tissue. This is especially true in studies of acute
reactions to vascular implants, as the prosthesis is not incor-
porated in the vessel wall and the amount of adherent cells
and proteins is often limited. Removal of the prosthesis prior
to histological processing usually results in loss of the direct
stent-tissue interface.

Implantation trauma can be another determinant for suc-
cess or failure of an endovascular implant. As removal of the
prosthesis often results in tears between the several tissue
layers, this makes it difficult to assess whether the observed
vascular damage is attributable to the implantation procedure
or is a preparation artifact, This is a problem often encoun-
tered in the assessment of paraffin sections of stented vessels.

The procedures described in this paper obviate the nezd
to remove the prosthesis prior to histological processing and
allow for whole embedding of the arterial segments to be stud-
ted. The technique requires no special apparatus, as old au-
tomated paraffin tissue processors can easily be converted to
MMA processing schedules. The microtome used in this study
can also be adapted for paraffin sectioning. This therefore
serves a dual function, reducing the need and the cost of
having two separate instruments, The quality of the sections
{3-5 pm} in terms of the staining, morphology, and architec-
ture of the tissue is equal to that of paraffin sections but is
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Figure 2. (A) View of a paraffin-embedded porcine coronary artery with the stent wires removed.
Note the damage to the overlying neointima (arrows). (M = media; A = adventia. Goldner trichrome
stain, original magnification x19.) (B) Detail of Figure 2A illustrating tissue damage when the stent
wire is removed. The overlying neointima (N) is completely detached from the media (M). (A =
adventia. Hematoxylin-eosin stain, original magnification x287.)
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Figure 3. View of an MMA sectfon of a plastic-embedded porcine coronary arlery with the metal
stent wires {arrowheads) in place and the overlying neointima (N) still intact. (M = media; A =
adventitia, Resorcinol-fuchsin stain, original magnification X29.)

Figure 4. MMA section showlng a stent wire void (#) with overlying thrombus (T) and adherent
cells (arrow) stilt attached. Such detail is usually lost on removal of the wires prior to paraffin embed-
ding. {Hematoxylin-eosin stain, original magaification X579.) ’
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Figure 5. (A) View of an MMA section of a porcine coronary artery with a Palmaz-Schatz stent
implant. Stent holes are indicated by the arrows, (Hematoxylin-eosin stain, original magnification
%29.} (B} Detail of Figure 5A showing a stent hole with proteinaceous material (arrow) still present.
(Hematoxylin-eosin stain, original magnification X579.)
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Figure 6. {A) MMA section of a porcine coronary antery with & polymer-coated Wikior stent im-
plant. The polymer coating {arrosws) is clearly evident between the stent wires (arrowheads). (M =
media; A = adventia. Hematoxylin-cosin stain, original magnification X29.} (B) Detail of polymer
with adherent cells (arrow) and proteinaceous material (P) still anached. (Hematoxylin-eosin stain,
original magnification X287.}
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better than that of sawing sections (10 pm}, for which only
limited stainings are possible and magnification and resolu-
tion at higher power are not possible because of section thick-
ness, The major advantage of this technique over paraffin tech-
niques is that the prosthesis is not removed, allowing the
delicate interface between the tissue and prosthesis to remain.
Itis considered to create less preparation artifact than paraffin
processing and is less time consuming than sawing and grind-
ing sections. Although the metal can score the sections to some
extent, the resulting damage is never such that it interferes
with pathological assessment.

Conclusion

The procedure described in this paper is a rapid and prac-
tical method for evaluating the histology of stented blood ves-
sels, allowing a detailed analysis of the tissue reaction to vas-
ctlar implants while leaving the prosthesis in place.

The authors wish Lo thank Pieter Derkx, Alex Nigg, and Ton de fong of
the Department of Pathology for their technical assistancs and advice dur-
ing the evaluation of this technique. We would alzo like 1o thank the follow-
ing companies for their sponsorship: Schneider AG, Johnson and Johnson
Interventional Systems, and Madtronie Inc.
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Basic Investigations

Foreign Body Contamination During Stent Implantation

D.M. Whelan, Bsc, H.M.M. van Beusekom, pnp, and W.J. van der Giessen,* Mp, PhD

The treatment of coronary arlery disease using slents has become a widely accepled
technique, However, the inadvertent ¢co-Implantation of contaminating factors with the
stent has received litile altention. We studied histologlcal cross-sectlons of stented
porcine coronary arteries and observed contamination of some vessels with surglcal
glove powder and textile fibres. The contamlnating particles were assoclaled wilh a
foreign body reaction. Such a reaction could delay the wound-healing response of a
stented vessel and therehy prolong the period in which subacute thrombosis could oceur,
it is also proposed that alr contamination could affect the thrombogenlelty of the stent.
Appropriaie measures should be followed to reduce the chance of contamination

occurring. Cathet. Cardlovase. Dlagn. 40:328-332, 1997,

£ 1997 Wiley-Llss, fne.

Key words: coronary arlery; glove powder; texlile fibres; coronary angloplasiy; sients

INTRODUCTION

The last {5 years have seen the rapid growth of
interventional techniques in cardiology, particularly dur-
ing the last two {o three years in stenting. Frent the first
stent implantation in 1986 there has been an exponential
increase in the number of patients receiving stents in the
clinical setting. However, concems still exist regarding
the problem of subacute thrombosis and the longer-term
problem of restenosis. Whereas new stent designs and
coatings, along with improved biomaterials and local
drug delivery, al aim to improve stent performance, there
still exist several basic factors that could further compro-
mise the use of stents. In this paper, which is based on
observations made during preclinical stent research, we
raise the possibility of the inadvertent introduction of
other foreign bodies in conjunction with the stent, i.e.,
starch granules, textile fibres, and air.

METHODS
Coronary Interventions

The Palmaz-Schatz stent (Johnson & Johnson Interven-
tional Systems, Warren, NI), the Walistent (Schneider
{Europe) AG, Biilach, Switzerland), and the Wiktor stent
(Medtronic Inc,, Minneapolis, MN)} were implanted into
the coronary arteries of cross-bred Landrace X Yorkshire
pigs. Such implantations formed the basis of several
projects carried out in our Iaboratory over the last nonmber
of years. A detailed description of the implantation and
follow-up procedures have previousty been described

(1,2,3). In brief, under sterile conditions an arteriotomy of
the feft carotid artery was performed and a 9F introdec-
tion sheath was placed. Sodium heparin (10,000 IU) and
isosorbide dinitrate {1 mg) were administered, followed
by left coronary angiography using the non-ionic contrast
lopamidol. The angiograms were analysed on-line using a
quantitative coronary angiography analysis system to
allow for precise sizing of the stent. Stent placement was
performed as previously described (1). After repeat
angiography of the treated coronary arteries, the arteri-
otomy was repaired and the skin closed in two layers. To
assess [uminal narrowing within the treated segments,
angiography of the freated arteries at follow-up was
performed using the same settings of the X-ray equip-
ment as that used during implantation. The implanted
stents were studied at varying time intervals from several
hours up to 12 weeks.

Histological Analysis

The stented coronary arteries were fixed in 4% phos-
phate-buffered paraformaldehyde for a minimum of 24
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TABLE I The Diiferent Animal Studies From Which the Random
Sample Was Takon

No. of No. of stents No. of animals
Stent animals implanted randomly sampled
Palmaz-Schatz %) 64 15
Wiktor 5 20 14
Wallstent 32 63 17
Total; 11 147 46

TABLE Il Percentage of Starch and Textile Fibre Contamination
In the Anfmal Groups Studled

% Starch % Textile fibre
Animal group contamination contamination
Tolal (n = 46) 19.6 6.5
Short-term follow up (n = 12) 41.6 i3
Leng-term foltow up (n = 34) [1.8 3.8

hours. For paraffin embedding, the stented vessel was cut
into several pieces and the stent wires carefully removed
using a pair of fine forceps. For plastic embedding, the
stented vessels were embedded intact. The embedding
techniques have been described in detail elsewhere (4,5).
A total of 125 randomly sampled stained sections of
stented coronary arteries from 46 animals were examined
for contamination with starch granules and textile fibres
(Table 1).

RESULTS

The 46 animals were randomly sampled from a total of
111 animals used in various studies, in which a total of
147 stents had been implanted (Table 1), These 46
animals were divided into two groups: group A consisted
of animals with a short-term follow-up (due to stent
thrombosis); group B consisted of animals with a longer-
term follow-up. Groups A and B showed, respectively,
41,6% and 11.8% starch contamination and 0% and 8.8%
textile fibre contamination (Table 2). A schematic repre-
sentation of a stented artery indicaling where contamina-
tion was found is shown in Figure [.

Starch granule deposition in histological sections was
identified using polarising microscapy, the granules ap-
pearing as birefringent bodies, and illustrating the typical
Maltese cross associated with starch. Their presence was
also confirmed by positive periodic acid schitt (PAS)
staining. Starch granule deposition was observed within
the capitlary beds of stented vessels. The granules vary in
size, but some are so targe that they could easily clog the
capillary in which they are lodged (Fig. 2A), while others
are surrounded by inflammatory cells, most probably
macrophages trying to engulf them (Fig. 2B). Granules
were also found in the lumen of a stented vessel with
adherent proteins and platelets attached (Fig. 2C).

Flg. 1. A schematle representatlon of a slenled coronary
artery, Indlcating the areas from which photographs 24, 2B, 2C,
and 20 are derived. L: lumen; N: neointima; M: media; A:
adventitia; MC: myocardlum; P: perladvenilila; *: stent wire.

Textile fibre deposition was also observed in stained
histolagical sections by polarizing light microscopy, and
was identified as such by their characteristic morphology.
We have seen fibres in the vessel lumen with adherent
cells, proteins, and platelets attached and pieces of fibres
incorporated into the newly formed neointimal layer in
sections from chronic experiments {Fig. 2D).

DISCUSSION

While the co-implantation of contaminating factors
during stent implantation may scem harmless enough, it
is possible that their presence may influgnce the wound-
healing response, i.e., by the development of a foreign
body reaction; this may increase the period during which
sitbacute thrombosis can occur.

Starch Granules and Textile Fibres

The literature of the Iast 40 years or more have reported
many cases of starch-granule deposition in tissue samples
and the subsequent development of starch granulomato-
sis. The deposition of starch granules in stented coronary
arteries is most likely due to contamination from the
operator’s gloves during crimping of the stent onto the
balloon, or to general handling of the stent/balloon/
catheter assembly, A comprehensive review of the haz-
ards of surgical-glove dusting powders was published in
1990 (6). Although conflicting data appear as to whether
starch can induce a granulatomous response, or whether
the observed granuloma is due to the presence of talc
(used as a mould-release agent) on the patient contact
surface of the surgical gloves, it is clear that starch will
induce a foreign body reaction. The fong-term follow-up
group showed a smaller incidence of starch contamina-
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Fig. 2. (A) Paraffln section showing a large starch granule
(arrow) In the lumen of a capillary in the perfadventitia of a
stenled porcine coronary artery, 24 hours after Implantation.
Hasmatoxylin-eosin under polarized light, Magnlilcation x 500,
bar = 50um. (B) Paraffin section showing starch granules (farge
arrow) in a caplilary In the myocardium surrounded by Inflamma-
tory cells (small arrow), most probably macrophages, 24 hours
after Implantation. Haematoxylin-eosin under polarized light,
Magnificallon x 250, bar = 100um. {C) Starch granules {large
arrow) In the lumen of a stented porclne coronary artery. 24
hours alter implaniation, showlng platelets and protelns (small
arrow) adherent to the granules. Haematoxylln-eosin under
polarized light. Magnlitcation x 250, bar = 100pm. (D} Parafiin
section showkng textlle libres {large arrows) Incorporated into
the newly formed neolntima of a siented porcina coronary
artery, 4 weeks after implantation. Mote the presence of glant
cells (small arrows) adjacent to the fibres. Haematoxylin-eosin
under polarized light. Magnification x 500, bar = 60pm.

tion compared to the short-term follow-up group. This
may be explained by the fact that the starch is eliminated
by phagocytosis over a period of time and ils presence
therefore becomes undetectable.

Contamination of apparatus or instruments with textile
fibres, most probably gauze, may occur during the
implantation procedure; e.g., during the cleaning off of
blood from operators’ hands or from guidewires, or when

wiping off the batloon before crimping, or during crimp-
ing of the stent onto the balloon. Microscopic fibres may
adhere to the stent, balloon, or guidewire, and then be
carried into the vessel, where they can fodge in the vessel
wall, '

The deposition of gauze in tissues can also result in
granutoma formation, Again the literature contains many
examples of granvloma formation; for example, in pa-
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tients undergoing gauze reinforcement of berry aneurysm
(7). Gauze fibres are known to persist for several weeks
after implantation and thereby lead to a long and persis-
tent foreign bedy reaction.

Talc and textile-fibre contamination were demon-
strated in sections at short-term and long-term follow-up.
However, it may be necessary (o study seclions af more
frequent time intervals to see the full course of the
inflammatory reactions against the contaminants,

It is unclear whether inflammations induced by the
presence of contaminants do in fact interfere with the
wound-healing response in the clinical setting. However,
we believe this to be a possibility for two main reasons: a
litany of previously published reports on the complica-
tions induced by contaminants after surgical procedures,
and the fact that while most subacute thrombosis occurs
three to five days post-implant, it has been reported up to
28 days post-implant (8).

Possible contamination with starch granules and textile
fibres as a secondary factor of histological processing can
be excluded due to the presence of a cellular reaction to
the contaminants.

Alr

While such contaminating factors as siarch granules
and textile fibres can be histologically localized, the
demonstration of microscopic air bubbles (by angio-
scopy) suggesis that air can also be introduced as a
contaminating factor during stent implantation. Micro-
scopic air bubbles can potentially adhere to the guidewire
during its introduction into the vessel, or bubbles may be
caught on the surface of the stent itself before, or during,
flushing with saline. Such inadvertent introduction of air
bubbles into the circulation may potentiaily affect the
thrombogenicity of the stent. It is well known that
microscopic air bubbles on the surface of materials
introduced into the body are potentially thrombogenic
through their activation of the complement pathway (9).
Should these microscopic bubbles be caught on the stent
surface or between the stent struts, they are then highly
likely to cause further aclivation of the complement
pathway and thereby contribute to the stent thrombogenic-
ity. If, for example, a heparin-coated stent is being used,
microscopic bubbles caught on its surface could then
interfere with its function as a non-thrombogenic surface
and render its coating useless.

In £993 Markus et al. (10} described how larger air
bubbles can potentially be introduced when the contrast
medium is drawn up and then injected. In a recent report
it has been suggested that the estimated incidence of total
air emboli events during diagnostic and interventional
catheterization procedures is approximately 0.3% (1)
Such air bubbles can temporarily stop coronary flow with
sithsequent complications such as myocardial infarction

TABLE lil. Comparison of Percentages of Starch and Textlle
Fibre Contamination Using Prevlous and Revised Implantation
Techniques

% Starch 5% Texdile fibre
Animal group contamination contamination
Previcus implantation technique {n = 4G) 19.6 6.5
Revised implantation technique (r = 28) 3.6 3.5

or cardiac arrest. Air emboli are also known 1o be
associated with neurological complications and central
nervous system damage post-proceduze.

The questions still exist—is contamination a real
problem: in patients, and can air introduction affect the
thrombogenicity of the stent? And is contamination a
stent-related problem or a procedure-related problem? To
satisfactorily address these problems, a controlled study
would have to be set up to compare the current implanta-
tion technique with a revised technique. Such a revised
technique would involve undertaking measures fo reduce
contamination; these measures could include allowing
the contrast medium to stand prior to injection (up to 90%
of air is gone after standing for at least 10 minutes);
reducing the speed of injection and saline washes;
thorough and frequent washing of gloved hands (different
methods of hand washing have been suggested [12]): and
minimal handling and cleaning of catheters and
guidewires, particularly with cotton gauze. Such mea-
sures have now been undertaken in this laboratory and
indicate that contamination can be reduced {Table 3). It
would also be interesting to see whether contamination is
affected by different stent designs, such as sheathed
versus non-sheathed, or by manual crimping versus
automated crimping,

CONCLUSION

From our observations, we conclude that coatamina-
tior can possibly be a problem during stent implantation.
While it may be some time yet before our speculations are
proved or disproved, in the meantime it would seem
prudent to implement measures to reduce the chances of
contamination eccurring, Prevention is always better than
cure!
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Increasing arterial wall injury after long-term
implantation of two types of stent in a porcine
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Alms There is increased [ute loss in huminal diameter
following long-term coronary stenting, compared with bal-
loon angioplasty. We evaluated short- and long-term vessel
wall injury after experimental implantation of twe stent
designs us well as balloon angioplusty und their relationship
to neointimal hyperplassia,

Methods and Results Wiktor stents and Palmaz-Schatz
sients were implanted in normaf coronary arteries of pigs
(batoonfartery rutio: 0-9-1-1). In control coronary arteries,
“batloon ungioplasty was performed. At 1, 4 und |2 weeks,
the vessel injury score, neointimal thickness und inflamma-
tory response were assessed by histology. The vessel injury
scare increased over limg in both Wiktor and Palmaz-
Schatz  stents: 0901, [5x05 and B7£06

{mean + SD) for Wikior stents and -7+ 0-2, -0+ 0-1 and
1:24+0-3 for Palnuz-Schatz stents at 1, 4 and [2 weeks
follow-up, respectively, No increase in injury was seen in
baHoon angioplasty controls, Inflammation was seen in
bath stented groups but wis absent 12 weeks after balloon
angioplasty. Mo strong correlation between injury and
neointinmal thickness was apparent,

Concluslon Stents induce chronic injury in contrast to
balloon angioplasty. Stent design {coil vs slotted tube) as
well #s inflummation may influence vesse! response.

(Eur Heart J 1998; 19; 601-60%)

Key Words: Stent, coronary arteries, vascular injury, pigs,
angioplasty, histology.

Introduction

A greater acuie giin in Juminal diameter is the mech-
anism -for tavourable late restenosis rates in stenting
compared to bulloon angioplusty!™?), despite increased
tute luminal loss™l With minimal stent recoil, and
remodelling, this late loss is exclusively due lo neo-
intimal thickening®, while elastic recoil and remodet-
ling are both mujor components of restenosis after
batloon angioplasiy” ™. A correlation between neo-
intimal thickening and arterial damage after balloon
angioplasty and stenting has been reported!* ¥,
Schwartz ef ol have developed u vessel injury
score for stents enabling analysis of arierial damage and
neointimal thickening. This score has been validuted in

Munuscript subaitted 8 July 1997, and nccepted 26 July 1997,

Supported by Metherlends Heart Foundation (grant NHS 93.158)
and the Interuniversity Curdiology Institute of the Netherkunds
(project 18).

Carrespondence: W ), van der Giessen, Division of Cardiology,
Thoraxcenter, Bd 412, Erusmus University Rotterdam, P.O. Box
1738, 3000 DR Rotterdam, The Netherlands,

porcine coronary arterfes 4 weeks after implantation ol
tantatum coil stents, which were over-sized to create
arterinl injury. A high correlation was reported belween
vessel injury score and neointimal thickening. However,
creating deep arterial injury by over-sizing will cause a
non-specific tissue response which might blur more
subtle changes in tissue rexction, making the comparison
of different stents difficult, Whether vessel injury score at
4 weeks represemts acute damage at implant or includes
additional chronic dumage by the presence of the sient
in the vessel wall cannot be evafuated,

The importance of stent design in arterial injury
and necintimal thickening was recently demoastrated by
Rogers ef ol in rabbit illuc urteries”™!, The gou! of the
present study was therefore to investigate the relution-
ship between coronary arlerial wall damage and neo-
intimal hyperplasia in two different stent designs without
over-sizing. Furthermore, several time points were
studied, from | up to 12 weeks. We also evaluated the
inflammatory response in each stented segment. To find
out whether the observed arterial injury, neointimal
thickening and inflammatory reaction are specific
features after stenting, or a general healing response



46

Arlerial Wall Injury After Long-term Implantation Of Stents

o the acute implantution trauma, additional animals
underwend balloon angioplasty only.

Methods

Animal preparation

Domestic pigs (n=53. weight: 26-46 kg. HVC, Hedel,
The Netherlands) underweat the  experimental
procedures according to the Guide for the Cure and Use
of Laboratory Animals™, und after approval by the
Commitice on Experimental Animals of Erasmus
University Rotterdam. Experiments were performed us
previousty described™™". Briefly, after an overnight fast
danimals were sedated with ketamine hydrochieride
(20 mg . kg~ '). Following endotracheal intubution,
pigs were mechanically ventilated with 30% oxygen in
nitrots  oxide,  Anaesthesia  was  maintained  with
1-4 vol% enflurane. An intramuscular injection of pro-
caine penicillin G {200 000 L.E./ml) and dihydrostreplo-
mycin sulphate (200 mg per 10kg body weight} was
administered as antibiotic prophylaxis. Arteriotomy of
the left carotid artery was performed under sterile con-
ditions and a 9 F introduction sheath was inserted.
Heart rale and arterial blood pressure were monitored
and arterial blood was sumpled to control blood gases
dand acid-base balance. Afier administration of
200 1U . kg™ ' of heparin sodium and 250 mg acetyl
salicylic acid, a 9 F guiding catheter was advanced into
the ascending woria. Left coronary angiogruphy wus
performed using iopumidol (lopumiro 370, Dagra.
Dicmen, the Netherlunds) as contrast agent after
injection of 1 mg of isosorbide dinitrate.

Stents

The Wiktor stent (Medtronic Inc.. Minneapolis, Minn.,
U.8.A.) and the Palmuz-Schatz Coronary Stent (PS [53,
Johnson & Johnson Interventional Systems Co.,
Warren, NJ, U.S.A.), were studied. The Wikior stent
consists of a single tantalum wire (0-127 mm diameter)
formed into a sinusoidal wave und wrapped into a
helieal eoil structure!™, The Pulmaz-Schatz Coronury
Stent is composed of two segments (7 mm euch) of
slotted tubes (strut thickness: 0-064 mm). connected by a
short (1 mm) coupler®,

Stent implantation

Coronary angiograms were meastwred  on-line, with
¢ quantitative analysis system uwsing the cdge-
detection methed (CMS, Medis Inc., Nuenen. The
Netherdands)® A segment with a mean diameter of
approximately 2:5 mm (for 3-0 mm balloon} or 3-0 mm
(for 3-5 mm balloon} was selected from the lcft anterior
descending or [ell eircumflex coronary artery. The slent-

mounied catheter was advanced to this pre-selected
segment over a steerable guide-wire. A single 30's influ-
tion was performed at 6-8 atmospheres and the maxi-
mully inflated contrast-filled bulloon was measured to
determine the balloonfurlery ratio. Angiography wus
repeated immediately after implantation for assessment
of patency und acule resvlt. Finally. the intreduction
sheath was removed, the carotid artery ligated, the skin
closed and the animals were allowed 1o recover from
inaesthesia.

Baltoon angioplasty

In two groups of five animuls, only balloon angioplasty
wits performed with 1 balloon inflation of" 30's at 6-8
atmospheres. The sites of balloon injury were chosen
at anatomical lundmarks (side branches} which could
easily be identified at lollow-up.

Follow-up procedure

Al 1. 2, 4 or 12 weeks post-implant, animals were
anagsthetized as described above. The thorax was
opened by a mid-sternal split. and the ascending aorta
was cross-clamped after injection of a lethal dose of
sedium pentobarbital and fibriltation of the heart with a
9V battery. Saline (300 mf} was infused. followed by,
400 ml of buffered (pH 7-3) formuldehyde under a
pressure of 120 mmHg just ubove the cdronury ostia.
Finally, the heart was excised, the coronury arteries
dissected free from the epicardial surface and the stented
or ballooned segments placed in 4% formuldehyde for at
least 24 h in preparation for microscopy. After removal
of the stent struts, the tissue was processed [or paruflin
embedding. Haematoxylin-eosin was used as a rouline
stain while resorcin-fuchsin was used as un elastin stain.

Morphometry and injury score

From euch stented or bullooned coronary arlery
segment, three transverse sections from ihe proximal,
middle and distal part were used for histological analy-
sis. Neointimal thickness was measured on top of the
slent struts using a culibruted microscope reticle, as used
for standurd microscopic measurements. Individual
thickness al each sient strut from all three sections wus
averaged lo oblain the mean neointimal thickening per
stent. In the ballooned vessels. ncointimal thickening
wits measured at ureas ol fragmentittion of the internul
elastic luming or medial proliferation. The mezn for all
three sections was taken us mean neointimal thickening.

To evaluate the vessel wall dumage caused by the
stent. the same elastin slained (ransverse sections used
for morphometry were used for anulfysis of injury. Al
euch stent strul. damage was guaniified by the vessel
injury score. according to Schwartz ef a1, This score
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Table T Values for vessel fnjnry score wccording to
Schwartz et alf 7 fwith permission)

Score Description of vascular injury

1 Iavternul elastic famina intact; endothelinm denuded:
media compressed, not facerated

| [ntermad efustic lamina lacerated; medin campressed, nol
liceated

2 Ingernul elastic Famipa Jacerated, media visibly Tacerated.
external elastic luminit intaet bul compressed

3 External efastic Lamimi ficerated: Jurge Licerstions of

medin extending through external elastic laminag voil
wires semetimes residing in adventitia

grades wall damage from ( when the internal elastic
lamina is intuct to 3 when even the external elasiic
lamina is disrupted (Tubte 1). Individual scores of the
stent struls ol the three scctions of one sten! were
averaged to obtain the mean vessel injury score per
stented segment, For the balloon iingioplasty groups,
the vessel injury score cuannot be applied because the
grading of injury is directly coupled to the presence of
a4 stent steut. Therefore, we graded the injury in
the balloon angioplasty groups in snalogy to the
fracture length method™l but for a non-over-sized
model. Fragmeatation of the internal elastic lumina,
often iaccompunied with some degree of medial hyper-
trophy occurred in one or more dareas: it was rare (o sce
one arew with a totully ruptured and disintegrated
internuk efastic bamina. The circumferential lesion length
(Lyeu) divided by the total circumlerential internal
clastic lamina lengih (L) was used as o measure of
mugnitude of dumage (Lygon/Li)-

Inflnmatory response

Inflammation wus assessed in the HE-stwined sections
corresponding to those used for anutysis of vessel injury
score attd neointimal thickening meusurements, accord-
ing to the following semi-quantitative score: 0: non-
existent inflammatory response; E:  inflammaltory
nfiltrates in the adventitia; 2: diffuse, clearly recogniz-
able inflummatory infiltrates in the adventitia; 3z severe,
often granulomatous, infanwnatory response in the
wwdventitia, sometimes extending to the intima.

Statistical analysis

All duta were expressed as mean + SD. Diflerences in
the balloonfurtery ratio, vessel injury score and neo-
intimal thickening between the different stent and
bultoon groups at the same point in time were evaluated
with the non-parametric Wilcoxon Rank Sum Test. A P
value <005 (two-tailed) wus considered statistically
significant. To evabuate ditferences in vessel injury score
within the same groups at different points in time,
Kruskal-Wallis one wity Analysis of Variance was used.

Becuuse of multiple testing, the Bonferroni correction
was upplied to correct for inereusing type 1 error and
significiinee was stated at the 0:025 level. After curve
fitting, regression analysis wus used 1o investigate
progression over time of injury response and differences
between stent types!™l. Regression analysis wis also
performed to describe the correlation belween vessel
injury score and neointimal (hickening. (Statistical
packuge: SPSS, releuse 6:0, SPSS Inc. Chicage, llinois,
US.AL).

Results

Systemic haemodynaniics and blood gases

during intervention
During interventions, heart rate (94 + 14 beats . min 77,
99+ I4 beats . min~ ' and 97+ 14 beats. min~") and
meun  arlerial  blood  pressures (824 17 mmHg,
74 £ 14 mmHg und 73 £ 8 mmHg) were similur for the
Wiktor stent, Palmaz-Schutz stent and balloon groups,
respectively, while arterial blood guses remained within
the normal range {pH: 7-35-7-45; Po,: 120-160 mmig;
Peos 3545 mmHg).

Stent fmplantation

Twenty-one Wiktor stents were placed (one stent per
artery) in [6 pigs. Three stented urteries were excluded
from final analysis: one stent migrated during implant,
second was grroneousty oversized in @ small marginal
branch, while a third stented animal died suddenly
dfter 23 days without macroscopic evidence of stent
occlusion. In total, 18 Wikior stents were anubysed.

Twemty-cight  Palmaz-Schatz  stents  were
implanted in 27 animals. Nine stents were excluded from
analysis following the death of three animals from
arrhythmia during the implanttion procedure and
six (six stents) from stent thrombosis within 48 h
post-implantation. Thrombosis, confirmed by light
microscopy, was not uccompanied by vascular dumage,
and wus therefore excluded rom unalysis. In totat 19
Pulmaz-Schaiz stents were analysed,

Angiography during the implantation procedure
showed that stents were properly sized, as demonstrated
by balloon-urtery ratios of 0-9-1-1 (Tuble 2(x)}).

Bulloon angioplasty

Ten coronary arlery segments in 10 pigs underwent
baHoon angioplasty with a bulloonfartery ratio of
0 £ 01 (Table 2(b)). Further augmentation of injury
up to 12 weeks could not be demonstrated.

At 1 week, the vessel injury score was lower in
the Pulmaz-Schatz stent group despite a slightly higher
mean balloonfurtery ralio compared to the Wiktor
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Table 2({a}
4 and 12 weeks follow-np

Morphological parameters and balfoonlartery ratios of the Wiktor amd Palmaz-Schatz stent groips at 1,

Wikior Stent

Palmuz-Schatz stent

Follow-up
{weeks) Inflemenation . InRammation
# VIS NT pm score BIA # VIS NT pm score B/A
1 6 09+01* 6] +10 06+07 09 [* 8 0702 6] 4+ 38 10409 B0 01
4 T 1-5&05 151+ 50 6 £ U6 Blx01 5 JRIEXH] 103 £ 12 U505 L-0£0-1
2 5 170G S 155 609 [TE01Y 6 1224037 198+ 54+ -2 £ 04 [REES B

Dusta are mean £ SD: #=npumber of unimals; VIS=vessel injury score; NT=mean neoinlimal thic
#= <005 W vs PS for sume time-point: +=7P<0-025 vs other time-poinls of same steat design.

design.

Table 2(b) Marphological parameters and halloonlartevy rvatios of the halloon
angioplasty groups at 2 and 12 weeks follow-up

Balloon angioplasty

Follow-up

. [£4] T
{weeks) LidedLin NT pm lnﬁd:l):::lmn BIA

2 5 0-39 4 0-29 2424 Gt4£05 1-0£01
12 5 026 £ 0-23 [2+ 15 a0 t-0+01

Data are mean £ S1; # =number of animals: Ly,./L,.=length of [ragmented 1EL (Ly.i.,)
divided by total circumferentiul IEL fength: NT=meun ncointimal thickness al Ly,

BiA=bulloonfartery rutio.

Mean vessel injury score
I &
Y = ) o

o
o

I 1 H | i 1 1 1 1 1 1 i

6 68 7 & 9 10 11 12

Foltow-up (weeks)

Figure 1 Progression of vessel walt injury befween 1 and [2
weeks for both stent designs, *P<0-025 vs 4 and 12 weeks
Wiktor; 1P<0-05 vs 1 week Wiktor; **P<0-01 vs 12 weeks
Palmaz-Schatz. Linear regression showed a significant progres-
sion of vessel injury score between 1 and 12 weeks (P=0-0004} as
well as a difference in vessel injury score between both stent
designs (P=0:0013), O=Wiktor; 4 =Palmaz-Schatz.

kness: BfA=balleonfartery rutio.
1=P<20025 vs 1 week of sume stemt

stents. Although the increase in the vessel injury score
between | and 4 weeks in the Palmuaz-Schatz stents
showed only 4 (rend, the progress of the vessel injury
score between 1 and 12 weeks was significant in this
analysis (P=0-0004) (Fig. [}. In both stent designs linear
regression analysis revealed o continued difference in

vessel wall injury at follow-up (P=0-0013) (Fig. 1. The
slope of increase in the vessel injury score over time was
not significanily different (P=0-62) between the stent
types.
After balloon angioplasty, vessel wall damage
was very mild, expressing itself al follow-up as
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fragmentation of the internal elastic lamina accom-
pitnizd by an increase in medial thickness. There was no
increase in injury from 2 1o 12 weeks {Table 2(b)).

Inflammatory responye

Tuble Ma) shows the inflammaition score for both stem
groups. Extensive inflammution wus not observed in
either group, with most scores being <[, The balloon
angioplasty vessels showed a very mild inflammatory
reaction at 2 weeks, but #l £2 weeks the inflammatory
response was absent e all vessels studicd.

Morphometry

Mean neointimal thickening at the stent wires in the
Wiktor stenf{ groups increased {rom 61 £ 10pm at
| week 1o [5] £ 50 jm ut 4 weeks and 305 £ 135 pm at
12 weeks (P<0G-025). In Palmaz-Schatz stented coronary
arleries, the neointimid thickening also increised sipnifi-
cantly from 61 £ 35 pm at 1 week to 103 £ 3 pm at 4 and
198 £ 54 pm at 12 weeks respectively (Table 2(a)).

Table Xb) shows that necintimal thickening at
2 weeks after balloon ungioplusty was  limited
(23 £ 24 pm) and significandy less than after stem
implantation. There wus no progression of neointimal
thickening between 2 wnd 12 weeks,

Correlation betiveen injury and neointimal
respoise

The correfation between vessel injury score and the
neointimal thickening was poor in euch of the stent
groups {Fig. 2). The correlations for afl Wiktor stents
together (y=155x—29, r=069, P=0001) and all
Palmaz-Schatz stents together (y=86x+47, r=0-36,
P=0-14) were not significantly different from each other.
To increase the power of the unalysis, all data were
pooled. Even then correlition between vessel injury
score und neointimul thickening remained weak (Fig. 3;
y=107x+17, r=0-49, P=0-002).

Discussion

Background and purpose of study

The use of stents is increasing exponentiully worldwide,
However, concerns remain as regards thrombogenicity
and vessel wall tissue response to the stent. Tissue
response and thrombosis have been strongly reluted to
. o " . I R P H - {1H.17.18.26]
acute vessel wall damage during the procedure 2
Stent injury in the porcine model has therefore been used

" (27 3] N o ol by over
to study restenosis . Schwartz ¢r ol by over:
sizing the stent (Wiktor at 4 weeks) and thereby ercating

deep arterial injury, showed u strong correlation
batween vessel injury score und neointimal thickening.

Rogers et ol ™ were able to reduce vessel wall
injury and neointimal thickening after steating by
modifying the geometric configurution of the stend.
However, their data derive from peripheral rabboit
arteries and are alse limited 10 one (ime point at 4 days.
Colombo e of. have emphasized the importunce of
correct sizing of the stent using high-pressure infation
guided by intravascular ultrasound™. Applying these
ritles ol stent deployment, Serruys of wl observed no
subicute thrombosis und i restenosis rate of onty 6%
a1 6 months after implantution ol & heparin coated
Palmaz-Schatz stent in 50 putients of the Benestent 1
pilat trial®*¥.

We investizated the vessel injury score concept in
two different stent designs, at various time points and
without deliberately creating deep urterial dumage
(mean balloonfartery ratior 0-9-1-1). The duta were
compared with a vontrol group that underweat batleon
angioplasty alone.

Main findings

The mujor finding of the preseat study is that in properly
sized stents, but not alter balloon angioplasty wlone,
vessel wall injury increases over time. Although neo-
intimal thickening increases concurrently, no strong
correlation could be found between vessel injury score
and neointimal thickening, In all stent groups the
inllammutory response was very mild. However, in
contrist to the bulloon angioplasty group, mammation
was still visible wfter 12 weeks und may have influenced
the progression ol vessel injury score over time.

Acute vs chronic injury

Acufe vessel wall damage is caused during the interven-
tionul procedure, If this dumage is predominantly
caused by stretehing of (he vessel wall, then this damage
is comparable in bufloon angioplasty and stenting (with
a bulloon-expandable stent), except for the profiie of the
stenl on the outer surfuce of the balleon. For the
Pitmuz-Schatz stent this implies an extra profile of 2
times 64 pom (128 pmy), and for the Wiktor stent 2 times
127 pm (254 pm). In stenting a 3-0 mm coronary artery
with o 30 mm stent-mounted balloen, this would mean
at 4 or 8% increase in diumeter, respectively. However,
in our duta this increase in profile was not accompanied
by a propertional increase in damage within the
given ranges of balloonfartery rutios of 09 1o |1
(& 8%). Sicnt strut geometry {round vs rectangular) is
an additional fuctor which may modily vessel wall injury
caused during stretching®™, We lound u  signifi-
cant lower mean vessel injury score in the Palmaz-
Schatz stend compared to the Wiktor stent at | week
follow-up, which might represent lower acute damuge at
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Fignre 2 (a) Corrclation between mean vessel injury score and mean
neoinfimal {hickness per individual Wiktor stent at [, 4 and 12 weeks
follow-up. No significant correlation can he found in either group. (b)
Correlation befween mean vessel injury and mean neointimal thickness
per individual Palmaz-Schatz (PS) stent at 1, 4 and 12 weeks. No

significant correlation can be found in either group.

implant. Further studies assessing dumuge dircetly after
implantation might efucidate this further,

Chronic damage was defined as vessel wall
damage cceurring during lollow-up. The present data
show « signiftcunt tncrease in damuge. as assessed by the
vessel injury score. between 1 and 12 weeks post-stenting
(P=0-0697). This wus probuably caused by the continued
presence of the slents. as chronic damage was not
abserved after balloon angioplasty alone. Unfortu-
nately. il was not possible to use the same injury scoring
system in sleated and baliconed urteries. However. we

feel thut the large difference in oulcome in this study
allows for the above conclusion.

Possible implications of chronic injury

In this study, the progressive damage cuused by the stent
in the first weeks after stenting may act as a direct
stimulus for smooth muscle cell proliferation through
the release of several growth factors and chemotaclic
agenls from the dumaged cells™ . However. the
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Figure 3 Correlation between mean vessel injury score and mean
neointimal thickness plotted for both stents in al} pigs. (y=107x+17,

r=0-49, P=0-002).

resultant neointimal thickening is probably not influ-
cenced by damage alone as no strong correlation wis
evident between vessel injury score and neointimu thick-
ening in the present study. Our data indicate that the
largest increase in vessel inpury score occurs between |
and 4 weeks, while the lurgest increase in neointimal
thickening occurs between 4 and 12 weeks.

The weak correlation between vessel injury score
and neointimal thickening may also be due to the very
low mean necintimad thickenings (131 pm for Wiklor
and 103 pm for Palmaz-Schatz, both at 4 weeks). These
values, however, are comparable to other studies by our
groupl*, It is unlikely that an increase in the number
of experiments in this sludy will result in « better
correlation, as pooling all the data did not show a better
correlation (Fig. 3). Therefore, in the present study,
damage is probubly only one of the contributing Factors
to the resultant neointimal thickening. The study by
Schwariz ¢f «f, indicated that dumage played a more
important role than in ours, bul this dees not contradict
our results. Their model was characterized by immense
acuie damage, resulting in neointimal thicknesses of up
to 1400 pm.

Rogers ¢f «f."" have shown that the difference in
geometry or surface characteristics between stents may
be important in relation to the ijury inflicted to the
vessel wall. Our results show that this effect is most
pronounced during the first weeks after stenting.

The role of inflanunation

In aft groups, mild inflammation was seen in the first
weeks. Although a correlation belween inflammation
score and vessel injury score or neointimal thickening
could not be observed, the persisting mitd inflammatory

response in the stent groups at 12 weeks may have
contributed to the progression of vessel wall injury, as
this was not observed in the group who received balloon
angioplusty alone. Theoreticully, persistent infamma-
tion may have facilitated the increased morphological
injury by allowing deeper stent strui penetration into the
vessel wall, resulting in a higher vessel injury score.
Furthermore, by releasing growth fuctors and cyto-
kines, inftemmutory cells may also influence neointimal
thickening and chronic endothelial dysfunctionl™,

Stuy Himitations

Our first tme point of follow-up was chosen at one
week, We are aware that this does not represent
true dcute damage at implant. However, histological
assessment of acute injury requires removal of stent
struls [romt ‘freshly’ injured vessel wall tissue, which
may induce more handling dumage than removal alter
several days to weeks. Afller one week, a measurable
neointimit is present, which duta could be included in
this analysis.

In the Wiktor stent group, no early stent
thrombosis was seen while six Palmuaz-Schatz stents
thrombozed in the first 48 h post implantation, causing
the death of the animals. These six Palmaz-Schatz stents
were not included in the analysis, because increased
vessel wall damage could not be found in either of these
cases and (herefore bias was not likely to be introduced.

In this study, non-atherosclerotic coronary
arteries of juvenile pigs were stented. Vessel wall injury
and tissue response may be different when stenting
atherosclerotic lesions. However, in the pig model,
hypercholesterolaemic diets or endothelial abrasion
before stenting do not significantly change the tissue
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responsel’!'l Moreover. our model has extensively been
used in pre-clinical stent testing, and it seems valid to
assess vessel wall injury, tissue response, thrombotic
response and restenosis in the same model.

Conclusions

This study shows progression of vessel wall injury wp to
12 weeks after stenting. but not after balloon angio-
plasty afone. Differenl stend designs ciuse different de-
grees of acute injury and this difference persists at longer
foliow-up.

As (mild) inflammatory response was persistent
in the stent groups in contrast to balloon angioplasty,
this muy be Important in influencing progression of
vessel will injury subsequent (o mechanical injury
caused by stenting. In this study, no strong correlation
between injury score and neoimtimal hyperplasia could
be demonstrated.

We gratelully thank Johnson & Jehnson laterventional Systems.
Warren, NY. U.S.A. und Medtronic Inc.. Minncupolis. Minn..
LS AL Tor their generaus supply of stents. Ms Dincke de Bruyn is
thanked for preparing the muruscripl.
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Long-Term Endothelial Dysfunction Is More Pronounced After
Stenting Than After Balloon Angioplasty in Porcine Coronary Arteries
HELEEN M.M. vax BEUSEKOM, PuD,* DEIRDRE M. WHELAN, BSc,* STOERD H, HOFMA, MD,*

STEFAN C. KRABBENDAM, BSc,* VICTOR W.M. van HINSBERGH, PuD,*}
PIETER D, VERDOUW, PuD,* WILLEM J. van per GIESSEN, MD, PuD*

Rotterdam, Leiden, and Amisterdam, The Netherlands

Objectives. To compare percutaneous fransluminal coronary
angtoplasty (PTCA) and stent Implantation with respect to the
long-term changes they Induce in the newly formed endothelium
in porcine coronary arferies by studying both morphotogical and
functional parameters of the endothelium at 2 weeks and 3
months after interventiomn,

Background. Problems affecting PTCA or stent implantation
have been overcome fo a large extent by means of hefier tech.
niques and the availability of new drugs. Late problems, however,
still exist in that reslenosis affects a large number of patients.
Wilh an increasing number of patients beinp treated with stents,
the problem of in-stent restenosis is of even greater concers, as
this seemis difficult to freat, A functional endethelial lining is
thought to be important in controlling the growth of the underly-
ing vascular (issue, We hypothesized that the enhanced neointi-
inal hyperplasia observed after stenting is associated with a more
pronounced and prolonged endothelint dysfunction.

Methods, Arteries were analyzed using a dye-exclusion {est and
planimetry of permeable areas. Therealter, the arferies were
processed for light and scanning eleciren microscopy for assess-
ment of morphology and proliferative response,

Resuits. Leakage of the endothelivm for molecules such as
Evans blue-albumin as well as prolonged endathellal prolifecation
is observed as late as 3 months after the intervention, and is more
prenounced after stenting. Permeability is associated with distinct
morphelogic characteristics: endothelial retraction, the expres-
sion of surface folds, and the adhesion of leukocyles,

Couclusions, Stenting especially decreases long-term vascular
infegrity with respect lo permeability and endothelial profifera-
tion, and is associaled with distinet morphologic characterisiics,

(J Am Coll Cardiol 1998;32;1109-17)
©1998 by the American College of Cardiology

Prablems affecting percutaneous transtluminal coronary angio-
plasty (PTCA) or stent implantation such as acute closure,
stent thrombosis, or bleeding complications due 10 the strin-
gent anticoagulation protocols fram the early days of stent use
have been overcome to a large extent by means of better
techniques and the availability of new drugs (1-4). Late
problems, however, still exist in that restenosis affects approx-
imately 15-20% of patients after primary stenting and 30-50%
after PTCA alone. With an increasing number of patients
being teeated with stents (up to 50%), the preblem of in-stent

From the *Experimental Cardiology, Thoraxcenier, Cardiovascular Re-
search Instilvte COEUR, Erasmus University Retterdam, and the Interuniver-
sity Cardiology Institute ICIN, Rotterdam; the §Gaubins Laboratory TNO-PG,
Leiden; and the Institute for Cardiovascular Research, Free University, Amster-
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Nethertands (ECIN) project 18,
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1738, 3000 DR Retterdam, The Netherlands, E-mail: vanbeusekom
@tch.fgg.car.nl.

restenosis is of even greater concern as this seems difficult 10
treat.

Every intervention aimed at increasing lumen size inevita-
bly leads to damage of the vessel wall. The subsequent healing
response, necessary to pacify the inflicted wound, triggers the
growth of a neointimal thickening (NI}, Excessive growth of
this NI is only one of the contributors to restenosis after
PTCA, but is likely the sole responsible factor when dealing
with in-stent restencsis. PTCA mechanically damages the
endothelial cells and induces endothelial dysfunction that
persists for several weeks both in the laboratory animat and in
patients (5-7). A functional endothelial lining is important in
controlling the growth of the underlying vascular tissue (8),
and it may well be that the enhanced neoiniimal hyperplasia
observed after stenting is associated with a more prorounced
and prolonged peried of endotheliat dysfunction.

The objective of the present study was, therefore, to
compare PTCA and stent implantation with respect to the
fong-term changes they induce in the newly formed endothe-
livm in porcine coronary arteries. We therefore studied both
morphological (as assessed by general pathology, morphome-
try, histochemistry, electren microscopy [EM]) and functional
parameters of the endothelivm (barrier function and prolifer-
ative status).
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Abbreviatiens and Acronyms

BrdU = bromodeoxy uridine

EB = Evans blue

EM = electeon micioscepy

LM = light microscopy

NE = neointimal thickening

PTCA = percutancous transtuminal cozonary angioplasty

Methods

Animal care, Experiments were performed under the reg-
ulations of the animal care committee of the Erasmus Univer-
sity Rotterdam and in accordance with the “Guide for the Care
and Use of Laboratory Animals” (9).

Animal preparation, Experiments were performed in
Yorkshire pigs {25-30 kg; HVC). After an overnight fast, the
animals were sedated with 20 mg/kg ketamine hydrochloride.
After induction of anesthesia with thiopental (12 mg/kg) and
affer endotracheal intubation, the pigs were connected to a
ventilator that administered a mixture of oxygen and nitrous
oxide (1:2 [volivol}). Anesthesia was mainfained with 0.5-
2.5 vol% isoflurane. Antibiotic prophylaxis was administered
by an inframuscular injection of 1,000 mg of a mixture of
procaine penicillin-G and benzathine penicillin-G.

Under sterile conditions, an arteriotomy of the left carotid
artery was performed and a 9-F introduction sheath was
placed. Then 10,000 U heparin sodium were administered
followed by left coronary angiography using the nonionic
contrast agent jopamidol (Jopamiro 370} after intracoronary
adminisiration of | mg isosorbide dinitrate,

Coronary inferventions. From the angiograms (analyzed
on-line using a quantitative coronary angiography analysis
system), arterial segments of 2.5-3.5 mm in diameter were
selecied in the left anterior descending and/or left circumitex
coronary arteries. Typically, balloon sizes were chosen
0.2-0.5 mm larger than the recipient artery. The stents (PS
153, Palmaz-Schatz Coronary Stent; JJIS, and Wiktor stent;
Medtronic) were placed as described before (10,11). PTCA
was performed in a similar way, using identical inflation
parameters. After repeat angiography of the treated coronary
arteries, the giiding catheter and the introducer sheath were
removed, the arteriotomy was repaired, and the skin was

Table 1. Study Groups

closed in two layers. The animals were then allowed to recover
from anesthesia,

Experimental groups and follow-up. Inlerventions were
performed in four groups of animals, as shown in Table 1. In
groups I and 2 (a subset of animals from a previously published
study [10]) the animals received a Palmaz-Schatz stent only
and were followed for 4 and 12 weeks, respectively, to assess:
1) the “molecular window,” i.e,, o which extent the barrier
function of the endothelial lining was impaired, and 2) whether
this “window” of permeability changed in time. In groups 3 and
4, both PTCA and stent implantation were performed in each
animal. These animals were followed for 2 and 12 weeks to
assess the morphologic determinanis correlating with the
impaired barrier both in morphologically immature and ma-
ture endothelium, and to study differences between the two
types of intervention.

Assessment of cell proliferation. To assess the proliferative
response to stent implantation and PTCA in comparison with
control coronary arterics, five animals each in groups 3A, 3B,
4A, and 4B were given three intramuscular injections of Brdt)
(Sigma Chemical Co.) al 100, 50, and 50 mp/kg at 8-h intervals,
starting 24 h before sacrifice. Using light microscopy (LM}, the
total number and number of BrdU-positive cells were counted
for each section in several high-power fields both proximal and
distal in the {reated arteries. The right coronary artery served
as a control.

Assessmient of infimal permeability at follow-up. In this
test (Fig. 1, dyc-exclusion test) Evans blue (EB) (Sigma
Chemical Co.) was used in two configurations (12,13).

EB-albumin. To subject 1he arteries to the large molecutar
marker (70 kD), 300 mL of EB in saline {0.3% [wi/vol]) was
administered intravenously, to atlow for EB binding to albu-
min, The infusion was given for 30 min, and then 1 h was
allowed for recircutation of the EB-atbumin complex.

Binding control. During and after the EB infusion, arterial
blood samples were taken, proteins precipitated with tri-
chloric acid (final concentration 20%), and then spun down to
check the supernatant for unbound dye.

EB-saline. To subject the arteries to the small molecular
marker (1 kD), 300 mL of EB in safine {0.3% [wt/vol]) was
administered directly into the coronary circulation after a
saling flush. After completion of the EB infusions, the coro-
nary arteries were flushed with approximately 300 mL saline

Group Intervention Fellow-up n Molccutar Weight Study Chjective
] Palmaz-Schatz stent 4 weeks 1o I and 70 kD Windew of permeability
2 Palmaz-Schatz stent 12 weeks 10 I and 70 kD Window of permeability
JA Wikior steat 2 weeks 9 T kD Morphologic determinants
B PTCA 2 weeks 9 kD Morphologic delecrminants
4A Wiktor stent 12 weeks 5 70 kB Morphologic determinants
4B PTCA 2 weeks 5 0 kD Muorphologic determinants

n = number of arlerics.
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before pressure fixation in situ (approximately 100 mm Hg)
with 500 mL 4% buffered formaldehyde. Then the heart was
excised, and the treated and coritrol coronary arteries (not
treated with balloon or stent} were dissected from the epicar-
dial surface.

Macroscapic assessment. The excised treated and control
coronary arteries were opened longitudinally and checked
under a dissection microscope for penetration of the blue dye.
The arteries were documented on filrn and used for planimet-
ric analysis of the permeable areas, Thereafter, both proximal
and distal areas of the specimen were divided for EM and LM,

Routine histology. To check for abnormal vascular reac-
tions to the interventions and for a general assessment of the
histological appearance, all specimens were processed for
routine histology as described before (10). Sections were
stained with hematoxylin-eosin as a routine stain and resorcin-
fuchsin as a coflagen and elastin stain.

Histochemistry. Lectin- and imununocytochemistry. This
was performed to confirm the identity of the endothetium and
smooth muscle cells as described before (14).

Detection of BrdU incorporation. After acid DNA denatus-
ation and elimination of endogenous tissue peroxidase activity,
rehydrated paraffin sections were exposed to mouse anti-Brdt
antibody (Becton Dickinson & Ca.), dilution 1:80, to detect
BrdU-positive cells. As a second antibody, HRP-labeled rabbit
anti-mouse antibody (Dakopatts) was used, with 670 gg/ml Di
Amino Benzidine (Sigma Chemical Co.) in phosphate-buffered
saline as a detecting reagent.

Morphometry. Intimal and medial thickness was deter-
mined along the length of the treated arterial segments. A

Figure 1. EB can be administered both intravenously and intracoro-
narily. Intravenous administration results in the spontaneous binding
of EB to albumin, and subjection of the arteriat wall to the 70-kD farge
complex. Intracoronary adminisiration after a saline flush to remove
serum proteins resulls in subjection of the arteriat wall to the smaller
1-kD molecule. Blue staining of the arterial wall indicates a breach in
the luminal barrier.

distinction was made between intimal and medial thickness
within and outside the PTCA lesion area and the media
underneath or between {he stent struts, Data were analyzed
using elastin-stained sections and assessed on a microscopy
image analysis system {Impak C, Clemex vision Image analysis
system; Clemex Technologies Inc.) as described before (11). In
addition, lesion length was determined in the arteries treated
with PTCA, which was defined as the percentage of the
internal elastic lamina containing discontinuities or associaled
with an intimal and/or medial thickening (15).

Scanning and transmission EM. To study endothelial mor-
phology (scanning EM) and fo assess endothelial cell-cell
contact (transmission EM), selected tissues were fixed with
2.5% glutaraldehyde in 0.15 M cacodylate buffer, postfixed
with 8.1 M cacodylate buffer containing 1% 0sO, and 50 mM
ferricyanide (K4[Fe{CN}]), and further processed as de-
scribed before (18). Specimens were examined in a JSM25
scanning electron microscope (Jeol Ltd.) and a CM160 trans-
mission microscope (Philips),

Statistical analysis, Anaiysis was performed using Sigma-
stat (versions 1.0 and 2.0, Jandel Scientific). Data are given as
mean * standard deviation. Morphometry was analyzed with a
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Table 2. QCA Assessment of Arterial and Baltoon Diameter at the Site of Intervention

Group Pre Balloon Ratio Post Fu
1{r=10) 3052028 298+ 038 095 * 0.07 306 £ 033 237*+03%
2{n=10) 31 x021 3632030 0.97 * 006 302007 20N
An=9 281027 3022041 102 +n09 24 %029 265028
Bin=9 2952031 2851032 195 + 005 266034 279048
4A (n=5) 261 £ B4 292+039 1.08 £ 005 267 0.3 280 % (.25
4B (n = 5) 258+ 0.25 265 + .42 1.0¢ 2 0.06 2282028 308 £ 0.42

Data ase in mm and given as mean * SD. Pre, Post, Fu: mean coronary lumen dfameter at the site of interventien belore, dircetly after, and at follow-up,
respectively. Balloon: mean diameter of the contrast filled balloon during maximal inflation. Ratio: hatloon to aztery ratio.

one-way ANOVA, the planimetry and angiography with a
one-way repeated measures ANOVA, and followed by an
all-pairwise comparison in case of statistical significance using
a Student Neuman Keuls or Tukey test. A pvalue of <0.05 was
considered statistically significant,

Results

Procedural cutcome. A total of 3% animals were enrolled in
the study. In group 3, one animal died suddenly within 1 h after
the procedure due to stent thrombosis. In group 4, four
animals died: one animal died during the procedure due to
veniricular fibrillation, one died within a few hours after the
procedure due to stent migration and subsequent stent throm-
bosis, one animat due to respiratory problems during recovery
from anaesthesta, and one animal died at 3 weeks after the
procedure ex causa ignota (not stent related). The remaining
34 animais were used for analysis, as summarized in Table 1,
Quantitative angiographic measurements are shown in Table
2, Quantitative coronary angiography (QCA) confirmed that
all stent and balloon sizes closely matched coronary artery
vessel size with a balloon-artery ratio between 0.95 and 1.1,

Intimal permeability. Binding control confirmed that com-
plete binding of EB to the albumin was achieved,

The “window” of permeability (groups I and 2). Macroscopy
(Fig. 2A and B} revealed that both the I- and 70-kD markers
were able to stain the vessel wall at 4 as well as at 12 weeks post
stenting. This indicales that there is a wide window of perme-
ability that does not change during the first 3 months.

The “extent” of permeability (all groups). Except for occa-
sional small areas distal to side branches, where the endothe-
lium is often subject to hemodynamic stress, the control
arteries did not reveal staining (Fig. ZA). Both stent- and
balloon-treated arteries, however, did reveal a distinct staining
of the vessel wall (Fig. 2B-D). In the stented arteries staining
of the intima was generaily observed over the steat wires, while
between the sient struls a much lower Jevel of staining was seen
(Fig. 2B and C). Both the Wiktor stenl and the Palmaz-Schatz
stent, however, revealed a specific staining pattern, In the
Palmaz Schatz stent staining was seen over the stent struts in
the area of the stent ends and in the area of the coupler (Fig.
2B), while in the Wiktor stents staining was observed over the
wire along the whole length of the stent (Fig. 2C). These
patterns did not change during the observation period. In

group 3B (2 weeks after PTCA alone) there were also areas
that revealfed staining albeit less prominently (Fig. 2D). In
group 4B (12 weeks after PFCA) the patiern was the same but
the staining intensity was less.

Planimenry. Planimetry of the area permeable to EB at 2
weeks showed that the percentage was 354 *+ 19.7% for the
stented arteries {p < (.05 vs balloon and conteol}, 10.1 £ 6.8%
for the PTCA treated arieries, and 2.5 + 2.2% for the control
arteries.

Etectron microscopy and the endofhelial barrier function,
Both scanning and transmission EM were performed on
groups 3 and 4. Tt confirmed that, in contrast to normal
endothelivem {Fig. 3A), at 2 weeks after either stent implanta-
tion or PTCA the endothelial covering was still incomplete.
The areas covering the stent struts especially showed missing
cells, often in association with adhesion of leukocyles and
platelets. These areas were highly permeable fo the EB dye.
The more diffusely permeable areas were characierized by an
endothelial layer where the cells appeared “retracted” (Fig.
3B). Transmission EM showed small or nonexistent intercel-
lular junctional complexes (Fig. 3C) in the arcas with retracted
cells. Twelve weeks after the interventions, scanning EM
showed that the endothelial covering was complete in all
groups, and transmission EM now showed more extensive
junctional complexes even with tight junctions (Fig. 3D).
Permeability was now associated with a different phenomenon,
namely an endothelial layer with adhesion of levkocytes with a
rounded morphology that were also often seen penetrating the
endothelium as well as surface folds (Fig. 3E), which indicates
an increased endocytotic activity, although endothelial retrac-
tion was still observed occasionally.

Morphometry and assessment of cell proliferation, Mor-
phometric analysis is summarized in Table 3. At 2 weeks after
stenting (group 3A) there is a trend (p > 0,05) toward a larger
NI over the stent struts than after PTCA at the site of the
lesion {group 3B}. At 12 weeks both the Wikior stent {group
4A} and the Palmaz-Schatz stent (group 2} do induce a
statistically significant larger N than after PTCA. Also, the
Wiktor stent induces a significantly more pronounced NI as
compared with the Palmaz-Schatz stent. Morphometric analy-
sis of the medial layers show that the stents significantly
impress the media, whereas at the site of the PTCA lesien the
media has thickened. At 4 and 12 weeks (groups 1, 2, and 4A)
the media has thickened between the stent struts and is now
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similar to the lesion area in the balloon-treated arteries at 2
and 12 weeks.

For assessment of cell proliferation, the BrdU-positive and
total number of cells were counted in several sections, For each
artery this amounted to 200460 endothelial cells; 200-400
{balloon group) and 1500-5500 (stent group) iatimal cells;
1000-4000 medial and adventitial cells. The percentage of
BrdU incorporation is summarized in Table 4, and shows that
at 2 weeks afler intervention the stent (group 3A) induced a
higher percentage of BrdU incorporation as compared with
PTCA in all tissue layers (p < 0.05). In the PTCA vessels (both
lesion area and nonlesion area) there was a trend (p > 0.05}
toward a higher percent proliferating cells as compared with
control {not injured) values. Twelve weeks after intervention
the levels of BrdU incorporation had decreased in all groups,
Only the endothelium overlying the stent struts was still
significantly higher as compared with control values (4.8 = 2%;
p < 0.05).

Microscopy. There were no adverse or unexpected vascular
reactions to the interventions as performed in groups 1-4, and
in general the tissue response was as described before (10,11).
In short, the stented arteries in groups 1, 2, and 4 were covered
by a variable intimal thickness consisting of smooth muscle
cells in a collagenous matrix and covered by endothelium.
Inflammatory reactions were limited for groups { and 2. In
group 4A, there were arcas where the stent strut facerated the

Figure 2. Macroscopy of the dye-exclusion test, A, Control right
coronary artery, shows a clean surface with occasional small blue areas.
B, Group 2, Palmaz-Schatz steat, | kD. For both molecular weights,
blue staining is found mainly at the stent ends and in the area of the
coupler (arcows), C, Group 3A Wiktor stent, Blue staining is seen
especially in the region of the intimal tissue covering the stent struts
(arrows}, D, Group 3B, PTCA. Randomly stained areas (arrows} are
found in the arterial scgment treated with PTCA and are more
apparent and intense in group 3B than 4B,

media, a phenomenon associated with a diffuse inflammatory
response. At 2 weeks (gronp 3A), the stent was embedded ina
mass of organizing thrombus, containing leukocytes and mac-
rophage giant cells, and was covered by an incomplete layer
of endothelial cells. There was medial hyperplasia (medial
thickening and longitudinal orientation of smooth muscle
celis) in association with BrdU incorporation between the
stent struts.

PTCA. At 2 weeks after PTCA (group 3B), there were
focal areas with a limited amount of neointima, which con-
sisted of smooth muscle cells in a collagenous matrix. In these
areas we observed fragmentation of the Lamina Elastica
interna (LEL} and significant medial hyperplasia in association
with incorporation of BrdU (Fig. 4A}. These tesions encom-
passed approximately 30% of the measured circumference.
The endothelial covering (as confirmed by lectin histochemis-
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try) was incomplete and had a variable morphology, At 12
weeks after PTCA (group 4B}, there was still a limiled amount
of intimal hyperplasia. Although the media was still thickened
in these areas and the lesions still encompassed approximately
36% of the measured circomference, there was no incorpora-
tion of Brd¥, nor a clear fragmentation of the LEL On the
contrary, we often observed an additional internal elastic mem-

Figure 3. EM of groups 3 and 4, A, Scanning EM of a nonblue area
showing normal endothelivm. B, Endothelial ccHl retraction at 2 weeks
alter stenting as illustrated by scanning EM, shows fingerlike projec-
tions between adjacent endothetial cells {arrowhead)., Some have
broken during critical point deying (asterdsk), C, Transmission EM al
2 weeks after stenting shows loose junctions (arrow) between adjacent
endothelial cells. D, At 12 weeks after sterting, transmission EM shows
tight junctions (arrow). E, The permeable areas int the endothelium at
12 weeks after stenting are characterized by surface folds as observed
with transmission EM (arrow). N = mcleus.

brane under the newly formed endothelivm (Fig. 4B). The
adventitia was unremarkable.

Discussion

In contrast to restenosis after PTCA, which is dictated both
by constrictive remodeling and tissue growth (16,17), resteno-
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Table 3. Morphometry

Media
S| S Underneath PTCA Lesion Between Stent Struts or

Greup Stent or FTCA Lesion or Stent Struls PTCA Lesion/Nonlesion
1 (steat} 259 & [(4#3aRed W 187 1 2g¥3nda
2 (stent) 1921 + 6333 1098 216 [84.3 £ 43432300
JA (stent) 1t4 = 60 71 £40 122+ 25
3B (PTCA) BEn 221 % 77l 1H9+1I5
4A (stent) 305 + j55HItnd B+ 182 = 29+t
4B (PTCA) 19+12 181 % §3¢idada 12833

*p < 063 vs group . . ., ANOVA-Tukey test. Data are in em and given as mean + SD. The NI was measured on top
of the stent struts and compared with the NI in (he PTCA lesion. Media thickness was measured undemeath and between
the stent struts and compared with 1he media thickness in the PTCA lesion and nealesion area.

sis after stenting is the result of tissue growth alone. With
increasing numbers of patients being treated with stents (up to
50%), the problem of in-stent restenosis is becoming more and
more of a problem, as this seems more resistant to effective
treatment.

Vascular dysfunction and in particular endothelial dysfunc-
tion has been described after PTCA both in humans and
animals (5-8). As one of the first changes in the etiology of
atherosclerosis, endothelial dysfunction might also be involved
in the ongoing tissue growth after angioplasty procedures
(8,18). The aim of our study, therefore, was to investigate
endothelial function after stenting and compare this with
PTCA alone by assessing both morphologic and functional
parameters.

The main finding in cur study is that bath PTYCA and stent
implantation resuft in an impairment of the vascular barier
function at least up to 3 months after the procedure as
evidenced by the uptake of the EB dye. This loss of barrier
function is more pronounced after stenting than after PTCA,
and showed a stent-specific pattern. This breach was charae-
terized by specific endothelial morphologic ¢orrelates: in the
carly phase by incomplete endothelialization and endothelial
retraction or loose intercellular connections. The late phase
was characterized by the expression of surface folds and the
adhesion of lenkocytes. Both phenomena were also observed
in stented human vein grafts (19},

Transport routes across the endothelial lining. The extrav-
asation of (macrc)molecules, such as EB bound to albumin,

proceeds mainly by wo routes. One is through diffusion via the
celiular junctions, i.e., paracellular exchange (20,21, and the
other is by vesicle-mediated transport, i.e.,, transcellular trans-
port (22),

Paracellular exchange is morphologically associated with
small interendothelial gaps caused by contractile forces in the
cell and by disintegration of cell-cell junctions (23,24}, This
process is regulated by actin fibers, which are connected to
other proteins anchoring the cells to their neighbors and fo the
extracellular matrix (25,26). Vasoactive agents and thrombin
can affect the integrity of the endothelium through phosphor-
ylation of specific target proteins. As a consequence, actin
reorganization may occur through RhoA~ and protein kinase
C-activated pathways. The interaction between actin and
nonmuscle myosin, activated by phosphorylation of the myosin
light chain, subsequently causes contraction and gap formation
(24,27). Interaction of leukocytes with the endothelium, which
is enhanced by inflammatory mediators, can enhance this
response (28). In addition to the effects of vasoactive agents,
paracetular permeability can also be enhanced by the lingering
proliferative response of the endothelium itself. Ceil retraction
associated with cell mitosis causes paracellular gaps in arterial
endotheliat cells in vivo (29). Because celt division is found
untif at Jeast 3 months after intervention, particuiarly in areas
overlying stent struts, it may contribute to the observed leakage
of EB-albumin complex, Both endothelial barsier function and
proliferation are under control of the extracellular matrix.
Remodeling of the extracellular matrix by proteases can re-

Table 4. Assessmeni of Cell Proliferation (% BrdU-Positive Cells)

Group (n} EC Ni M ADV
Control {n = ) 04 x 0t MNonexistent 09201 10701
A@p=¢6 N2+t 18827 65+ 12¢ 29%21
3B: lesion area (n = 5) 538 61482 266 £ 262 358 +441
3B: non-lesion area (n = 6) 164 £ 2.65 Nonexistent 0.86 =043 0.98 £ 0,78
4A (n = 5) 35+ 11 QLI 16%1 23+l
4B; lesion area {n = 4) 1.3+15 122091 152067 075076
4B: non-lesion area (n = 5) 63206 Nonexistent 0.59 £ 0.9¢ 0.64 £ 054

EC = endothelial cells; M = media; ADV = advenlitia, *p < 0.65 vs. all groups, ANOVA-student neuman keuls test.

Bata are mean * SEM,
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Figure 4, LM. A, Group 3B. At 2 weeks after PTCA, focal lesions can
be found with BrdU incorporation (arrow), especially underneath the
endothelial lining but also efsewhere in the intima (i) and media (m),
HRP-DAB with hematoxylin counterstain. Bar = 50 um. B, Group 4B.
At 12 weeks after PTCA, there is still a limited NI, somelimes with an
additional elastic membrane underncath the endothelium (arrow),
Resorcin-Fuchsin, | = intima, m = media. Bar = 50 pm,

duce the firm interaction between cell and matrix. This reduc-
tion may enhance the efficacy of endothelial permeability-
increasing agents (25,30).

Transcellular (vesicle-mediated) transport is the second
major route for macromolecular exchange across the endothe-
lial lining. Both paracellular and transcellular exchange of
albumin are increased by VEGF (31), a growih factor that is
induced in injured arteries (32,33). Further studies have to
elucidate whether and for how long VEGF is induced in
stented coronary arteries.

In vivo (34,23} and in vitro studics (35,36) have shown that
an increase in endothelial permeability in the microcirculation
can be reversed by exposing the endotheliom to cAMP-
elevating agents. In preliminary experiments we found that
intracoronary administration of 1 mM dibutyryl.cAMP within
10 min indeed partly normalizes the barrier function in areas of
increased permeability covering and adjacent to the implanted
stents (Fig. 5). The areas that were permeable because of
missing endothelial cells were not affected by this treatment. A
reduced cetlular cAMP concentration/content has been re-
ported in arlerial cells in intimal tissue affected by atheroscle-
rosis (37}, However, it remains to be established whether this

3 ¢ =
Figure 5. Macroscopy c-AMP-treated arderies. Macroscopy of the
coronary arferies at 2 weeks after implantation of a Wikior stent.
While a “control” artery (A was not exposed to db-¢c-AMP, bul only to
EB, the c-AMP-treated artery was first exposed to 1 mM db-c-AMP
and then to BB with a molecular weight of 1 kD (B), showing an
improvement especially in the areas between (he stent struts.

also occurs in the new layer of endothelial cells in stented
arteries. The reduction in endothelial permeability by eleva-
tion of cellular cAMP levels indicates that a major part of the
leakage of EB-albumin occurs via impaired junctional com-
plexes between endothelial cells. However, the current state of
knowledge does not permit exclusion of a minor contribution
by vesicular transport.

Permeability after PTCA takes place preferentially in the
arca designated as the lesion area containing intimaf hyperpla-
sia. Clearly these are areas where the endotheiium is attached
to a changed basement membrane or extracellular matrix. In
the stented segments, the intima covering the stent strufs is
also constantly changing during the process of scar maturation,
which might explain permeability over the stent struts in
general but not the differences between stent designs. Whereas
the Wiktor stent shows preferential dye-uptake over alt of the
stent wires {hroughout the whole stent, the Palmaz-Schatz
stent shows dye-uptake preferentially over the stent struts at
both stent extremities and over the area of the coupler. It
would seem that these specific patterns of dye-uptake are a
reflection of the design of the stent. The Wiktor stent has a
more open design than the Palmaz-Schalz stent, and as
permeability seems to occur in areas where theoretically
movement between the tissue and the stent siruts may occur,
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this may be a factor influencing the chronic vascular irritation
by the stents. From the literature it is known that mechanical
instability of healing bone fractures, for instance, affects the
composition of the extracellutar matrix with respect to the level
of sulfate incorporation in the glycosaminoglycans (38). If
these processes also take place in the vessel wall it would
certainly influence endothelial function and permeability.

Conclusions, This study indicates that especially stenting
decreases long-term vascular inegrity with respect to perme-
ability. Leakage is observed with molecules such as EB and
EB-albumin complex, and is associated with prolonged endo-
thelial proliferation and distinet morphologic characteristics
such as endothelial retraction, the expression of surface folds,
and the adhesion of leukocytes.

The authors wish to thank Robart H, van Bremen for his technical assistance and
Johnson & Johnson Interventional and Medtronic Inc. for supplying the stents,
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Stent compliance does not affect the degree of intimal thickening
in non-atherosclerotic and atherosclerotic porcine femoral
arteries

Deirdre M Whelan'?, H.M M, van Beusekom'”, 8.C. Krabbendam'?, P.D.Verdouw', BJ.G.L

de Smet?, M.J. Post’, W.J. van der Giessen'.
Department of Cardiology, Thoraxcenter, Erasmus University Rotterdam’, Department of Cardiology,
University of Utrecht? and Interuniversity Cardiology Institute of the Netherlands (ICIN)?,

ABSTRACT. -
Background: From studies of implants in general, it is known that compliance mismatch
between the implant and the surrounding tissue is an important factor in the resultant degree
of tissue response. We therefore sought to determine if stent compliance played a role in the
degree of intimal thickening post stenting.

Methods: Following measurement of stent compliance in vitro, paired implantations of Cordis
Perflex stents of different compliance i.e. compliant single crosslinked (SC, n=21) or less
compliant multiple crosslinked (MC, n=21) stenis, were performed under guidance of
quantitative coronary angiography (QCA). Stents were implanted into the femoral arteries of
both normolipemic and atherosclerotic Yucatan micropigs. After a follow-up period of 6
weeks, repeat QCA was performed, after which the animals were sacrificed, and the vessels
processed with stent in situ for histology and morphometry.

Results: Tn the normolipemic model all animals survived the follow-up period without stent
thrombosis or other adverse events, while one animal died of non-cardiovascular causes in
the atherosclerotic model. QCA showed no significant differences in late loss between the 8C
and MC stents within each model. Morphometry showed no significant differences in intimal
thickening between the compliant SC and less compliant MC stents neither in the
normolipemic nor the atherosclerotic animal models. However when the two models were
compared there were significant differences in neointimal area, and neointimal and medial
thickness. I addifion, the vessel wall responsc showed greater inflammation and frequency
of dissections in the atherosclerotic model compared {o the normolipemic model.

Conclusion. Stent compliance does not affect the degree of neointimal thickening at 6 weeks
in normolipemic and atherosclerotic porcine femoral arteries.

Key words: stent, compliance, atherosclerotic, intima

Introduction

Vascular stenting has significantly
improved patient prognosis compared to
balloon angtoplasty alone. However, stent
performance must be further improved if
current restenosis rates are to be reduced
and the use of stents is to be widened to also
treat more unfavorable types of lesions,

Stent performance can be enhanced
by improving both non-mechanical and
mmechanical stent properties. Previous
studies have proposed that non-mechanical
stent properties such as charge and
topography!, type of metal used? and

stent design®4 can influence the neointimal
response. However there is a paucity of
information relating to how the mechanical
properties of stents can be improved, since
it is unclear which mechanical properties
contribute  to the resultant degree of
neointunal thickening post stenting.

Mechanical properties of stents
include  compliance, hoop  strength,
longitudinal flexibility and radial force.
While the terms are all inter-related, they
cach essentially refer to separate mechanical
properties of the stent. Compliance refers to
the ability of a stent to yield elastically
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Figure 1. Macroscopic view of the Cordis Perflex stent (left) with detail {right) of a crosslink.

when an external force is applied. A
compliant stent is one that is pliable, while a
non-compliant stent is more rigid. Hoop
strength on the other hand is a measure of
the external force needed to plastically
deform: the stent. Longitudinal flexibility
refers to the stent’s ability to bend or flex in
its length, while radial force is an outward
force that a stent itself exerls on the vessel
wall.

From studies of implanis in general,
it is known that compliance mismatch
between the implant and the surrounding
fissue is an important factor in the resultant
degree of tissue response i.e. mismatch of
the implant and recipient tissue causes an
increased degree of fibrotic encapsulation of
the implant, Indeed, studies of compliance
in arterial grafts have shown that, in certain
situations, compliance mismatch promotes
inlimal hyperplasia’®. If such a hypothesis is
also true for arterial stenting, then improved
matching of the compliance of the stent with
that of the vessel (i.¢. reducing the degree of
compliance mismatch) should lead to
attenuation of the neointimal response.

The compliance of a stent can be
changed by altering the material properties
or design of the stent. For stents with a
sinusoidal loop design, this can be achieved
by crosslinking the loops within the stent
i.e. a stent with a single cross-link is more
compliant (pliable) than a stenf containing
multiple crosslinks (rigid). By using stents
that differed only in their number of
crosslinks, but were otherwise identical, we
studied the effect of stent compliance on

neointimal thickening in a non-oversized,
normolipemic porcine model. To see
whether this response differed between
healthy arteries and the more clinically
relevant diseased atherosclerotic arteries,
experiments were also performed in an
atherosclerotic model induced by balloon
injury in combination with an atherogenic
diet. To our knowledge this is the first study
to investigate, in two different animal
models, the contribution of stent compliance
alone to neointimal thickening, without the
confounding effects of, amongst others,
stent design, type of metal used and stent
profile.

Materials and Methods

The Stent.

The stent used in the current study
was the stainless steel Cordis Perflex stent
(Figure 1). The Perflex stent was produced
in two forms that differed only in their
number of crosslinks, but were otherwise
identical. The multiple cross-linked stent
(MC) had 4 times as many cross-links as the
single cross-linked stent (SC).

In-vitro measurement of compliance.
Measurement of both arterial and
stent compliance was performed in
phantoms and explanted femoral arteries,
with all measurements being performed in
triplicate. The apparatus used for in-vitro
measurements of stent compliance s
illustrated in Figure 2A and consisted of an
isolated vessel suspended in a pressure
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Computer Pump Isolated Pressure
vessel transducer

Figure 2A. Apparatus for in-vitro measurement of stent and vessel compliance.

A

Figure 2B. Directions in
which vessel wall diameter
changes were measured for
estimation of compliance.

chamber, where both the inner and outer
pressure of the vessel could be varied. For
measurement of arterial compliance, the
internal diameter of the arteries was first
measured by varying the internal pressure in
the artery from 80-140mmHg at incremental
changes of 10mmHg/measurement. For
measurement of stent compliance, stent and
artery diameter were matched from vessel
diameter measurements when the internal
pressure was 80mmHg (representative of in-
vive mean arterial pressure). The
appropriately sized stent was chosen and
implanted under guidance of TVUS. The
internal pressure of the artery . was
maintained at 80mmHg while the external
pressure was varied from 0-200mmHg. For
measurements of both arterial compliance
arnl stent compliance the cross-sectional
area of each vessel or stent was recorded at
incremental changes of  pressure
(10mmHg/measurement) and docwmented
by IVUS, with measurements being
performed in two directions (Figure 2B).
Compliance (C) was expressed as the

change in diameter (given as.a diameter
ratioc Dy / Dy} with incremental changes in
external pressure. Dj is the stent diameter
after incremental changes in external
pressure, while D, is the initial stent
diameter i.e, the stent diamefer at zero
pressure difference befween internal and
external pressures. .

Animal models.

Two animal models were used for
the experiments, (a) a non-injured,
normolipemic Yucatan model and (b) a high
cholesterol, balloon injured atherosclerotic
Yucatan model. In the latter, 11 seven-
month old Yucatan micropigs (25kg) were
started on an atherogenic diet consisting of
essential nutrients, vitamins, salts, 1.5%
cholesterol, 17.5% casein, 14% lard and 6%
peanut oild, Induction of lesions by balloon
injury has previously been described?. In
brief, two weeks after initiation of the diet,
Fogarty balloon denudation of the femoral
arteries was performed. Under fluroscopic
guidance 3-4cm segments in the femoral
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Animal Modet Right femoral Left femoral
N N
Normal
sC 6 4
MC 5 5
Atherosclerotic
sC 5 6
MC 0 5
Table A. Distribution of 8C and MC stents in femoral arteries in normolipemic and atherosclerotic animal
models.N= number of stents, SC= single cross-linked stent. MC= muftiple cross-linked stent.

arteries were denuded by triple withdrawal
of a 4F Fogarty catheter, Following
denudation the animals were retirned to the
care facilities where the atherogenic diet
was continued for an additional 4 nonths.

Animal care.

Experiments were performed under
the regulations of the animal care committee
of the Erasmus University Rotterdam and in
accordance with the “Guide for the care
and use of laboratory animals” (NIH
publication 85-23).

Animal preparation.

Starting one day prior to the
procedure and throughout the follow-up
period, all animais received 300mg Ascal
(Carbasalatum calcium, Asta Medica B.V.
The Netherlands) p.o. daily. After an
overnight fast the animals were sedated with

20mg/kg ketamine hydrochloride.
Anesthesia was induced by 1lmgkg
thiopental and following endotracheal

intubation, the pigs were connected to a
ventilator that administered a mixture of
oxygen and nifrous oxide (1:2, wv/iv).
Anesthesia was maintained with 1-2.5vol %
isoflurane, Antibiotic prophylaxis was
administered by an intramuscular injection
of 1ml/25kg Streptoprocpen (AU V., Cuijk,
The Netherlands, containing 200mg
procaine benzylpenicillin and 250mg

dihydrostreptomycin sulfate per ml) as a
standard laboratory procedure., Under sterile
conditions an arteriotomy of the left carotid
arfery was performed and an 8F-
introduction sheath was placed. After
measurement of arterial blood pressure and
heart rate, and withdrawal of an arferial
blood sample for the measurement of
activated  partial  thromboplastin  time
(APTT), blood gases and acid-base balance
(settings of the ventilator corrected, if
necessary), 10,000 TU heparin sodium and
250mg acetylsalicylic acid were
administered through the sheath. An 8F
guiding catheter was advanced fo the
descending aorta. An APTT of at least three
times baseline was maintained throughout
the procedure. Angiography was performed
using Omnipaque (Nycomed Ireland Ltd,,
Cork, Ireland) as confrast agent, and
quantitative angiographic analysis was
performed using the edge-detection method
(Cardiovascular Measurement  System,
Medis Inc., Nuenen, The Netherlands).

Stent implantation.

From the angiograms, a femoral
segment with a diameter of 3.5 mm was
selected in the right or left femoral artery.
One SC (3.5mm) and one MC (3.5num)
stent were randornly implanted in the right
or left femoral arteries per pig (Table A).
After repeat angiography, the guiding
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catheter and the introducer sheath were
removed, the arteriolomy repaired and the
skin closed in two layers. At the end of the
procedure, the animals were allowed to
recover and returned to the animal care
facilities where they remained for 6 weeks.

Follow-up angiography.

The anesthesia and catheterization
procedures at follow-up were similar as
described above, while angiography was
performed in the same projection, and using
identical settings of the X-ray equipment as
during implantation.

Microscopical examination.

After angiography at follow-up, a
lethal dose of sodium pentobarbital was
injected intravenously. The femoral artery
tree was dissecfed free from surrounding
tissue and immersion fixed for at least 24
hours in 4% buffered formaldehyde after
which vessels containing the stent were
processed intact for light microscopy
(LM)8. Haematoxylin-cosin was used as a
routine stain, while resorcin-fuchsin was
used as an elastin stain.

Morphometry.

Morphometric analysis of the tissue
layers was performed in the proximal,
middle and distal stent segment on elastin
stained sections by tracing the external and
internal elastic laminae and the endothelial
lining using a microscopy image analysis
system (Impak C, Clemex vision Image
analysis system, Clemex Technologies Inc.,
Quebee, Canada), Tn the nonnolipemic
model, the media was defined as the layer
between the internal and external elastic
laminae, The area between the endothelial
lining and the internal elastic lamina was

taken as the intima. In the atherosclerotic’

model the media + plaque was defined as
the layer between the stent struts and
external elastic laminae. The intima was
taken as the area between the endothelial
lining and the stent strufs.

Statistical analysis.

Data were analyzed using Jandel
Sigmastat statistical software, version 2.0
(Jandel Scientific Corporation, California,

USA). All data are expressed as mean + SD

or as median and range, The angiographic
data was evaluated using a two way
repeated measures ANOVA, followed,
when necessary, by a Tukey test
Morphometric data was evaluated by a two
way ANOVA followed by a Tukey test. A p
value of <0.05 was considered significant.

Results

In-vitro measurement of compliance.

Assessment of stent compliance was
limited to that in healthy porcine femoral
arteries, From multiple in-vitro
measurements of compliance (n=3), an
average value for each stent was estimated,
Stent compliance is represented graphically
in Figure 3, and shows a clear difference in
compliance between the two stents i.e. the
SC stent is more compliant than the MC
stent,

In-vivo stent implantation and procedural
SHCCESS,

Numtber of animals: A total number
of 21 S8SC stents (normal n=I0,
atherosclerotic n=11) and 21 MC stents
{normal n=10-, atherosclerotic n=11) were
implanted successfully (Table A). In the
normal model all animals survived the
follow-up period without stent thrombosis
or other adverse events,. In the
atherosclerotic model, one animal died of
non-cardiovascular canses.

Quantitative angiographic measnrements.
Quantitative angiographic
measurements are swmmarized in Table B.
There were no significant differences in
mean late loss between the MC and SC
stenfs  within  each  animal model
0.0mun(range: -0.4 - 1.2mm) versus -0.1mm
(range: -0.3 - 0.7mm), p>0.05 (MC versus
SC, normal model), and 1,09+0.45mm
versus 0.97+0.51mm, p>0.05 (MC versus
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Figure 3, Changes in stent diameter of the SC and MC stent with changes in external pressure
Pre Post FU LL N B/A ratio
(mm) {mm) (mm} (mm)
Normal
sC 3.6+1.2 3.0+14 3.9+1.1 -G8 (0.3 -0.7)F 10 1.24:0,1
MC 3.8:1.2 4.0+t .4 4.0+1.1 0.0 (-0.4-1.2)* 10 1.240,1
Atherosclerotic
8C 3.620.7 4,1£0.5 3.1£0.6 1.0+0.5 9 1.240.1
MC 3.4104 4.1+0.5 3.0+0.4 11405 10 1.2£0.1

Table B. QCA results of mean or median luminal diameter of SC and MC stents in normolipemic and

atherosclerotic animal models.

No. of Stents Inflammation Dissection
Neointima Media Adventitia
Normal
sC 10 3 1 3 0
MC 10 3 1 2 [t
Atherosclerofic
sC 10 7 b} 6 3
MC 10 8 2 6 &

Table C, Summary of histological features for SC and MC stents in both animal models.
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SC, atherosclerotic model). Late loss was
significantly greater in  atherosclerotic
versus normal animals {(p<0.05).

Histology

Table C summnarizes the assessment
of histological features for both SC and MC
stents in the two animal models with respect
to inflanumation and the frequency of
dissection.

Norimolipemic model
In both the SC and MC groups,

morphologic  assessment by light
microscopy  showed a  completely
endothelialized luminal surface at six

weeks. The internal elastic lamina (IEL)
was fragmented in all vessels. The thin, and
frequently minimal neointima, consisted of
vascular smooth muscle cells in an
exiracellular matrix {(Figure 4). In 6 vessels
a small localized area of inflammation in the
neointima was observed, but this was
generally associated with the presence of
thrombus remnants around or between the
wires. There was compression of the media
under the stent wires, but no medial rupture.
The external elastic lamina was intact, and
except for mild, localized adventitial
inflammation in & vessels, the adventitia of
both groups was otherwise unremarkable.

Atherosclerotic model

in both the MC and SC groups,
histology showed arteries that were clearly
damaged by the initial balloon injury to
induce lesions as illustrated by medial
ruptares, medial and intimal fibrosis and
areas of calcification. The tissue contained
foam cells and occasionally cholesterol
crystals, both in the resulting plaque as well
as in the media,

Stent  implantation  apparently
enlarged the artery lumen, due to both
stretching of the media and plaque, and also
through tearing of both plaque and normal
media (Figure 5). The luminal surface was
completely endothelialized. Fragmentation
of the internal elastic lamina was observed
in all arteries. An asymmetrical neointima

consisted of fibrotic tissue containing
thrombus remnants. Inflammatory cells
were observed in the NI of 15 arferies, in
the media of 7 arteries and adventitia of 12
arterics. Foam cells were interspersed
throughout the neointima and in the border-
zone between stent and neoinfimal tissue in
19 arteries, and calcium deposifs in I3
arteries. Dissections were noted in 9
arteries, while areas of neovascularization
were found in 12 arteries.

Normolipemic versus atherosclerotic model
Within each model there was litle
difference in the overall degree of
inflanmation between SC and MC stents.
However, comparison of the two models
showed more inflammation in the
neointima, media and adventitia of the
atherosclerotic model compared to the
normal model. Within the atherosclerotic
maodel, dissections were seen in 6MC and
3SC stents (P=ns), while no dissections
were observed in the normolipemic model.

Morphometry
Normolipemic model
In  the normolipemic model,

neointimal area (SC: 1.68+1.47mm? MC
1.32+0.98mm?), together with lumen and
medial areas showed no significant
differences between the two stents (p>0.05)
(Table D). Neointimal thickness at (SC:
0.24£0.12mm, MC: 0.19£0.04mm) and
hetween the stent struts (SC: 0.112:0.1 Imm,
MC: 0.08:40.05mm), together with medial
thickness under and between the stent were
also not significantly different when both
stents were compared (p>0.05).

Atherosclerotic model

In  the atherosclerotic model,
neointimal area (SC: 4.44+1.48mm?, MC:
4,36+1.16mm?), lumen, plaque and medial
arcas showed no significant differences
between the two stents (p>0.05). Neointimal
thickness at (SC: 0.65£0.19mm, MC:
0.65£0.17mm) and between the stent siruts
(SC: 0.49%0.19mm, MC: 0.48+0.17mm),
together with plaque thickness at the stent
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Figure 4: Overview (left} of a stented porcine femoral artery from the normolipemic group at 6 weeks,
with detail (right) showing a minimal neointimal response to the stent, (Resorcin Fuchsin.)

Figure 5; Overview (left) of a stented porcine femoral artery from the atherosclerotic group at 6 weeks,
showing an asymmetric neointimal thickening, Detail (right) showing the stent embedded in a thick
neointima containing foam celfs, calcified spots, neo-vessels ans inflammatory celis. (Haematoxylin-
Eosin.)



Lumen NI-area Media NI Plague  Media NI Plague  Media

area (mm?®) area  thickness thickness thickness between between between

(mm?) (mm®  atstent  at stent under stent stent stent

struts struts stent struts struts struts

(mum) {mm) struts {oam) (mm) (mm)

(mum)
Normal
SC 8.74+£794 1.68+1.47 1.72+1.34 0.24+0.12 NA 0.08£0.04 0.1120.11 NA 0.15+0.05
*

MC 8.74+5.77 1.32+0.98 NA 0.06+£0.02 0.08+0.05 NA 0.13x0.02

Atherosclerotic

sC

MC

1.36+0.82 0.19+=0.04
*

4.09+1.58 4.44x1.48 1.80=1.01 2.14+0.62 0.65+0.19

#

4.01+0.94 4.36+1.61 1.82+0.50 1.91x0.36 0.65+0.17
*

0.10:0.07  0.15£0.0 0.45£0.19 0.18=0.09 0.20+0.05

3

0.09=0.04  0.13£0.0 0.48+0.17 0.20=0.05 0.17+0.03

2

Table D. Morphometric results of SC and MC stents in normal and atherosclerotic animal models. *Including area occupied by the stent
struts. NA = not applicable
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struts and medial thickness under and
between the stent were also not
significantly different when both stents
were compared (p>0.05).
Normolipemic  versus  atherosclerotic
model.

When morphometric parameters
for each stent type were compared
between the animal models, both stent
types showed a 2-3 times greater
neointimal area in the atherosclerotic
model compared to the normolipemic
model {(p<0.05). Neointimal thickness over
and between the stent,  together with
medial thickness under and between the
stents also showed significant differences
between the two models (p<0.05) ie.
neointimal thickness at the stent was 2.5-
3.5 (SC, MC) times greater in the
atherosclerotic model then in the
nornolipimeic model, Similarly,
neointimat thickness between the stents
was 4-6 times greater (SC, MC), medial
thickness at the stent 2 times greater (SC,
MC), while medial thickness between the
stent was 1.4 times thicker (S8C, MC) in
the atherosclerotic model than in the
normolipemic model,

Discussion

Objective and main findings

From studies of vascular grafis,
compliance mismatch has been reported as
a cause of grafi failure®10, Indeed, better
matching of the elastic properties of grafts
and vessels has been shown to improve
graft performancet!. Given such evidence,
we sought to determine if such a theory
also holds frue for vascular stenting. We
examined the effect of stent compliance on
vessel wall reaction both in normolipemic
and atherosclerotic porcine femoral
arteries and found that within both animal
groups there were no differences in
morphometric parameters between the
compliant SC and less compliant MC
stents, However when the iwo models
were compared there were significant

differences in necintimal area, and
neointimal and medial thickness, at, under
and between the stents (p<0.05). In
addition, the vessel wall response showed
greater inflammation and frequency of
dissections in the atherosclerotic model
compared to the normotipemic model.

QOCA results

QCA results showed no significant
difference in late loss between the SC and
MC stent in the normolipemic model
{Table B). Similarly, no differences in late
loss were observed for the atherosclerotic
animal group when MC and SC were
compared. Late loss was however greater
in the atherosclerotic model compared to
the norimolipemic model and this was due
fo an increased neointimal response in the
atherosclerotic model.

Comparison of the two animal models

Our study was performed in both
normolipemic and atherosclerotic porcine
femoral arteries. While stent compliance
did not affect the resultant degree of
neointimal thickening in either animal
model, the vessel wall response o the
slents was different (Table C). In an
atherosclerotic model, implanted stents
come to rest on a matrix that is essentially
more reactive (richer in growth factors
etc.} than a healthy vessel wall. It is not
surprising therefore that there was a
greater neointimal  and | inflammatory
response induced in the atherosclerotic

-model compared o ‘the normolipemic

model. In this model, the MC stent also
induced more dissections than the SC stent
(MC 6; SC 3), but no dissections were

‘observed for both stents in the

normelipemic model. It may be that the
less compliant MC stent is casier able to
mpture a foam cell, lipid-rich porcine
atherosclerotic lesion, than the same stent
implanted in a healthy porcine vessel.
Differences in the vessel wall
reaction between the (wo animal models
illustrate the merits of both models,
Testing of stents in healthy arterics can be
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Non-mechanical

Mechanical

Charge
Topography
Stent design

Metal:artery ratio
Type of metal used

Longitudinal flexibility

Radial force

Hoop strength

Compliance

stents.

Table E, Non-mechanical and mechanical characteristics of

used to demonstrate the biocompatibility
of an implant without such reactions being
contplicated by an exaggerated response to
injury induced by an oversized, balloon
injury model. In our study the inherent
biocompatibility of the stent is apparent
from the minimal neointimal and
inflammatory responses. In contrast the
atherosclerotic mode! allows implants to
be studied in a more clinically relevant
situation,

Mechanical  stent  properties  and
comparison with other studies

Stent  properties or  stent
characteristics can be broadly divided into
non-mechanical and mechanical properties
(Table E). While experimental studies
have elucidated the effects of non-
mechanical stent properties on neointimal
thickening!-* , studies of mechanical stent
properties are incomplete or inconclusive.

A study by Vorwerk et al!2 showed
no differences in neointimal thickening
between Wallstents with different radial
forces, but a more recent study showed
that for the Radius stent, higher radial
expansile force induced a greater
neointimal response compared to stenis
with lower radial expansile force!3. No
study to date has looked solely at the

property of hoop strength and its
relationship to neointimal response

A few studies have looked at the
effect of stent compliance on neointimal
thickening (although the term compliance
was substifuted with the fterms stent
rigidity and flexibility). A study by Barth!4
found that flexible stents induced the
greafest ncointimal response. However,
the results of this study, with respect to the
neointimal  thickness due fto stent
compliance alone, are difficult to interpret,
given the confounding effects of stent
design, type of metal used, surface fo area
ratio etc. on the resultant neointimal
response. In a study by Fontaine et all5,
the authors performed their study in an
oversized artery model, The main problemn
with this study was that directly post
stenting there was a significant difference
in stent lumen, which iaken together with
the heterogeneity of a necintima induced
through oversize injury, makes it difficult
to assess the contribution of stent
compliance alone to the resuliant
neointimal response. To look exclusively
therefore at the effect of compliance, we
chose (wo sfents which, except for
differences in their number of crosslinks
(and thus their compliance), wete identical
and carried out the experiments
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Figure 6. Changes in stent diameter with increasing external pressure, Perflex SC and MC stents
compared to other stent fypes. (Values for other stent types calculated from Figure 5, Keane el all®y,

in  non-oversized normolipemic and
atherosclerotic animal models.

Comparison with other stents

It is known both from animal
studies and patient stent trials, that the
subsequent degree of intimal thickening
which develops post stenling varies
between the different stents used. While
there is little data available documenting
the compliance of stents, a study in 1995
by Keane et alt6 compared the changes in
stent diameter of 8§ commercially available
stents as the external pressure was varied
(Figure 6). They showed that the AVE
stent was the least compliant, followed by
the Palmaz-Schatz (PS, new), Palmaz-
Schatz (PS, old), Wiktor, ACS, Gianturco-
Rubin (GR), Crossflex, and the Wallstent
being the most compliant. For comparative

purposes, data for the SC and MC stents
have been included in Figure 6, The stents
presented in the graph can be broadly
divided into 3 groups: the compliant stents
(Wallstent, Crossflex, GR), infermediate-
cothplant stents {ACS, Wiktor, old PS),
and least compliant stents {newPS, AVE).
The SC stent falls into the group of
compliant stents, while the MC stent falls
into the least compliant stent group.
Indeed, the compliant SC stent may be
suitable for lesions in flexing arteries or
arteries subject to exiensive motion,
whereas given the reduced vessel
compliance when hard, calcified plaque is

present, the lesser-compliant MC stent
may be more suitable,

Figure 6 shows clear differences in
compliance between the Wallstent,
Palmaz-Schatz and Wiktor stent. However,
in 1994 a comparison of these three stents
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in the clinical situation showed {hat at 6-
month follow-up, angiographic results for
all 3 stents were comparable!?. Indeed
results of the NIRVANA (NIR Vascular
Advanced North American Trial) trial,
which compared the NIR stent and
Palmaz-Schatz  stent, showed no
differences in restenosis rates at 6 month
follow-up between the stents!?,

In contrast however, results of a
recent study which compared five different
slotted-tube stents did show significant
differences in restenosis rates (6 month
follow-up) and in the incidence of major
adverse cardiac events (MACE — | year
follow-up) between the 5 stents studied!.
However, given that no data is available
on the compliance of these stents, and
taking the resulis of the NIRVANA tnial
into consideration, it is more likely that
differences in  neointimal  responses
induced by the different stents are more
probably attributable to sient design than
stent mechanics?.

Where stent mechanics might be
important however, is in the incidence of
medial rupture and dissection. In our study
the less compliant MC stent had a higher
frequency of dissection than the compliant
SC stent in the atherosclerotic model. In
patients, differences in the compliance of
stents implanted into fragile and friable
diseased vessel walls may be such that
they could, theoretically, also lead to
differences in the incidence of dissection
and associated complications. In theory
therefore, stent compliance may have
contributed fo differences in the incidence
of MACE seen between the 5 stents in the
above mentioned study, although until data
is available for the compliance of these
stents, such a proposal remains purely
speculative,

Conclusion

Stent compliance does not affect
the degree of neointimal thickening at 6
weeks in normolipemic and atherosclerotic
porcine femoral arteries.
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Mechanisms of drug loading and release
kinetics

Deirdre M. Whelan, Heleen M. M. van Beusekom &
Willem J. van der Giessen

Department of Cardiology, Thoravcenter, Frasmus University Rokerdam and Inferiniversity Cardiology Institute of the
Netherlands (ICIN), Utrecht, The Netherlands

In an effort to overcome the limitations of local drug delivery assoclated with the use of catheters,
drug-loaded stents have been developed. Loading of such stents Is achieved through either drug absorption
{incorporation into a matrix} or drug adsorption (surface fayering). The type of drug binding determines the
elution profile/release kinetics of the drug, while the therapsutic target determines both the choice of drug
used and the manner in which il is bound, i.e. eluting or non-eluting. While non-eluting stenis have clinically
reduced thrombetic complications following stent implantation, current experimental work concentrates on

the use of eluting slents o combat restenosis.

Key words: stent, drug, release kinelics, coatings

Introduction

Systemic administration of anti-thrombolic, anti-
restenotic or anti-inflammatory drugs following stent
implantation is associated with two main problems,
Firstly, if therapeutic levels of the drug are to be
achieved at the site of the stent, then systemic doses
may be associated with toxicity. Secondly, there is the
problem of targeting the drug to the vascular injury site
and maintaining sufficient drug concentrations for a
prolonged period of time such that it can achieve its
effect. The use of catheters to locally deliver drugs to
the implant site has not eliminated the above problems
and therefore, in an effort to improve local delivery,
drug-loaded stents have been developed.

Considerations of drug-eluting stents

In considering the use of stents as vehicles for local drug
delivery, several issues must be addressed. The thera-
peutic target dictates not only which drug is used, but
also the type of drug binding and/or elution profile.
For example, if the desired effect of local delivery is
to interfere in the early thrombotic response or the
adhesion of neutrophils etc., it may be advantageous to
have rapid release of the drug, ie. dose dumping

Corespandence: Deirdre M. Whelan, Experimental Cardiology, Ee2357,
Erasmus University Rotterdam, P.O, Box 1738, 3000 DR Rotterdam, The
Netherlands. (E-mail: whelan@lch fgg eurnd).

{Fig. 1(a}]. If. however, the aim is to intervene at a later
stage in the wound healing process, then drug release
over a longer period of Hime [Fig. I(b)]. or slow release
after an initial lag phase [Fig. 1(c)], may be desirable.
Alternatively, a combination of slow- and rapid-
releasing drugs which bridge both the early and later
phases of wound healing following stent implantation
may be achieved by combining two drugs in a single
coating [Fig. L(d)]. A second consideration is whether a
non-eluting or eluting stent is required. While coverage
of a non-eluting stent with plasma proteins, thrombus
or tissue may limit the availability of the drug, rapid
release from an eluting stent may be associated with
drug washout. Finally, the question of the amount of
drug that can be incorporated into the stent has to be
addressed. The amount of drug incorporated into a pure
polymer stent for example, must be such that it does
not affect the physical and mechanical characteristics of
the stent. In the case of a stent coating, the amount of
incorporated drug is limited by the thickness of the
applied coating. This may be impertant, since this alters
the profile of the stent. Increases in stent profile may
enhance neointimal formation [1].

Methods of drug loading

Several methods exist by which a stent can be loaded
with a therapeutic agent, First, the drug can be absorbed
into a polymer matrix [Fig. 2(a}]. Absorption refers to
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Figure 1, Theoretical elution curves from a drug-loaded stent. (a) Dose dumping—an initial rapid elution of drug in a shoré period of time.
(b} Slower, more controlled release with a lower initial drug elution compared to (2), but elution continues for 2 longer period of time, {c) An
initial delay period or lag phase, before the drug elutes. Elution is then as for (b}, {d} Theoretical elution profile of two drugs combined in a
single coating. Cne drug elutes rapidly, while the second has a slower more controlled release.

the incorporation of the drug into the matrix, which is
then applied as # coating to the stent surface. Alterna-
tively, the matrix can be used to manufacture the stent
itself, i.e, a pure polymer stent. Secondly, the agent can
be adsorbed to the stent surface. Adsorption refers to
the surface layering of the stent with the drug. In both
absorption and adsorption the drug is ‘held’ through
either covalent or non-covalent bonds [Figs 2(b}, 2(c},
Table 1].

Drug absorption

Currently, the development of techniques to provide
sustained local drug delivery has focused on polymers
as matrices for drug absorption and elution. The matrix
is formed by compressing or blending the drug and
polymer material together. The rate of drug release may
be controlled by blending twe or more polymers
together. By increasing the proportion of the more
hydrophilic polymer, the rate of drug release can be
increased. Alternatively, the degree of cross-linking and
the type of plasticizer used provide additional means for
modifying the release rate of the drug [2].

To date, both biodegradable (poly-t-lactic acid
[31 polycaprolactone 14], cellulose [5)) and non-
biodegradable polymers {polyurethane [6, 7]. poly-
organophosphazene [8]) have been used to absorb drugs

from which a stent coating or the stent itself has been
manufactured. A comprehensive review was recently
published by Berirand ef al. [9]

Drug adsorplion

While there is a spectrum of drugs that can be bound or
immobilized to foreign surfaces, eg urokinase [10],
prostacyclin [11], heparin is most frequently the drug of
choice, with the heparin-coated stent being widely used
in the clinical setting [12]. Depending on the way in
which heparin is attached, susfaces can be divided into
two categories, i.e. heparin can be immobilized either
chemically or physically. Chemically-bound heparin can
be divided into jonically- or covalently-bound heparin.
Physically-bound heparin includes blend systems in
which heparin is mixed with the surface material and
surfaces onto which heparin is physically adsorbed.

Ionic binding

Ionic binding of heparin to medical devices began as
early as the 1960s [13]. Surfaces were precoated with a
graphite paste, treated with a cationic surfactant such as
benzalkenium chloride (BZC), and this charged surface
was then complexed with heparin. The disadvantage of
fonically bound heparin is the rapid desorption of the
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applied as a coating to the stent surface, The drug is released by
diffusion from the polymer, or by degradation of the polymer. (b)
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charged stent surface. (¢} Drug (\N) end-point attached to the stent
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Table 1. Examples of the different types of non-covalent and
covalent bends

® Non-covalent binding e.g.
Electrostatic bonds—ionic bonds, salt linkage, salt bridge,
ion pair
Hydrogea bends
Van der Waals forces
@ Covalent binding eg.
Sulphur bridges
C—C bonds

drug upon exposure to blood. Its application, therefore,
in binding heparin to a metal stent is limited, since
weakly-bound heparin is easily released or displaced
from the BZC, thereby requiring high concentrations of
stent bound heparin to achieve a therapeutic level at the
site of implant.

Covalent binding

Immobilization of heparin to surfaces through covalent
bonds has previously been described [14, 15 By
attaching heparin in this manner, a stable bond is
achieved compared to ionically-bound heparin. A
clinical application of covalently bound heparin is the
heparin-coated Palmaz—Schatz stent [16]. The coating
applied to the stent consists of fragmented heparin
molecules that have been end-point covalently coupled
to a polymer malrix (Fig. 3). The drug remains attached
to the surface of the stent, with the efficiency of the
coating based on the repeated interaction between the
active site of the immobilized heparin and circulating
antithrombin IlI. Animal studies have shown that up to
4 weeks post implant, 20-50% of the heparin activity
remains {16]. Other heparin-coated stents include the
Medtronic® Wiktor Hepamed® stent and the Jomed
heparin-coated stent.

Drug elution

Coated stents can be divided into non-eluting or eluting
stents. For eluting stents, the manner in which the drug
is bound or incorporated into the stent or its coating
determines the way in which the drug is released.

Elution of matrix bound drugs

The elution of matrix bound drugs can be either random
or controlled. Random release is associated with diffu-
sion of the drug from the polymer matrix, the rate of
diffusion being dependent on the thickness of the
coating and the amount of drug incorporated. This type
of release was demonstrated as early as 1994 by
Lambert ¢f al. [6] They demonstrated the feasibility of
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Figure 3. Principle of heparin coating and mechanism of anti-thrombotic action of heparin-coated stent surface, (Modified from Hardhammer
ef al. [16]}. {A) The metal surface kas been conditioned with functional amino groups that can bind covalently with the aldehyde group of
fragmented heparin molecules. (B) End-point attached heparin molecules form a heterogeneous population, some without and some with the
epsilon-shaped antithrombin 1l (AT)-binding region. {C) Circulating antithrombin can bind to the active site, which catalyses the inhibition of
thrombin {T). The resultant inactive thrombinfantithrombin complex (FAT) is released into the bloodstream, thereby enabling the active site

on the heparin to repeatedly interact with T and AT.

locally administering forskolin to the vessel wall and the
kinetics thereof, Forskolin is & drug with poor water
solubility, such that systemic administration is limited.
However, it can readily be dissolved by organic sol-
vents and incorporated into non-polar polymers. Metal
stents were spray-coated with polyurethane to a thick-
ness of 50 ytm and forskolin was then incorporated by
incubating the coated stent in the drug solution. Release
of the drug over a 24-h period was proportional to the
mass of drug remaining in the polymer matrix, and thus
can be modeled on a first-order or diffusion-limited
systen.

In contrast, however, controlled release is achieved
when the matrix used is a biodegradable polymer. The
rate of matrix degradation determines the rate of drug
release. To date, most stent-related studies of local
drug delivery have focused on the use of biodegrad-
able polymer coalings. A recent example of this was
the study by Lincoff ef al. who demonstrated the
administration of dexamethasone from a metallic stent
coated with low- and high-molecular weight poly
lactic acid [3].

It has previously been reported that not only was it
feastble to administer a single drug to the vessel wall,
but potentially two drugs could be incorporated into a
single coating. In 1997, Schmidmaier ef al. {17] reported
the development of a polymer stent coating consisting
of poly-i-tactic acid containing 5% PEG-Hirudin and 1%
Hloprost, In vitre studies had demonstrated that, up to at
least 30 days, both dnuigs were released. PEG-Hirudin
showed an Initial rapid release {randem release), while
the release of loprost appeared to be dependent on the
rate of degradation of the carrier {controlled release},

While the amount of drug released from coatings is
limited by the thickness of the coating, and therefore
the amount of drug that can be incorporated, the use of
a completely synthetic, biodegradable stent may allow
for the incorporation of a larger amount of drug.
Recently Ye ¢f al. [18] described the use of a purely
bioresorbable microporous stent to deliver adenoviral
gene transfer vectors to the vessel wall. (While gene
transfer vectors are strictly speaking not drugs, in
considering the release of compounds from stents and
their coatings, they can be included in this group.) This
biodegradable stent is manufactured from poly-i-lactic
acid/polycaprolactone, with polyethylene oxide being
incorporated to improve its hydrophilic character,
allowing the uptake of recombinant adenovirus.

Recently, a biodegradable poly lactic acid stent,
caated with a poly-g-caprolactone coating loaded with
a tyrosine kinase inhibitor has been described which
appears o reduce neointimal hyperplasia in a porcine
model {4].

Conclusion

Drug loaded stents in the form of the nen-eluting
heparin coated stent have made significant improve-
ments in reducing thrombotic complications following
stent implantation. While such stents have been less
successful in tackling the problem of restenosis, it is
hoped that developments in stent design andfor poly-
mer chemistry will lead to the clinical use of eluting
stents in the very near future.
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ABSTRACT

Objective. To improve the biocompatibility of stents using a phosphorylcholine-containing
synthetic polymer stent coating (PC) as a form of biomimicry. Inferventions. Implantation of
PC (=20} and non-coated (NC, n=21} div¥sic stents was performed in the coronary arteries
of 25 swine. After 5 days (n=06), 4 weeks (n=7) and 12 weeks (n=8), the animals were
sacrificed and the vessels harvested for histology, scanning electron microscopy and
morphometry. Main ontcome measures. Stent performance was assessed by studying carly
endothelialisation, neointima formation and the vessel wall reaction to the synthetic coating,.
Results. Stent thrombosis did not occur in either group. Morphometry showed no significant
differences between the two study groups at any time point. At § days both PC and NC were
equally well endothelialised (91 v 92%}). At 4 and 12 weeks there was no difference in intimal
thickness between the PC and NC stents, Up to 12 weeks post implant the PC coating was
still discemible in the stenf strut voids, and did not appear to elicit an adverse inflammalory
response. Conclusion. In this animal model the PC coaling showed excellent blood and tissue
compatibility unlike & number of other polymers tested in a similar setting. Given that the
coating was present up to 12 weeks post implant with no adverse tissue reaction, it may be a
potential candidate polymer for local drug delivery.

Key Words: Phosphorylcholine, stents, coatings, biocompatible materials

enhancing the biocompatibility of the

implant.

INTRODUCTION

Significant advances have been made
in. the field of interventional cardiology
through the use of coronary stents. A
restenosis rate of 30-50% after balloon
angioplasty has been reduced to a current
rate of 10-30% after stenting. Such a
reduction has led to the use of stents in wider
patient populations with improved clinical

outcome. In addition, improvements in
implantation  techniques together  with
enhanced  anti-platelet  regimes  have

significantly reduced acute ischemic events!*)
{<2% when stents are implanted electively™
and  approximately 5% in  bailout
situations). However, both anti-restenosis
and anti-thrombotic aspects must be
addressed if the stent’s therapeutic potential
is to be expanded even finther. Such
improvements may be achieved by

Modification of a stent with respect
to blood and tissue compatibility can be
achieved by changing the stent material
itself, or by modifying the oufer layer of the
stent surface. Changing the stent material
may influence the mechanical behaviour of
the stent, but since only the outer few
micrometers of the metal interact with the
blood and tissue wall, it is more practical to
modify the outer stent surface through
coating it with a biocompatible molecule.
The ideal coating would be
haemocompatible, thereby not inducing stent
thrombosis, and could potentially reduce
neointimal thickening through improved
tissue compatibility.

Previous studies have highlighted the
success of phosphorylcholine (PC) in
improving the biocompatibility of surfaces
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Fig 1. A schematic representation of the PC coating applied to the divYsio stent (modified

from Campbell et al.®))

coated with PC.UPIITN Ty this study the PC
coating applied to a metallic coronary stent
consists of a copolymer of
laurylmethacrylate and
methacryloylphosphorylcholine, the latter as
the PC component (Fig 1)."®) The zwitterionic
head group of PC provides a hydrophilic
surface whilst retaining an overall neufral
charge. The PC head group that is held
responsible for improving biocompatibility,
accounts for a small part of the coating,
while the majority of the coating consists of
componenis to give the required adhesion to
the metal surface. Although the PC
component is based on a naturally occurring
phosphatidylcholine (a constituent of the
lipid bilayer of the cell membrane), the
current coating must be regarded as entirely
synthetic. As many synthetic polymers have
been associated with aggressive
inflammatory  reactions and  excessive
neointintal growth® it is important to study
both the early and late response to the
coating.

The aim of this study was therefore
to assess the blood and tissue
biocompatibility of the coating, particularly

its influence on the wound healing response,
its effect on subsequent neointima formation
and the vessel wall reaction to the synthetic
coating in & porcine coronary stent model.

METHODS

Balloon-expandable stent.

The stent used in the current study is
the balloon-expandable divYsio  stent
{Biocompatibles Cardiovascular, Famham,
UK) (Fig 2). This stent, with a length of
15mm, has an interlocking arrowhead design
and is constructed of medical grade stainless
steet 316L. Both phosphorylcholine coated
(PC) and non-coated (NC; bare) stents were
used.

Phosphorylcholine coating.

The coating applied to the div¥sio
stent consists of a copolymer of
methacryloylphosphorylcholine and
laurylmethacrylate (Fig 1). The stenfs were
dip coated from a solution of the polymer in
cthanol to give a coating that is
approximately 50nm thick. The stents were
received pre-coated and sterilised from
Biocompatibles Cardiovascular, UK.
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Fig 2. A macroscopic view of the div¥sio stent.

Animal care.

Experiments were performed under
the regulations of the animal care comrmittee
of the Erasmus University Rotierdam and in
accordance with the “Guide for the care and
use of laboratory animals” (NTH publication
85-23).

Animal preparation.

Experiments were performed in
crossbred Landrace - Yorkshire pigs (30kg)
as previously described.'™ Starting one day
prior to the procedure and throughout the
follow-up period, all animals received
300mg Ascal {Carbasalatum calcium, Asta
Medica B.V. The Netherlands) p.o. daily.
After an overnight fast the animals were

sedated with 20mg/kg ketamine
hydrochloride. Anaesthesia was induced by
limg/kg  thiopental and  following
endotracheal intubation, the pigs were

connected to a ventilator that administered a
mixture of oxygen and nitrous oxide {1:2,
v/v). Anaesthesia was maintained with 1-
2.5vol % isofturane. Antibiotic prophylaxis
was administered by an intramuscular
injection of 1ml/25kg  Streptoprocpen
(A.U.V,, Cuijk, The Netherlands, containing
200mg procaine benzylpenicillin and 250mg
dihydrostreptomycin sulphate per mi) as a
standard laboratory procedure. Under sterile
conditions an arteriotomy of the left carotid
artery was performed and an 8F introduction

sheath was placed. After measurement of
arterial blood pressure and heart rate, and
withdrawal of an arterial blood sample for
the measurement of activated partial
thromboplastin time (APTT), blood gases
and acid-base balance (settings of the
ventilator corrected, if necessary), 10,000 IU
heparin sedium and 250mg aspirin were
administered through the sheath and an 8F
guiding catheter was advanced to the
ascending aorta. An APTT of at least three
times baseline was maintained throughout
the procedure. Coronary angiography was
performed using Omnipaque (Nycomed
Ireland Ltd., Cork, Ireland) as contrast agent,
and quantitative anglographic analysis was
performed using the edge-detection method
(Cardiovascular  Measurement  System,
Medis Inc,, Nuenen, The Netherlands).!
Stent implantation.

From the angiograms, a coronary
segmeni with a diamefer of 2.5 mm to 3.5
mm was selected in the proximal Ileft
anterior descending coronary artery (LAD),
left circumflex coronary artery (LCX) or
right coronary artery (RCA) using on-line
quantitative coronary angiography. Stents
were randomised and implanted in a paired
fashion in scparate coronary arteries, While
a preference was given for the LAD/LCX
(14 animals) stents were also implanted in
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the LAD/RCA (I animal) and LCX/RCA (1
animal), Due to vessel size or tapering in the
remaining 9 animals, stents were implanted
in single vessels (Tables 1A, 1B). Side
branches and curved coronary artery
segmenis were not avoided. A PC or NC
stent was crimped onto a deflated balloon
and advanced over a 0.014-inch steerable
guidewire to the preselected site for
implantation. The balloon was then inflated
for 30 seconds (mean inflation pressure 9
atm), deflated and negative pressure
maintained for 60 seconds, Matched
implantation of the stent and artery was
perforimed, such that the intended
balloon/artery ratio was as near fo 1 as
possible. The catheter was then slowly
withdrawn while leaving the stent in place,
After repeal angiography, the guiding
catheter and the introducer sheath were
removed, the arteriotomy repaired and the
skin closed in two layers. At the end of the
procedure, the animals were allowed to
recover and returned to the animal care
facilities.

In total, 41 stenis (20 PC, 21 NC)
were implanted into 25 animals and these
animals were assigned fo 3 groups (Table
IA, 1B) to study the progress of wound
healing and neointima formation at 5 days, 4
weeks and 12 weeks.

Follow-up angiography.

The anaesthesia and catheterisation
procedures at follow-up were similar as
described abave, while coronary
angiography was performed in the same
projection, and using identicat settings of the
X-ray equipment as during implantation.
Microscopical examination.

Afier angiography at follow-up, the
thorax was opened by a midsteral split and
a lethal dose of sodium pentobarbital was
injected intravenously, immediately
followed by cross-clamping of the ascending
aorta. After puncturing the aortic root above
the coronary ostia, 300ml of saline was
infused under a pressure of 150 cm H,O,
followed by 500ml of 2.5% glutaraldehyde
in 0.15 mol/L. cacodylatebuffer for scanning
electron microscopy (SEM) or 500ml of 4%

Table 1A. Distribution of stents in
coronary vessel pairs at different time
points.

Vessel S5day 4 week 12

pairs week
LAD/LCX 5 4 5
LAD/RCA 1 0 0
LCX/RCA 0 I 0
LAD only 0 3 4
LCX only ] G 2

Table 1B, Disiribution of PC and NC
stents in coronary arteries at different time
points.

LAD LCX RCA
5DAY
PC 4 2 0
NC 3 2 1
4 WEEK
PC 5 I 0
NC 2 4 1
12 WEEK
PC 5 3 0
NC 4 4 0

buffered formaldehyde for light microscopy
{LM). The heart was then excised and the
coronary arteries dissected free from the
epicardial surface. The stented and adjacent
unstented (Smm) segments were kept in
fixative for at least 24 hours and thereafler
were  further  processed for LM
examination” or for SEM as previously
described."™ For LM microscopy, stented
vessels were  embedded intact in
methylmethacrylate, sectioned and stained
with haematoxylin-eosin as a routine stain,
and resorcin-fuchsin as an elastin stain.
Lectin histochemistry was performed fo
confirm the identity of the rcgenerated
endothelium.!

Morphometry.

Morphometric  analysis  of  the
neointimal formation in vessels processed
for light microscopy was performed in the
proximal, middie and distal stent segment on
elastin stained sections by tracing the
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QCA pre QCA post QCATU B/A Ratio N
{mm) (min)
(mm)

5 Days
Coated 2.9+0.5 3.1+0.3 3.0:0.3 1.1+0.1 6
Non-coated 3.240.3 3.3+0.3 3.2+0.3 1.6£0.0 6
4 Weeks
Coated 3.240.2 3.3+0.2 2.8+0.5 1.0+0.1 7
Non-coated 2.9+0.4 3.140.2 3.04£0.3 1.240.2 6
12 Weeks
Coated 3.06+0.3 3.140.5 3.240.5 1.040.1 8
Non-coated 3.0£0.3 3.040.3 2.9£0.4 1.0+0,1 8
Table 2. Quantitative Coronary Angiography at 5 days, 4 and 12 weeks, after
implantation of the phosphorylcholine coated and non-coated divYsio stents. Data
as Mean + SD. B/A ratio: balloon/artery ratio. N= number of stented coronary
arteries.

external and internal elastic laminae and the
endothelial lining using a microscopy image
analysis system {(Impak C, Clemex vision
Image analysis system, Clemex
Technologies Inc., Quebee, Canada). The
media was defined as the layer between the
internal and external elastic laminae. The
arca between the endothelial lining and the
internal elastic lamina was taken as the

intima,
Scanning  electron  microscopy  and
planimetry.

SEM was performed (o study

endothelial regrowth at 5 days. After fixation
with 2.5% glutaraldehyde in 0.15 mol/L
cacodylatebuffer, the arteries were further
processed as  previously  described.!™
Assessment of endothelial regrowth was
performed by studying 8 areas in the
proximal, middle and distal stent segments
of vessels by SEM. From photographs of
these areas, the stent struts were traced, the
endothelium marked and the percentage
endothelial coverage of the stent sfruls
quantified  using  computer  assisted
planimetry,
Statistical analysis,

Data were analysed using Jandel
Sigmastat statistical software, version 2.0

(Jandel Corporation). All data are expressed
as mean (SD) or as median (range). The
angiographic and morphometric data were
evaluated by a two way repeated measures
analysis of variance (ANOVA) and a two
way ANOVA respectively, followed by a
Student-Neuman Keuls test. A p value of
(.05 was considered significant,

RESULTS

Procedural success.

A total number of 20 PC and 21 NC
stents (25 animals) were implanted
successfully. Al animals survived the
follow-up period without stent thrombosis or
other adverse events. However, in the 4-
week group there was one incidence of stent
collapse, where the excised stenied vessel
appeared to be elliptical rather than round.
Quantitative angiograplic measurements.

Quantitative angiographic
measurements are summarised in Table 2.
With a mean balloon diameter of 3.120.3num
at maximal pressure, stent recoil was 2 +
7%. The results at 5 days, 4 and 12 weeks
showed no significant difference in late loss
(post versus follow-up) between the PC and
NC groups, However, there appeared to be a
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trend towards an increased late loss in the
coated group at 4 weeks which is explained
by one incidence of stent collapse in {his
group (angiographic late loss then seems
abnormally large). Such a trend was not
observed in the morphometric resulis and
therefore deemed unimportant. Indeed, the
neointimal thickness in this group was
identical to that of the control group at 4
weeks (Table 3).
General histopathology and performance of
the stent coating.
Histopathology 5 days.

In this group, 2 vessels (1 animal;
IPC, INC) were examined by LM, the
remainder by SEM for evaluation of
endothelialisation. In the two arteries
examined by LM the intimal thickening
consisted of organising thrombus or
granulation tissue containing inflammatory
cells (macrophages, macrophage-giant cells,
granulocytes)(Fig 3A). In both vessels,
macrophage giant cells were frequently seen
surrounding the stent struts voids, Tn the PC
group, the purple stained coating was still
discernible in the stent strut voids and did
not appear to elicit an adverse inflammatory
response, Both arteries showed adhesion and
infiltration of leukocytes to an incomplete
endothelial layer, the identity of the
endothelium being confirmed by lectin
histochemistry. The medial and adventitial
layers were normal. In both the PC and NC
groups, SEM showed an advanced, but
incomplete endothelial covering, with
macrophages frequently occupying the areas
that were devoid of endothelium (Fig 3B).
Histopathology at 4 weeks.

At four weeks in both the PC and NC
groups, the asymunetric neointima (Fig 4)
consisted of smooth muscle cells in an

extracellular  matrix, covered by an
endothelial  fayer with some adherent
leukocytes. Towards the intimal/medial
borderzone the cellular density was

distinctly less and the cells were in a
haphazard orientation with some containing
thrombus remnants, inflammatory cells and
foam cells. Macrophage giant cells were
observed surrounding the stent strut voids in

both groups. In areas of maximal intimal
thickening there was often abundant
extraceltular matrix. The medial and
adventitial layers were only affected by
inflammation in the case of medial ruptures
or complete dissection (4 vessels: 2PC,
2NC), but these inflammatory changes were
discrete. In the PC group, the purple stained

coating in the stent strut voids was
discernible in 5 of the 7 vessels.
Histopathology 12 weeks.

In both groups the neointima

consisted of smooth muscle cells in an
extraceliular matrix with an organisation
similar to that observed in the 4 - weck
group, except that the intimal/medial
borderzone sometimes contains acelinlar
areas. In this borderzone, inflanimation and
neovascularisation were observed
concomitant with medial damage. Some
diffuse inflammatory infiltrates were seen in
the adventitia (3 vessels). In the PC-stented
arteries purple stained coating was still
observed in the stent strut voids in 6 out of 8
vessels (Fig SA),
Morphometry.
Endothelialisation.
At 5 days the percentage of endothelium
covering the stent struts was determined
using SEM (Fig 3B) and amounted to 91%
(range 76-93) for the PC stent and 92%
(range 70-98) for the NC stent which was
not significantly different.
Neointimal formation.

The data for the 4 and 12- week
study groups are summarised in Table 3.
There is no significant difference in intimal
thickness and area between the PC and NC
stents at four weeks. While it was attempted
to implant the stents with minimal vascular
damage {balloon-artery ratio of
approximately 1), on 3 occasions stent
implantation resulted in excessive vascular
damage, with a concomitant inflammatory
response in the 12-week group, Analysis of
this group was therefore performed with (PC
=8, NC n=8) and without (PC n=6, NC
=7} inclusion of these vessels in an attempt
to ascertain whether the inflammatory
reaction somehow masked any small
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Fig 3A. Light microscopy of the intimal thickening at 5 days post
implant, showing granulation tissue over the stent wire void (¥), with
occasional leucocytes {arrowheads) attached to the endothelium, NI
= neointima; M = media. Haematoxylin-cosin. Bar =30um

Fig 3B. A scanning clectron micrograph of a stent strut (S} at 5 days,
showing an incomplete endothelial lining (arrow), with leucocytes
(arrowheads) and macrophages (%) occupying areas devoid of
endothelium. Bar = 20pm
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Fig 4. Overview (left) of a stented artery af 4 weeks showing an
asymmetric neointima (Bar = 500pm), with detail (right) showing cells in a
haphazard orientation with thrombus remnants (arrowhead) in the
intimal/medial border zone. NI=Neointima, M=media, A=adventitia,
Haematoxylin-eosin. Bar = 100jun

Tig 5A. Detail of puple stained coating (arrowheads) observed in the stent
strut void () 12 weeks afier implantation of a PC stent. NI= Neointima;
M=Media. Haematoxylin-eosin. Bar = 45umn.
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Fig 5B. Detail of the cut surface of a stent strut from a non-implanted PC
stent. The PC coating (arrow) seen at the strul edge is similar in appearance
to that seen in Fig 5A. Haematoxylin-eosin. Bar = 20um.

differences in infimal thickness or area in
this group. The results in Table 3 show that
when the oversized vessels are excluded
from analysis, there is no significant
difference in the intimal thickness and area
between the PC and NC groups at 12 weeks.

DISCUSSION

Although coronary stenting is
regarded as 2 major success in interventional
cardiology, the problem of restenosis, and to
a lesser extent that of stent thrombosis,
remain limiting factors that restrict its use in
a wider patient population,

Clinically approved stents are all
made of metal. In an effort to reduce the
above-mentioned problems, coating the
metal with a molecule that munics a
biological, naturally occurring molecule (a
form of Dbiological camouflage or
biomimicry) has raised hopes that these
problems can be reduced or eliminated ("]
In this respect, our study addressed the
effects of coating a stainless steel metal stent
with a synthetic polymer containing a

phosphorylcholine head group. Previous
work has demonstrated its success in
improving  biocompatibility of surgical
equipment and guide wirest¥1 and in
reducing neointimal hyperplasia in synthetic
vascular grafts in a canine model ['?
Objective and main findings:

The principle objective of this study
was to determine the biocompatibility of the
PC coating over a time period of up to 12
weeks, comparing it to a non-coated
equivalenf, The main finding was that the
coating has an excellent biocompatibility.
The PC coating did not induce stent
thrombosis, had no adverse effect on the rate
of reendothelialisation and was present for
the duration of the study. The wound healing
response for PC and NC stents was similar at
both 4 and 12 weeks.

Animal model and injury:

In the porcine model of oversized
stent implantation, the degree of vascular
infury that accompanies stent implantation
induces a variable amount of inflammation
and neointimal growth. In this respect,




Table 3. Morphometric analysis at 4 and 12 weeks after implantation of the phosphorylcholine-coated and non-coated divY¥sio stents.

Lumen NI area* Media area NI thickness Media thickness NI thickness Media thickness

area at stent struts™ at stent struts between stent  between stent struts
) struts
4 weeks
Coated 5.76+1.63 1.71x0.67 1.46+0.55 0.24+0.09 0.09+0.04 0.18+0.08 0.13£0.03
(n=7)
Non-coated 6.82+£2.27 1.81£0.99 1.24+0.11 0.25£0.13 0.08x0.02 0.18+0.13 (0.13+0.02
(0=6)
12 weeks
Coated (n=8)  5.8941.37  2.22+£1.54 1.18+0.29 0.32£0.22 0.06+0.02 0.23+0.18 0.12+0.04
N=6 1.38+0.54¢ 0.20:+0.08" 0.14+0.07"
Non-coated 6.16£1.79 1.41+0.77 1.13+£0.15 0.22+0.12 0.0620.01 0.1520.11 0.12+0.02
(n=8) 1.19:0.48" 0.1920.07* 0.12+0.06
N=7

Data as Mean = SD. Area in mm*. Thickness in mm. *Including area occupied by the stent strut. ' Data when aberrant results due to rupture of
EEL and excessive inflammatory reaction have been excluded.
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variation in vessel wall response due to the
effect of coatings and the induced vesset
infury are less easily distinguished from one
another. In our study therefore, we chose a
matched-size model for stent implantation,
which allowed us to detect small differences
in the vessel wall response to the PC coating
without  being overshadowed by =a
considerable response to injury. In the 12
week group however, 3 stents were clearly
oversized (2PC, INC). Inclusion of the
morphometric data for these animals would
appear to suggest that the NI increased in the
PC group between 4 and 12 weeks, However
if the data is excluded for those animals in
which oversized stents were implanted, then
there is normal regression of the NI in both
groups at 12 weeks.

Blood biocompatibility and early wound
healing:

In a previous study using the
stainless steel Palmaz-Schatz stent (same
material, different geometry and surface
characteristics), stents thrombosed
irrespective of whether acetylsalicylic acid
was  post-operatively  administered or
not!"™¥ Ahsence of thrombosis in our study
in both the PC and NC groups may be
explained by the fact that the geometry
and/or surface characteristics of the stent are
such that it is inherently less thrombogenic.
In our animal model both the stent and the
PC coating showed excellent blood
compatibility.

Following stent implantation, it is
desirable that the vascular wall heals as
quickly as possible, thereby incorporating
the stent into the wvessel wall, Histological
parameters of completed vessel wall healing
are re-endothelialisation and the progression
of granulation tissue to a mature ncointima,
In a previous study, data suggested that a
heparin coating delayed re-endotheliatisation
at 4 weeks, such that the neointimal
thickening was also affected.l' We therefore
used the rate of endothelialisation as a
parameter of the early wound healing
process. The effect of PC on wound healing
and neointimal formation after stenting is
unknown. Theoretically the PC group might

be expected to retard the rate of re-
endothelialisation since it inhibits the
deposition of plasma proteins onto the stent
surface.!” The absence of a protein layer
may make the stent surface less “attractive”
for the endothelial cells fo grow on.™™ In this
model however, the percentage endothelial
covering after 5 days as assessed by
planimetry was similar in both the PC and
NC groups (91% v 92%). Therefore the PC
coating did not delay the early wound
healing response.

Tissue biocompatibility:

At 4 weeks there was no difference
in neointimal thickness between the PC and
NC groups (PC: 0.1440.09mm; NC:
0.15+0.13mun). These results correlate with
those from Kuiper et al®" in so far that he
also found no difference in neointimal
thickness between the PC and NC stents.
However his study restricted it’s follow-up
to 28 days only. In studying the
biocompatibility of synthetic polymers it is
important to study the reaction at muitiple
time points, given the potential for synthetic
polymers to show delayed inflammatory
reactions. We therefore studied the vessel
wall reaction to the coating at multiple
timepoints up to 12 weeks.

At 12 weeks in both the PC and NC
groups, 4 morphologically mature neointima
was formed. In the area of the stent strut
voids macrophage giant cells were
occasionally associated with the implant,
Such cells were observed in both PC and NC
groups, and are part of the normal reaction to
foreign implants. In the PC group, evidence
of the coating was observed in the stent
struts voids up to 3 months post implant,
Given that such pwrple stained malerial is
similar to that observed when stained cross-
sections of a non-implanted PC stent were
examined for the presence of the coating
(Fig 5B), we conclude that this coating
remains present up to 3 months post
implantation. Indeed, our findings have
recently been corroborated by Tolhursf?
who reported results showing that the
coating does not degrade and is stable up to
six months post implantation, (Although the



Table 4. Coated stents

Author (ref) Stent Animal Model Coating Control NI thickness Duration
{mm) {Weeks)
Coated Control
- divYsio Porcine coronary, PC Bare stent 0.1420.095 0.15£0.13% 4
matched
Bare stent 0.1020.08 0.09£0.07% 12
Kuiper [21) Palmaz-Schatz Rabbit iliac, PC Bare Stent 0.20+0.05 0.23£0.11 4
Porcine coronary, 0.4420.27 0.47£0.38 4
Matched '
van der Giessen [9]* Wiktor Porcine coronary, PGLA Bare stent 0.46+0.18 0.08+0.03 4
matched
PEC Bare stent 2.3640.60 0.38£0.17 4
Hardhammer [17] Palmaz-Schatz Porcine ceronary, Heparin Bare stent 0.2640.10 0.11+0.04 4
matched
Bare stent 0.15+0.06 0.20+0.05 12
van der Giessen [26] Wailstent Porcine Biogeld Bare stent 0,11 (0.04-0.17) 0.10 (0.07-0.18)" 12
coronary.matched
de Scheerder [27] Not described Porcine coronary, POPMPD PGP stent 0.98:0.28 1.7420.84 [
oversized injury model
Cox [28] Cook Porcine coronary, CEL/HEPMET Bare stent “ - 4
cversized injury medel
Lincoff [23] Wiktor Porcine coronary, HMWPLLA/DEX PLLA stent 0.79+0.44% 0.81£0.23% 4
oversized injury model
Bare stent 0.880.31%
Aggarwal [34] Cook Rabbit ilizc, balloon CEL/GPL/IHa CEL + anti CMV 0.12+0.04 0.11£0.07 4

injury medel

PGLA = polyglycolic/actic acid: PEO = polyethyleneoxide, "Representative values for the best and worst performing polymers are given; POP/MPD = polyorganophosphazene/methylpredisnolone; CEL/HEP/MET =
cellulose/heparin/methotrexate; EMWPLLA/DEX = high molecular weight poly-L laetic acid/dexamethasone. "(Range). ¥ Values calculated from Figure 6, LincofT ¢r af. [23] “For comparative purposes, the thickness

of the wire struts have been deducted from the data,
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PC coating on the stent is thin, some
swelling of the polymer occurs during
histofogical processing, such that it is visible
with light microscopy). The fact that there
was a minimal inflammatory response to the
coating is a reassuring finding, since the PC
coating is composed of synthetic polymers
and to date most synthetic materials used to
coat stents have often been associated with
intense inflammatory reactions and variable
neointimal growth PU2BKHEH

PC compared to other coatings

Table 4 compares the neointimal
thickness (NI) from our study with those of
other studies wsing coated stenls in both
matched sized models and oversized injury
models.

In matched sized models of stent
implantation®™* ] when results of NI for
the control stents are grouped, the range of
NI is 0.10mm-0.40mm. The NI of the PC
group is well within this range, Indeed the
NI of the PC group is comparable to that of
the heparin-coated Palmaz-Schatz stent,
which is expected to be approved by the
FDA in 1999. Given that the PC coating can
be regarded as a synthetic polymer, the
results appear to be considerably better than
those using PGLA and PEO strips {amongst
others) applied to the Wiktor stent.®

In the 12-week PC group, 2 stents
were oversized at implantation. If the mean
NI for these vessels {0.602+0.11mun) is
compared to the grouped range in the
oversized injury group (0.11mm-1.74mm)
B12N then the PC result (oversized group)
again falls within this range. In the study of
de Scheerder®, the NI of the eluting stent is
reduced compared to the control POP stent
{0.99+£0.28mm v 1.7440.84mun), but this NI
is stilt almost twice as large as that of the NI
for the oversized PC stents in the current
study (0.62+0.1lmm v 0.99+0.28mm).
Therefore, in comparison to other studies of
coated stents and irrespective of the model
used, the syathetic PC coating performs
well,

Potential of the coating

The comiplex processes that lead to

restenosis can probably never be resolved by

a single therapy alone. The possibility of
using a coated stent as a carrier of drugs has
therefore great therapeutic potential, To date
studies involving synthetic polymer-coated
stents can be divided into those used (a) to
explore the potential of various materials as
polymer stenf coatings,PI*W0Y (b) in-vitre
drug-release kinetic studies,”™™ and (c) for
in-vivo efficiency studies of local ~diug
delivery to the vessel wall, PP The resulis
of such experiments have generally shown
that while drug release is feasible, the drug
may be effective in reducing only the
unwanted side effects of the polymer used,
but not in reducing neointimmal hyperplasia
per se. In the present study the coating
remained present up to 12 weeks post
implant, withoul excessive necointimal
growth (compared to the control), While the
amount of polymer remaining cannot be
quantified in this study, nor can it be
ascertained if there is a gradient of polymer
depletion over time, the Ilong-term
therapeutic potential of this particular
coating in it’s present form is significantly
improved over currently available synthetic
polymer stent coatings. Such findings
suggest that this polymer can potentially be
used as a vehicle for local drug delivery, and
initial drug release studies are underway
using this PC coated stent. By controlling
the physiochemical propertics of the coating
(crosslinked  density, water  content,
isoelectric point, molecular weight) the stent
coating can be tailored to the specific drugs
under investigation,

CONCLUSION

Both PC-coated and NC  divYsio
stents were implanted with a 100% success
rate  without incidence of acute stent
thrombosis, despite an anti-platelet regime of
only aspirin. Phosphorylcholine applied to
the divYsio stent as a coating does not
interfere with endothelialisation as measured
at 5 days afier implantation. During the
subseguent process of wound healing, the
PC and NC stents elicit a tissue-response
that is similar in nature. The only observed
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difference between the two stents is the
presence of the PC coating in the stent strut
voids up to 12 weeks after implantation.
Given the long-term presence of a coating
that shows no adverse inflammatory
reaction, the PC coating shows potential as a
suitable candidate for local drug delivery.

ACKNOWLEDGEMENTS

Mr. Rob van Bremen is acknowledged for
expert technical assistance. Biocompatibles
Cardiovascular, UK ar¢ thanked for
generously supplying the coated and non-
coated stents used in this study.

REFERENCES

1. Moussa 1, Di Mario C, Di Francesco L, et al
Subactte stent thrombosis and the anticoagulation
controversy: changes in drug therapy, operater
technique, and the impact of intravascular ultrasound.
Am J Cardiol 1996;78(3A):13-7.

2, Keane D, Haase J, Stager CJ, et al. Comparative
validation of quanfitative coronary angiography
systems. Results and implications from a multicenter
study using a standardised appreach. Circulation
1995;91(8):2174-83.

3, Goods CM, Al-Shaibi KF, Yadav SS, ef al
Utilisation of the coronary balloon-expandable coil
stent without anticoagulation or intravascular
ultrasound, Circulation 1996;93(10):1803-8.

4. von Segesser LK, Olah A, Leskosek B, ef al.
Coagulation patterns in bovine left heart bypass with
phospholipid versus heparin surface coating. Asaio J
1993;39(1):43-6.

5. Hunter S, Angelini GD. Phosphatidylcholine-
coated chest tubes improve drainage after open heart
operation. dun Thorac Surg 1993;56(6):1339-42,

6, Veil KR, Chronos NAF, Palmer SJ, ef al
Phosphorylcholine: a biocompatible coating for
coronary angioplasty devices, Circulation
1995;92(8):2337 (abstract).

7. Plante S, Juneau C. Thrombogenicily of PTCA
guide wires: a scanning clectron microscopy study.
Cireulation 1997,96(8):4243 (absiract).

8. Campbell EJ, O'Byme V, Stratford PW, e al.
Biocompatible surfaces using
methacryloylphosphoryicholine  laurylmethacrylate
copolymer. Asaio J 1994;40(3:M853-7.

9. van der Giessen W, Lincolf AM, Schwartz RS, et
al. Marked inflammatory sequelae to implantation of
biodegradable and nonbiodegradable polymers in
por¢ine coronary arleries, Circulation
[996;94(7):1690-7.

10. van der Giessen WIJ, Serruys PW, van Beusekom
HM, et al. Coronary stenting with a new, radiopaque,

balloon-expandable  endoprosthesis  in  pigs.
Circtilation 1991;83(5):1788-98.

11. Reiber JH, Serruys PW, Kooijman CJ, et al.
Assessment of short-, medium-, and long-term
variations in arterial dimensions from computer-
assisted quantitation of coronary cineangiograms.
Circulation 1985;71(2):280-8.

12, van Beusekom HMM, Whelan DM, Van der Plas
M, et al. A practicat and rapid method of histologicat
processing for examination of coronary arteries
containing metallic stents. Cardiovasc. Pathol
1996;5:69-76.

13. van Beusekom HMM, van der Giessen WJ,
Wagenveort CA, ef ol Histological features of a
polymer endovascular prosthesis after transcatheter
implantation in porcine arteries. Cardiovasc Pathol
1993;2(1):41-51.

[4. Baron JiI, de Bono DP, Azrin MA, ef al
Adsorption and clution of c¢7E3Fab from polymer-
coated stents in vitro; local delivery of an anti-
thrombotic agent that also may inhibit restenosis,
Circularion 1997,96(8):2254 (abstract).

15. McKenna CJ, Camrud AR, Wolff R, et al. Fibrin-
film stenting in a porcine coropary injury model:
efficacy and safety compared to uncoated stents.
Circulation 1997,96(8):81 (abstract).

16, Chen C, Lumsden AB, Ofentoch JC, ef al
Phosphorylchotine coating of ePTFE gralls reduces
neointimal hyperplasia in canine model. Ann Vasc
Surg 1997;11(1):74-9.

17. Hardhammar PA, van Beusckom HMM,
Emanuelsson HU, et af. Reduction in thrombotic
events with heparin-coated Palmaz-Schatz stents in
normal porcine coronary arteries. Circulation
1996;93(3):423-30.

18. Rogers C, Edelman ER, Endovascular stent
design  dictates  experimental restenosis  and
thrombosis. Circulation 1995;91(12):2995-3001.

19. Ikada Y. Surface modification of polymers for
medical applications, Biontaterials 1994;15(10):725-
36.

20. van Wachem PB, Vreriks CM, Beugeling T, et al.
The influence of protein adsorption on interactions of
cultured human endothelial cells with polymers. J
Bionied Mater Res 1987;21(6):701-18.

21. Kuiper KKJ, Robinson KA, Chronos NAF, &f al.
Phosphorylcholine-coated metallic stetts in rabbit
iliac and porcine coronary arteries. Seand Cardiovase
J1998;32:261-8.

22, Tolhurst LA. The analysis of post implant
bicdivYsio stents. Proceedings of the Medical Device
Technology Conference, March 1999, London, UK.
1999:427-41.

23, Lincoff AM, Furst JG, Ellis 8G, ef al. Sustained
local delivery of dexamethasone by a novel
intravascular eluting stent to prevent restenosis in the
porcine coronary injury model. J Am Coll Cardiol
1997;29(4):808-16.

24. Wilczek K, Scheerder ID, Wang K, ef al
Comparison  of  self-expanding  polyethylene



Chapter 8

109

terephthalate and metallic stents implanted in porcine
iliac  avteties.  Cardiovase  Intervent  Radiol
1996;19(3):176-80.

25. Murphy JG, Schwarlz RS, Edwards WD, ef al.
Perculaneous polymeric stents in porcine coronary
arferies. Initial experience with polyethylene
terephthalate stents. Circulation  1992;86(5):1596-
604.

26. van der Giessen W, van Beusekom HMM, van
Houten CD, ef al. Coronary slenting with polymer-
coated and uncoated self-expanding endoprostheses
in pigs. Cor Art Dis 1992;3:631-40.

27. de Scheerder I, Wang K, Wilczek K, ef a/. Local
methylprednisolone inhibition of foreign body
response fo coated intracoronaty stents. Coron Artery
Dis 1996;7(2):161-6.

28. Cox DA, Anderson PG, Roubin GS, ef al. Effect
of local delivery of heparin and methotrexate on
neointimal proliferation in stented porcine coronary
arteries. Cor Art Dis 1992;3:238-48,

29. De Scheerder 1K, Wilczek KL, Verbeken EV, et
al. Biocompatibility of polymer-coated oversized
metallic stents implanted in normal porcine coronary
arteries. Atherosclerosis 1995;114(1):105-14.

30. De Scheerder IK, Wilczek KL, Verbeken EV, et
al.  Biocompatibility of biodepradable and
nonbiodegradable polymer-coated stents implanted in
porcine peripheral arteries. Cardiovasc Intervent
Radiol 1995;18(4)%:227-32.

31. Fontaine AB, Koelling K, Passos SD, et al.
Polymeric surface modifications of tantalum stents. J
Endovasc Surg 1996,3(3):276-83.

32, Dev V, Eigler N, Sheth 8, ef al. Kinetics of drug
delivery to the arterial wall via polywrethane-coated
removable nitinol stent: comparative study of two
drugs. Cather Cardiovase Diagn 1995;34(3):272-8.
33, Lambert TL, Dev V, Rechavia E, ef al. Localised
arterial wall drug delivery from a polymer-coated
removable metallic stent. Kinetics, distrbution, and
bioactivity of forskolin. Circulation 1994;90(2):1003-
11,

34, Aggarwal RK, Ireland DC, Azrin MA, ef al
Antithrombotic petential of polymer-coated stents
eluting platelet glycoprotein  Ib/Tila  receptor
antibody, Circtfation 1996;94(12):3311-7.






Chapter 9

Early and late reactions to PLA coated and
drug loaded PLA coated stents

in porcine coronary arteries

DM Whelan, HMM van Beusekom, SC Krabbendam, B Ozdemir,

A Alwani, PD Verdouw, WJ van der Giessen






Chapter 9 113

Early and late reactions to PLA coated and drug-loaded PLA
coated stents in porcine coronary arteries.

Deirdre M. Whelan BSc'?, Heleen M.M. van Beusekom PhD"?, Stefan C. Krabbendam
BSc'?, B. Ozdemir', A. Alwani', P.D. Verdouw PhD, Willem J. van der Giessen MD'.
Department of Cardiology, Thoraxcenter, Erasmus University Rotterdam!, and Interuniversity Cardiology
Institute of the Netherlands (ICEN), The Netherlands?,

ABSTRACT

Infroduction. The trcatment of restenosis using coated stents offers a two-fold approach: the
stent acts as a mechanical scaffold reducing elastic recoil and remodeling, while locally
delivered therapeuntic agents elufing from the coating may prevent intimal thickening and
thrombosis. We compared the effects of non-coated (NC), poly lactic acid (PLA) coated, and
PLA-hirudin/iloprost (PLA-HI) coated metal stents on vessel wall healing and intimal
thickening in a porcine coronary model. All stenis were initially coated with a layer of
iridium oxide to reduce thrombogenicity. The PLA-HI stent contained 5% hirudin and 1%
iloprost.

Methods. Matched implantation of PLA-HI (n=20) with either C (n=10), or PLA (n=10)
stents were performed in a paired fashion in the coronary arteries of 20 swine. After a follow
up period of 2 or 12 weeks, repeat angiography was performed, the animals sacrificed, and
the vessels processed for histology, Prior to sacrifice ail animals received BrdU to assess the
proliferative response, and at follow-up a tracer dye was injected to evaluate the permeability
of the vessels. Angiographic late loss, neointimal thickness, % thrombus deposition, vessel
injury score and inflammatory score were measured for all groups at both time points.
Planimelry was used to assess the % thrombus deposition and % permeable areas.

Results. The results show that there were no significant differences in morphometric
parameters, percentage thrombus deposition, vascular proliferative response (BrdU),
inflammation score and injury score between the coated and bare stent groups at 2 or 12
weeks. Vascular permesbility at 2 weeks was significantly different in the PLA-HI group
only. The inflammatory and injury scores together with the vascular permeability increased in
all groups over time. Due however to its larger group size, such changes were significant only
for the PL.A-HI stent.

Conclusion. While the eluting drugs had no effects on thrombus deposition or neointimnal
thickening, all 3 stents performed well in this animal model. Although the PLA coating was
well tolerated up to 12 weeks, only longer-term studies will elucidate the true potential of this

coating for vascular applications.

INTRODUCTION search for candidate materials to use as stent
coatings, both biodegradable (bicabsorbable)
The treatment of . significant and non-biodegradable synthetic polymers
coronary artery stenosis using polymer  have been used!:2. For local dug delivery,
coated stents offers a two-fold approach: biodegradable polymers offer the advantage
the stent acts as a mechanical scaffold that drug release is achieved by both
reducing elastic recoil and remodeling, diffusion from and degradation of the
while locally delivered therapeutic agents  polymer. By controlling the degradation rate
eluting from the coating may prevent of the polymer, sustained drug release can be
intimal thickening and thrombosis. In the achieved for a prolonged period of time.
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Biodegradabte polymers must meet
certain eriteria: they must show blood and
tissue compatibility, and their degradation
products must neither accumulate in the
body and be toxic, nor induce
inflammalory reactions. A potential
candidate polymer therefore is poly-lactic
acid (PLA), which degrades to lactic acid,
and is then metabolized to H,0 and CO,.
PLA has found medical application as
screws and pins in orthopedics and has
been used in vitro and in animat models
for local = delivery of antibiotics?,
chemotherapeutic agenls? and
hormenes$, However, although it has
been used for medical applications for
many years now, it is not uncommon for
very late inflammatory reactions {years
post implant}) to ocewr™8, Given such
potential for late inflammatory responses,
it is essential that for vascular applications,
both short and long-term studies of the
polymer are performed.

Since stent implantation induces
both a thrombotic and tissue response,
drug loaded coated stents should ideally
treat both aspects. In this respect, two
possible candidate drugs are hirudin and
iloprost. Hirudin is a pofent anti-
thrombolic, and from animal experiments
it has been shown to significantly reduce
platelet and fibrin deposition on coronary
stents in comparison o heparin, dextran
and aspirin®, It has also shown a reduction
in necintimal proliferation afler balloon
angioplasty!9, although such an effect was
not seen from clinical trials!!, However in
the latter study hirudin was administered
intravenously and not locally. Hoprost, a
stable prostacyclin analogue with a half-
life of 30 minutes, suppresses platelet
activaion and aggregation and has a
strong vasodilatory and anti-inflammatory
effect, It has also been shown to inhibit
PDGF-induced proliferation of smooth
muscle cells!2.

Previous studies using PLA for
vascular applications have shown variable
results. While one study showed that PLA,
applied as a stent coating on a metallic

stent, had excellent blood and tissue
compatibility up to 40 weeks post implant!?,
its use as a drug-loaded stent coating showed
less favorable short-term results!d, In-vitro
studies using PLA-coated stents loaded with
hirudin and iloprost have shown that drug
release is feasible up to 90 days post
implant!5, and in vivo studies suggest that
these drugs can attenuate the neointimal
response post stenting!6:!7. However, the
latter studies examined only the short-term
effects of the coating on the vessel wall
response, and given that biodegradable
polymers may be associated with delayed
inflammatory responses due to degradation of
the polymer, it is imperative to also study the
long-term biocompatibility of such a coating.

The aim of this study was to examine
the long and shori-term biocompatibility of
PLA-coated and PLA-hirudin/iloprost coated
stents (PLA-HT). The effects of both stent
coalings, as well as the eluting drugs, on the
vessel wall response were compared to that of
a non-coated stent at both 2 and 12 weeks.
Specifically, we examined the effects on beth
the neointimal and proliferative responses
and assessed the endothelial function at two
time points. In this respect we aim fo expand
upon the results of previous short-term
studies!6.17,

METHODS

The stent,

The stent used in the current study is
the balloon-expandable Inflow Dynamics
stent (InFlow Dynamics AG, Munich,
Germany). This stent is 7mm long and is
constructed of medical grade stainless steel
316L. All stents were initially coated with a
layer of iridilum oxide to reduce
thrombogenicity. Coated stents were dip-
coated in either a solution of PLA only (D,L
polylactide, 30kDa), or in a solution of PLA
containing 5% polyethyleneglycol-hirndin
(PEG-hirudin)and 1% Iloprost, Hirudin was
coupled fo PEG in order to prolong the
stability of hirudin, without affecting the
pharmacological properties!3. The dip-coated
stents had 200+£102ug PLA per stent,
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confaining therefore 10pg PEG-hirudin
and 2pug Hoprost. The stents were received
pre-coated and sterilized from the
manufacturer,

Aunimal care.

Experiments were performed under
the regulations of the animal care
committee of the Erasmus University
Rotterdam and in accordance with the
“Guide for the care and use of laboratory
animals” (NIH publication 85-23).

Animal preparation,

Experiments were performed in
crossbred Landrace - Yorkshire pigs
(30kg) as previously described!?, Starting
one day prior to the procedure and
throughout the follow-up period, all
animals received 300mg Ascal
{(Carbasalatum calcium, Asta Medica B.V,
The Netherlands) p.o. daily. After an
overnight fast the animals were sedated
with 20mg/kg ketamine hydrochloride.
Ancsthesia was induced by llmgkg
thiopental and following endotracheal
intubation, the pigs were connected to a
ventilator that administered a mixture of
oxygen and nitrous oxide (1:2, v/v).
Anesthesia was maintained with 1-2.5vol
% isoflurane. Antibiotic prophylaxis was
administered by an intramuscular injection
of 1mif25kg Streptoprocpen (AU.V,,
Cuijk, The Netherlands, containing 200mg
procaine benzylpenicillin  and 250mg
dihydrostreptomycin sulfate per mi) as a
standard laboratory procedure. Under
sterile conditions an arteriotomy of the left
carotid artery was performed and an 8F
introduction sheath was placed. After
measurement of arterial blood pressure and
heart rate, and withdrawal of an arterial
blood sample for the measurement of

activated partial thromboplastin  time
{APTT), blood gases and acid-base
balance (seftings of the ventilator

corrected, if necessary), 10,000 IU heparin
sodium and 250mg acetylsalicylic acid
were administered through the sheath and
an 8F guiding catheter was advanced to the

ascending aorta. An APTT of at least three
times baseline was maintained throughout the
procedure, Coronary  angiography  was
performed using Omnipaque (Nycomed
Ireland Ltd., Cork, Ireland) as contrast agem,
and quantitative angiographic analysis was
performed using the edge-detection method
{Cardiovascular Measurement System, Medzs
Ing., Nuenen, The Netherlands).

Stent implantation,

Using on-line quantitative coronary
angiography, a coronary segment with a
diameter of 2.5 mm to 3.5 mm was selected
in the proximal left anterior descending
coronary arfery (LAD), left circumilex
coronary artery (LCX) or right coronary
artery {RCA). Matched, paired implantation
of PLA-HI with either PLA or NC was
performed. A preference was given for the
LATDYLCX (19 animals), but in 1 animal
stents were implanted in the LAD/RCA. Side
branches and curved coronary artery
segments were not avoided. Stents were
crimped onfo a deflated balloon and
advanced over a 0.014 inch steerable
guidewire to the preselected site for
implantation. The balloon was then inflated
for 30 seconds {mean inflation pressure 9
attit), deflated and negative pressure
maintained for 60 seconds. The catheter was
then slowly withdrawn while leaving the
stent in place. After repeat angiography, the
guiding catheter and the introducer sheath
were removed, the arteriotomy repaired and
the skin closed in two layers, At the end of
the procedure, the animals were allowed to
recover and returned to the animal care
facilities.

In total, 40 stents (20 PLA-HI, 10
PLA, 10 NC) were implanted into 20 animals
and these animals were assigned to 2 groups
(Table A) to study the progress of wound
healing and neointima formation at 2 and 12
weeks.

Follow-up anglography.

The anesthesia and catheterization
procedures at follow-up were similar as
described above, while coronary angiography
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Vessel LAD LCX RCA
N N N
2 Weeks
PLA - 5 -
PLA-HI 6 4
NC 4 1 -
12 Weeks
PLA 3 2
PLA-HT 4 5 I
NC 3 2 -

Table A, Distribution of PLA, PLA-HI and
NC stents in coronary arteries at 2 and [2
weeks.

was performed in the same projection, and
using identical settings of the X-ray
equipment as during implantation.

Assessment of vascular permeability at
Jollow-up,

At both 2 and 12 weeks follow-up,
intimal permeability was assessed using
the dye Evan's Blue (Sigma Chemical
Company, St Louis, USA) in a dye
exclusion test. A full description of the
procedure has been  previously
published20, In short, 300 mi of 0.3%
(w/v} PEvan’s Blue in saline was
administered  intravenously over 30
minutes, and then allowed to recirculate
for 30 minutes, before proceeding with the
sacrifice. In this way all BB will bind to
albumin and this EB-albumin complex
{Mw 70kDa) was used as a test molecule
for  endothelial  permeability.  The
permeable areas (blue stained areas) are
expressed as a percentage of the total
{explanted) opened vessel lumen area,

Assessment of cell proliferation.

To assess the proliferative response
to stent implaniation, all animals were
given three intramuscular injections of
100, 30 and 50 mgkg 5-Bromo-2-
Deoxyuriding (BrdU, Sigma Chemical

Company, St Louis, USA) at 8-hour
intervals, starting 24h before sacrifice as
previously described?0.

Macrescopic and niicrescopic examination.

After angiography at follow-up and
infusion of the dye, the thorax was opened by
a midsternal split and a lethal dose of sodium
pentobarbital was injected intravenously,
immediately followed by cross-clamping of
the ascending aorta. The aortic root was
punctured above the coronary ostia, and
300ml of saline infused under a pressure of
150 em H;0. The heart was then excised and
the LAD, LCX and RCA dissected free from
the epicardial surface. The non-stented vessel
was used as a control. The excised arteries
were opened longitudinally and checked
under a dissection microscope for penetration
of the blue dye and the presence of thrombus.
Digital images of the arteries were made
using an image analysis system (Impak C,
Clemex Vision Image analysis system,
Clemex Technologies Inc,, Quebec, Canada),
The images were stored and then used for
planimetric assessment of the percentage
permeable areas and the percentage thrombus
deposition. Vessels were fixed in 4%
buffered forinaldehyde for 24 hours and then
further processed for light microscopic (LM)
examination!?, Haematoxylin-eosin was used
as a roufine stain, while resorcin-fiuchsin was
used as an elastin stain, Lectin histochemistry
was performed to confirm the identity of the
regenerated  endothelium as  described
earlier?!,

Estimation of % permenability and %
thrombus deposition,

Planimelry was used to assess both
the % thrombus deposition and % permeable
areas from the digitized images of the opened
vessels. From these images, the areas of
thrombus deposition or blue areas {permeable
areas) were marked and expressed as a
percentage of the total area.

Detection of BrdU incorporation.
After  acid  denaturation  and
elimination of endogenous tissue peroxidase
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activity, rehydrated paraffin sections were
exposed to mouse anti-BrdU antibody
{Becton Dickinson, Sant Jose, California,
USA), diluted 1:80, to detect positive
BrdU cells. As a secondary antibody,
HRP-labeled rabbit anti-mouse antibody
(Dako A/S, Glostrup, Denmark) was used,
with 670 pg/ml diaminobenzadine (Sigma
Chemical Company, St Louis, USA) in
phosphate-buffered saline as a delecting
reagent, Using light microscopy (LM), the
total number of BrdU-positive cells were
counted for each section using an
automated computer program (Impak C,
Clemex Vision Image analysis system,
Clemex Technologies Inc., Quebec,
Canada). The BrdU positive cells were
expressed as a percentage of the total cell
population per vessel. For each group an
average cell density, together with an
average percenfage BrdlU positivity was
calculated in the intima, media and
adventitia at each time point,

Morphlometry.

Morphometric analysis of the
neointimal formation in vessels processed
for LM was performed at two levels in the
stenf. On elastin stained sections the
external and internal elastic laminae and
the endothelial lining were traced using a
microscopy image analysis system (Impak
C, Clemex vision Image analysis system,
Clemex Technologies Inc., Quebec,
Canada). The media was defined as the
layer between the internal and external
clastic laminae, The area between the
endothelial lining and the internal elastic
lamina was taken as the intima.

Inflammatory response

Inflammation was assessed in HE-
stained sections. A distinction was made
between the presence of foreign body giant
cells (GC) and inflammatory infilirates in
the tissue layers. The foreign body reaction
to the wires was graded as mild: 0-5
GC/section {average 12 stent voids
counfed per section); intermediate: 5-10
GCfsection, and  aggressive:  >10

GC/section, Both the neointimal and
adventitial inflanunatory responses were
graded as: 0 = no inflammatory infilrates; 1
= occasional single inflammatory cell
scattered in the necintima or adventitia; 2 =
localized areas of concentrated inflammatory
cells in the intima surrounding < 1/3 of stent
wire, or in the adventitia; 3 = localized areas
of concentrated inflammatory cells in the
intima  surrounding the majority of stent
wires, or in the adventitia. An average score
was calculated for each stent group at both
time points,

Response to injury.

To evaluate the vessel wall damage
caused by the stent, RF elastin-stained
sections were analyzed and the vessel wall
damage quantified by the vessel injuzry score,
according to Schwartz22, Individual scores of
the stent struts of 2 sections from one stent
were averaged to obtain the mean vessel
injury score per stented segment. An average
score was calculated for each stent group at
both time points,

Statistical analysis,

Data were analyzed using Jandel
Sigmastat statistical software, version 2.0
{Jandel Corporation). All data are expressed
as mean + SD or as median (range). The
angiographic data was analyzed by a one way
repeated measures analysis of variance
(ANOVA) and morphomeiric data was
evaluated by a two way ANOVA
respectively, followed.by a Student-Neuman
Keuls test. The inflammatory and injury
scores, together with data for the percentage
vascular permeability, thrombus deposition
and proliferative response (BrdU)} were
analyzed by a one way ANOVA or Kruskal-
Wallis ANOVA on Ranks (when normality
test failed), followed if necessary by a
Student-Neuman Keuls test. Differences in
the above mentioned parameters hefween 2
and 12 weeks were analyzed using a t-test, or
by a Mann-Whitney rank sum test {when
normalify test failed). A P value of <0.05
was considered significant.
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QCA Pre QCA QCATU B/A ratio LL N
(mm) Post (mm) (nmn)
(mm)
2 Weeks
PLA 3.0:03 3.4+0.3 3.0+£0.3 1.1:0.1 0.310.2 5
PLA-HI  3.1+0.3 3.4+£04 2.9+0.3 1.120.1 0.5+0.3 10
NC 3.2+0.3 3.320.3 2.9+0.3 1.1+0.1 0.4+0.1 5
12
Weeks
PLA 2.9+0.3 3.0+0.2 2.9+0.2 1.1+0.1 0.120.1 5
PLA-HI  2.9+(0.2 3.0£03 2.9+0.2 i.1+0.1 0.1+0.3 10
NC 31402 3.3£0.2 3.140.3 1.1%0.1 0.2+0.3 5
Table B. Quantitative Coronary Angiography at 2 and 12 weeks after implaniation of PLA,
PLA-HI and NC stents. Data as mean lumen diameter + SD. B/A ratio: balloon/artery
ratio. N= number of stented coronary arteries.

RESULTS

Procedural success

A total of 10 NC (2 weeks n=5; 12
weeks n=5), 10 PLA (2 weeks n=5; 12
weeks n=5) and 20 PLA-HI coated stents
(2 weeks n=10; 12 weeks n=10) were
successfully implanted (Table A). There
was no incidence of thrombotic occlusion,
and all animals survived the follow-up
period without adverse events.

Quantitative angiogr ap]uc
measurements.

Quantitative angiographic
measurements are summarized in table B.
The balloon:artery ratio in all groups was
similar i.e. 1.0:1.1. Late loss (2 weeks:
~0.d4mm; 12 weeks ~0.13mm) was
comparable between the 3 stent groups and
did not show any statistically significant
difference at 2 or 12 weeks (p>0.05).
Muaeroscopic and microscopic
examination,

Vascular permeability

The percentage permeable areas are
represented  graphically in  Figure 2.
Planimetric analysis of the opened stented
vessels showed no significant difference in

percentage blue areas (permeable areas)
between the PLA, NC and control vessels at
2 weeks (p>0.05). However, there was a
significant difference in permeability when
the PLA and PLA-HI groups were compared
at 2 weeks (PLA: 0.00(0.00-0.18); PLA HI:
2.17(0.00-15.03), p=0.02).

At 12 weeks there was no significant
difference in permeability between the groups
(p=0.05). In comparison to the 2 week group
however, the permeability had significantly
increased at 12 weeks and was 20-30 times
greater in the NC, PLA and PLA-HI groups
(p=0.008).

Thrombus deposition.

Planimetric analysis was used to assess {red)
thrombus deposition on the stent and was
expressed as a percentage thrombus area of
the (explanted) opened vessel surface area. At
2 weeks, the percentage red thrombus
deposition on the 3 stent groups as observed
through the translucent intimal tissue showed
greatest thrombus deposition on the PLA
stent, followed by the PLA-HI and NC stents
respectively (Figure 3). The differences
between the groups were however not
statistically significant (p>0.05). There was
no thrombus deposition on the control
vessels, No thrombus deposition was
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Figare 3. % thrombus deposition for all
groups at 2 weeks.

observed on the stents through the intimal
tissue of the stented vessels in the 12 week
groups,

General listology.
Histological features of the stented
vessels are summarized in Table C.

2 weeks.

In general, histology showed all
stents embedded in an asymumetric
neointima, partially covered with an
incomplete layer of endothelial cells and
frequenily showing nentrophils attached to
the endothelial surface, All vessels showed
a fragmented internal elastic lamina (IEL).
The neointima consisted of smooth muscie
cells in a collagenous-like matrix,
organizing fibrin/thrombus around the
wire voids, inflammatory cells, and

extravascular erythrocytes between the wire
voids. Neovascularization in the intima was
observed in the PLA and PLA-HI groups
only. The cellular reaction to the stents was
varied - giant cells (GC), which form part of
the normal foreign body reaction to implants,
were observed in all groups, but the reaction
was most aggressive in the PLA-HI group. In
this  group, adventitial inflammatory
responses, together with medial rupture (the
stent wire lies deep in the medial layer, but
the external elastic lamina (EEL) is intact)
and dissection (the stent wire has penetrated
the BEEL) were observed. In contrast, there
were no inflammatory responses in the PLA
and NC groups, despite associated medial
ruptures. Localized areas of adventitial
fibrosis were observed in all vessels where
medial rupture was present (all groups).

12 weeks

The vessel wall response at 12 weeks
showed all vessels completely
endothelialized. In the neointima, fibrin-like
thrombus remnants were still observed in or
around the stent wire voids, while
neovascularization was observed in all groups
adiacent to or between the wires, While the
foreign body response and neointimal
inflammation were comparable between the
groups, the adventitial inflammatory response
was greatest in the PLA-HI group. The
incidence of medial rupture was similar for
all groups, but dissections were observed in
the PLA-HI and PLA groups. Adventitial
fibrosis was observed in all vessels where
medial rupture was present.

2 and 12 week histology compared.

Comparison of the histological
features of all groups at 2 and 12 weeks show
that the general foreign body reaction
remained the same, while neoinfimal and
adventitial inflammation appeared to increase
in all groups over time. There was a higher
frequency of medial rupture in all groups at
12 weeks compared to 2 weeks, and the
frequency of dissections was increased in the
PLA and PLA-HI groups, although not
significant.
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Vascular proliferation: BrdU ”
incorporation and cell density z - A

The percentage BrdU incorporation e ==

in the intima, media and adventitia of all
groups at 2 and 12 weeks are shown in
Figure 4. Table D summarizes the cell
density in the intima, media, and adventitia
of all groups.

At 2 weeks, while there appeared
to be a trend towards a higher BrdU
incorporation in all 3 tissue layers (both
over and between the stent struts) of the
PLA-HI group compared to the PLA and
NC groups, such differences are not
statistically significant (p>0.05). At 12
weeks differences in BrdU incorporation
were also not significantly different
{p>0.05).

From 2 to 12 weeks the percentage
BrdU incorporation decreased. This was
significant in the intima only of the PLA
(p<0.02), in all tissue layers of the PLA-HI
{p=< 0.001) but not in the NC stent group
(p=0.05).

At both 2 and 12 weceks there were
no significant differences in cell density in
all 3 tissue layers between the groups
(p>0.05).

Morphometric results.

Morphometric resulis are
summarized in Table E. At both 2 and 12
weeks  there  were no  significant
differences in neointimal, medial and
adventitial thickness (both at and between
the stent struts) between the 3 different
stents used (p>0.05, all groups). There
were no  significant  increases  (or
decreases) in the thickness of any tissue
layers between 2 and 12 weeks.

Inflanunatory and injury scores,

Table F  summarizes  the
inflammation and injury scores for the
three groups at both time points.

Inflammation score

Analysis of inflammation in the neointima
{around the wires) and in the adventitia
showed no significant differences at 2
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Figure 4a. % BrdU positive cells in the intima of
all groups at 2 and 12 weeks, IQ = intima over,
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Table C. Histological features associated with the 3 stent groups at 2 and 12 weeks.

Stent Foreign Body Reaction Inflammation Medial Dissection
(around wires) Rupture
Mild Intermediate  Aggressive NI A
2 WEEKS

PLA (n=5) 1 4 0 0 0 2 0

PLAHI (n=10) 0 7 3 0 2 4 3

NC {n=5) 5 0 0 0 0 1 0

12 WEEKS

PLA (n=5) 1 3 3 1 4 1

PLAHI (n=10) 1 8 1 6 8 7 4

NC (@=5) 2 1 3 2 2 0

Table D Cell density in tissue layers of all groups at 2 and 12 weeks
2 weeks i2 weeks
Intima Media Adventitia Intima Media Adventitia
RCA NA 3.1£0.7 3.1x0.5 NA 2.9+0.3 1.720.3
Over wires
PLA 4,1£3.6 3.0=0.4 3.0£0.9 3,6=0.8 3,105 22+04
PLA-HT 3.6+0.6 2.7+0.3 3.2+1.1 3.520.7 3.3%0.7 22205
NC 3.9+0.7 2.6x£0.5 3.1=0.4 3.8+£0.9 3.5+0.8 2.3£09
Berween wires

PLA 3.9:0.7 32403 2.8+0.5 3.9+0.7 3.4%=0.5 2.0+0.3
PLA-HI 3.4+0.8 2.8+0.5 3.1%1.0 3.54+0.4 3.7+0.5 2.1%0.5
NC 3.8+0.9 2.8+0.5 3.1=0.1 3.5£0.8 3.7+0.6 22409

Cell density measurements are the number of cells/mm“*1000. P=ns, all groups.
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or 12 weeks within the groups (p>0.03).
When inflammation around the wires or in
the adventifia were compared

within the groups between 2 and 12 weeks,
only the larger PLA-HI group showed a
significant  increase  (p=0.025 and
p=0.031). However if the data (mean
values) from this group is compared to that
of the PLA and NC groups, then it would
appear that atl groups actually increased
by approximately the same amount ie,
neointimal and adventitial inflanunation 2
v 12 weeks: PLA-HI: 1.0, 0.5; PLA: 0.8,
0.2; NC: 1.0, 0.6 respectively. Due
therefore to the small sample size in the
PLA and NC groups (n=5), we must
cautiously interpret any significance in the
PLA-HI group.

Injury score.

Injury scores for the PLA, PLA-HI
and NC stents at 2 weeks were comparable
and differences were not statistically
significant (p>0.05). Similarly, at 12
weeks injury scores were comparable
within  the groups and were not
significantly different {p>0.05). From 2 to
12 weeks the injury score increased for all
three stent groups, but was only significant
for the PLA-HT group (p=0.018). However
as for the inflammation score, if the data
(mean values) from this group is compared
to that of the PLA and NC groups, then it
would appear that all groups actually
increased by approximately the same
amount i.e. 2 v 12 weeks PLA-HI: 0.6,
PLA: 0.7, NC: 0.7 {approximate values).
Thus therefore due to the small sample
size in the PLA and NC groups (n=5), we
mus{ again cautiously interpret any
significance in the PLA-HI group.

Correlation of parameters

While both the % permeability and
injury scores increased for all groups from
2 to 12 weeks, there was no correlation
between the two parameters. Similarly, no
correlation was found between neointimal
thickness, injury scores and inflanunation
in any group at both time points.

DISCUSSION

Treatment of coronary lesions by the
combined use of & mechanical scaffold (stent)
and  local  pharmacological therapy
administered via a stent coafing is a
promising therapeutic modality.

Numerous materials, including both
synthetic and natural, biodegradable and non-
biodegradable, have been tested as suitable
stent coatings and drug delivery polymers, a
comprehensive  review  of  which  was
published by Bertrand in 19982 Few
however, have shown promising results due
to the generally associated inflamnatory
responses, patticularly those associated with
synthetic polymers23, Biodegradable
synthietic polymers however, are particularly
attractive as potential stent coatings as drugs
incorporated into the matrix itself can be
efficiently released through diffusion and
polymer degradation. Given that the
degradation products of biodegradable
polymers must neither be toxic nor induce an
inflammatory response, PLA is a potentially
suitable synthetic polymer worthy of further
investigation,

In this study the vessel wall reactions
to a PLA coated stent and a PLA-coated stent
ehuting hirudin and iloprost were compared to
a non-coated stent at 2 and 12 weeks. The
results show that there were no significant
differences in morphometric parameters,
percentage thrombus deposition, wvascular
proliferative response (BrdU), inflammation
score and injury score between the coated and
bare stent groups at 2 or [2 weeks, The %
permeability at 2 weeks was significanily
different in the PLA-HI group only. Vascular
permeability, inflammatory score and injury
score increased in all groups over time. Due
to its larger group size, such changes were
significant only for the PLA-HI stent. In
general however, all 3 stents performed well
in this animal model,

Vascular permeability

At 2 weeks, results show a
significantly higher permeability in the PLA-
HI group compared to the PLA group. Given



Table E Morphometric data for NC, PLA and PLA-HI groups at 2 and 12 weeks

Stent N NI thickness at NI thickness Media Medial Adventitial Adventitial
stent struts between stent thickness thickness thickness at thickness
struts at stent struts between stent stent struts between stent
struts struts
2 Weeks
PLA 5 0.24+0.07 0.1240.05 0.14£0.04 0.19+0.03 0.15£0.07 0.1640.09
PLA-HI 10 0.25+0.08 0.154+0.08 0.140.04 0.20+£0.03 0.17£0.10 0.18+0.11
NC 5 0.23£0.0% 0.1330.07 0.15=0.04 0.2240.02 0.16+0.03 0.16+0.03
12 Weeks
PLA 5 0.2940.11 0.20+0.09 0.1120.04 0.20+0.03 0.08+0.03 0.09+0.04
PLA-HT 10 0.38=0.14 0.25+0.10 0.14%£0.05 0.24+0.04 0.07+0.02 0.08+0.03
NC 5 0.40+0.20 0.2620,17 0.11x0.05 0.23+0.08 0.07+0.02 0.07+0.02
Table F Injury and inflammation scores at 2 and 12 weeks after implantation
Stent Injury score Inflammation score
Neointima Adventitia
2 weeks 12 weeks 2 weeks 12 weeks 2 weeks 12 weeks
PLA 0.19+0.22 0.91+£0.70 0.00 0.80+0.84 0.00 0.20£0.45
{n=5) 0.11¢0.00-0.52) 1.06{0.1-1.73) 1.00(0.00-2.00) 0.00(0.00-1.00)
PLA-HI 0.32+0.41 0.92+0.61* 0.00 1.00£1.057 0.5=1.8 1.0020.94
(n=10) 0.17(0.00-1.30) 0.95(0.14-2.00) 1.00(0.00-3.00) 0.00(0.00-3.00) 1.00(0.00-3.00)
NC 0.11:x0.09 0.86:0.82 0.00 1.00+1.00 0.00 0.60+0.89
(n=5) 0.13(0.00-0.24) 1.17(0.00-1.78) 1.00(0.00-2.00} 0.00(0.00-2.00)

Values are given as mean = SD and as median (range). PLA-HI: * p=0.018 2 v 12 week injury score. ' p=0.025 2 v 12 week neointimal

inflammation. ¥ p=0.031 2 v 12 weck adventitial inflammation.
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that there was no correlation between the
percentage permeability and inflamunatory
score to explain the increased permeability
in the PLA-HI group (inflammation causes
increased endothelial permeability), it
would seem that the eluting drugs
somehow  increased the  vascular
permeability. From the literature, previous
studies have shown iloprost-induced up-
regutation of vascular permeability factor
mRNA (or VEGF - vascular endothelial
growth factor) in rat aortic smooth muscle
cells?* and iloprost-induced VEGF gene
expression in human monocytic cell
lings?’, 1t is possible therefore that iloprost
cluting from the stent at fwo weeks causes
a VEGF-induced increased permeability in
this group. By 12 weeks however, the
amount of eluting iloprost may not be
great enough to show a significant
difference in permeability between the
groups.

Figure 5 shows the cumulative
¢lution of Iloprost in saline?6, If the
iloprost release at 16 days is caleulated
from A iloprost / A time, then a release
rate of 0.1pg/16 days is achieved, or
0.09pg/hr. Assuming that intimal tissue
(~200pm thick) in a 3.5min coronary
vessel weighs 50mg per 7mm, then there is
a release rate of 1.8ng/g/hr iloprost into the
vessel wall. For simplicity, we have
assumed that because the stent is
embedded in fissue at this stage, any drug
released is taken up by the intima. We
have neither taken into account the half-
life of the drug, nor the basal tissue levels
reached from release prior fo 16 days. A
previous  study reported that a
concentration of 10uM lloprost was
enough to improve the barrier function of
endothelial cells in vitro?7, equivalent to
~3.7ng/g. This concentration of iloprost is
almost 2000 times greater than that
achieved with the PLA coating. Thus
failure of iloprost to show an improvement
in endothelial barrier function at 2 weeks
may be due to insufficient tissuc levels of
the drug. Given that some drugs have
muitiple effects which are concentration

dependant, it may be that at these low tissue
levels, the drug causes a VEGF-induced
increase in permeability.

The NC, PLA and PLA-HI groups
showed an increased permeability over time
i.e. from 2 to 12 weeks. This may however be
due to the chronic presence of the implant
since previous work by our group has shown
that stenting causes a prolonged vascular
permeability wp to 3 months post
implantation20,

Chronic inflammation and vessel injury

Although there appeared to be a trend
towards an increasing inflammatory and
injury score in all 3 stent groups from 2 to 12
weeks, such scores appeared to be significant
only for the PLA-HI stenf. Drugs eluting
from a polymer matrix can change the surface
topography of the stent ie. spaces or
compartments where the drug has been now
become empty and give a crater-like
appearanice to the stent surface. It has
previously been reported that the surface
topography of PLA itself can influence the
inflanunatory response i.e. porosity of the
polymer  enhances an  inflammatory
response28, It is also known that macrophages
favor rough surfaces as opposed to smooth
surfaces?®. Taking both factors into account,
they may explain why the PLA-HI at 12
weeks has a significantly  different
inflammatory score to that at 2 weeks, and
maybe why the PLA and NC stents show no
significant differences between these time
points,

While Hoprost is generally reported to
have an anti-inflammatory effect, it has been
known to alse have pro-inflammatory
effects’?, In this respect, it may be that
Tloprost in combination with the degradation
of the PLA polymer induces a pro-
inflammatory effect. Theoretically,
inflammation may facilitate increasing
arterial injury through the release of
inflammatory mediafors and enzymes,
causing weakening of the vessel wall and
subsequent further penetration of the stent
struts into the vessel wall and chronic vessel
wall damage.
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Figure 5. Elution of Hoprost from a PLA-HI coated stent in saline,

Modified from Alt26

The neointimal respounse.

5% hirudin and 1% iloprost were
both combined in a PLA coating, Given
previous positive reports of the effects of
the drugs on neointimal proliferation after
balloon angioplasty!® and on SMC
proliferation]2 respectively, it was hoped
that combined, they would reduce the
neointimal response after stenting. Indeed,
a PLA-HI coated stent had previously
shown a 24% reduction in neointimal
response after stenting in an overstrefch
porcine coronary model!?, However, in
our study morphometric results did not
show any differences in morphometric
parameters measured between the three
stent groups at both time points. This
discrepancy in results may be due to the
fact that in an oversireich model,
{balloon:artery ratio 1.5) over-expansion
of the stent may result in cracking or
fragmentation of the coating such that
larger quantities of drugs are released into
the vessel wall at an earlier time point.
Alternatively, in may be that in an
oversized model the inducement of injury
and subsequent neointimal response are so
great that only then do the eluting drugs
have a measurable effect on reducing

thrombus and  neointimal

thickening.

deposition

Comparison with other siudies.

The use of PLA in interventional
cardiology was proposed in the early 1990°s
when it was investigated as a possible
material for the manufacture of a pure,
biodegradable stent3!, While a group from
Duke University published favorable results
using pure PLA stents in a canine model, no
subsequent published results followed32. In
the mid-1990’s, given the problems
associated with pure polymer stents, interest
in them waned and shified in favor of the use
of polymer coated stents. Such stents offered
the combined mechanical strength of a metal
stent with the drug-carrying capacity of a
polymer coating.

In 1997 two studies reporied
apparently favorable results using stents
coated with PLA, Lincoff et al'4, in a short-
term study, showed that high molecular
weight PLLA (321kDa), but not low
molecular weight PLLA- coated stents
(80kDa) were well tolerated in a porcine
coronary model up to 4 weeks post implant,
In a longer-term study, Scheldhammer et all3
reported no adverse inflammatory reactions
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to PLA-coated nitinol stents implanted in
arteriovenous fistulae in a canine model up
to 40 weeks post implant

In Lincoffs study the low
molecular  weight poly-L-lactic  acid
polymer (80kDa) induced an aggressive
inflammatory response at 1 month, while
in owr study no adverse response was seen
to the 30kDa poly-DL-lactic acid polymer
we used. Such a discrepancy may be due
to three main differences between the
studies. (a) It has previously been reported
that in vivo degradation rates of
polylactides are inversely proportional to
the molecular weight of the polymer i.e.
the rate of degradation increases with
decreasing molecular weight33. This would
seem to imply therefore that low molecular
weight polymers of PLA may be
associated with an increased inflammatory
response, However, the inflammatory
response is also dependant on the form of
PLA used i.e. the infltammatory response
at 1 month is less for materials containing
the D-unit in the polymer chain®. Thus
although both studies used low molecular
weight polymers, the form of PLA used
may have been the determining factor in
the induction of an inflammatory response.
{(b) The proportion of drug:polymer used
by Lincoff was 2:1. Elution of the drug
therefore resulted in a sponge-like matrix,
containing many compartments and holes
that the drug had occupied. Given that
macrophages favor rough surfaces, such a
matrix may have induced an aggressive
inflammatory response. (¢} In Lincoff’s
study, the stents were spray-coated with
PLLA to a thickness of 11-27pm, while
the stents in our study were dip-coated
with PLA to a thickness of ~10pm. The
thickness of the coating is a measure of the
bulk of polymer present, and it is known
that the polymer bulk can also
determine/affect the inflammatory
response!. Taken together therefore, this
may explain why we found no excessive
inflammatory response with a low
molecular weight PLA coating at 2 and 12
weeks.

Scheldhammer et all3 reporfed no
adverse inflammatory reactions to PLA-
coated nitinol stents  implanted in
arteriovenous fistulae in a canine model up to
40 weeks post implant. Our results at 12
weeks follow-up also showed no excessive
inflammatory response to the polymer.
However, we must be careful in exfrapolating
the results of Scheldhammer to the current
study since species variation in reactions are
known to exist. Also, al 12 weeks there is
only 10% polymer degradation!5 such that
the potential exists for a delayed
inflammatory reaction, Longer-term follow-
up studies are therefore needed to assess the
true potential of this polymer for vascular
applications.

Conclusion

While the eluting drugs had no effect
on thrombosis and intimal thickening, the
PLA coating in our animal model was well
tolerated up to 12 weeks after implantation.
In this respect, we are optimistic of its use as
a biodegradable stent coating for vascular
applications, although only longer-term
studies can elucidate its true potential.
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Discussion

Aim of this thesis,

The acute vessel wall damage that occurs during stent implantation, together with the
presence of a permanent foreign body in the bloodstream initiates a complex set of
interactions involving the damaged and diseased vessel watl, the stent and the flowing blood.
Understanding how such interactions contribute to subsequent thrombotic complications and
excessive fissue growth (in the form of neointimal thickening) is important for developments
in stent technology or future devices.

The aim of this thesis was therefore twofold. First to understand the vascular
woundhealing response following stent implantation, particularly the chronic effects of the
stent on the vessel wall. With this knowledge, the second aim was fo see if modulating stent
characteristics could modify or improve the vascular response. Modulation of stent properties
was achieved by changing both the mechanical properties of the stent, as well as the non-
mechanical stent properties through altering the stent surface by the use of coatings, with and

without the incorporation of drugs.

Contamination and stent implantation.

Techniques of stent implantation may, together with the stent, inadvertently introduce
other foreign bodies into the vessel wall. In Chapter 3 we found starch powder from surgical
gloves, together with gauze fibers implanted along with the stent, Such particles induce a
foreign body reaction, and could thereby theoretically interfere with the wound healing
response. A delayed wound healing response can prolong the period in which sub-acute
thrombosis accurs. The potential for stent contamination can be reduced in several ways — the
use of non-powdered gloves, thorough washing of gloved hands before handling the stent,
minimumn handling of the stent and contact of the guidewire, balloon and other instruments
with gauze. Crimping the stent onto the balloon is a major source of potential stent
contamination with glove powder and we suggested in Chapter 3 that the use of pre-crimped
stents may reduce this contamination. This was confirmed in a recent study that showed the
potential for contamination of stents with glove powder was greater for manually crimped
stents than for pre-mounted stents!.

Other possible contaminants of stents include endotoxins and bacteria. Endotoxin
contamination of stents can result in excessive intimal tissue growth in vessels where for

example, no apparent oversizing of the stent has occurred. In a series of experiments carried
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out by our group {unpublished data), unexplained excessive neointimal growth resulted afler
non-oversized implantation of stents In porcine coronary arteries. It was eventually
discovered by the manufacturer that a water-bath in which the stents had undergone in-vitro
testing had been contaminated with bacterial endotoxin. Despite sterilization of the stents, the
endotoxin remained and resulted in excessive tissue growth. It highlighted an up to now
unheard of source of contamination. -

Bacterial contamination of stents is a frequently described probiem associated with
stents implanted in the urinary or esophageal tracts. Although not expected as a complication
of vascular implanted stents, Thibodeaux et al? in a series of animal experiments performed
in 1996, showed that up to 4 weeks after itnplantation, vascular stents had the potential to
become colonized by bacteria. Infection of the stented vessel was associated with acute
inflammation of the arterial wall and vessel thrombosis, In patients, while stent infection is
generally rare, infections of femoral and iliac arteries have been reporfed, Complications
arising from such infections have been serious, and include amputation and even death3-5.
The most common cause of stent infection is contamination of the implant with
Staphylocaccus  aurens. Although not a frequent complication of peripheral stent
implantation, it has been proposed that antibiotic prophylaxes be administered as part of

routine post implantation careS.

Acute and chronic effects of stenting,

Many studies have previously described the acute effects of stenting — stretching of
the vessel wall, damage to the endothelium, the initiation of a thromibotic response followed
by reendothelialization together with healing and incorporation of the stent into the injured
vessel wall. In comparison however, fewer studies have looked at the longer-term effects of
stents, such that much still has to be learned??.

I Chapters 4 and 5 we examined the acute and chronic effects of stent-induced vessel
wall injury, together with their effects on the proliferative response and on endothelial
permeability, and compared these results to PTCA alone,

- Chapter 4 showed that in a non-oversized porcine coronary model, the Wiktor and
Palmaz-Schatz stents both induced a progressive and prolonged vessel wall injury, together
with an inflammatory response up to 12 weeks post implant, After PTCA no increase in
injury, or prolongation of the inflammatory response was observed. Chapter 5 showed that
PTCA and stent implantation both resulted in impairment of the vascular barrier function up

to 3 months after the interventions, although it was more pronounced in the stent groups.
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Endothelial permeability was observed at both 2 and 12 weeks, and was characterized by
specific endothelial morphological features. Up to 3 months after stent implantation, the
endothelinm showed a significantly higher proliferation compared to the PTCA group. Taken
together these results show that in contrast to PTCA, the presence of a stent inx the vessel wall
induces chronic injury and inflammation, fogether with an impaired barrier function and an
increased proliferative response,

The continued presence of an inflammatory response up to 12 weeks posf stenting
may contribute {o the progressive vessel wall injury. Stents induce a foreign body response
with macrophage giant cells frequently observed surrounding the wire struts. Given that such
cells can never engulf the metal struts, it leads to a type of “frustrated” phagocytocis with the
continued release of enzymes and inflammatory mediators. It has been proposed that such
inflammatory mediators may cause further influx of inflammatory cells which then release
growth factors, enzymes and cytokines that may weaken the vessel wall and facilitate further
penetration of the wire struts through the vessel wall.

An endothelial layer showing increased cell proliferation may confribute to the
increased vascular permeability, since cell retraction associated with mitosis causes
paracellular gaps in arterial endothelial cells in vivo'0. A leaky endothelial layer permits the
continuwed influx of growth factors and cells info the healing vessel wall, which may
coniribute to the development of the neointima,

Some of the long-term effects of stents seen in our porcine model as mentioned above,
are comparable to those found from pathology of human stented vessels!!-13, Although the
barrier function of human stenfed vessels has never been fested in vivo, we know that up to 6

months post stenting, the functional capacity of the endothelium adjacent to the stent is

impaired!4.15,

Modulation of the vessel wall response to stenting,
Changing mechanical stent properties.

From studies of implants in general, it is known that the degree of compliance
mismatch between the implant and surrounding tissue is a determining factor of the
subsequent tissue response. The study in Chapter 6 showed that in both healthy and
atherosclerotic porcine femoral arteries, stent compliance had no effect on neointimal
thickening, These results confirm results of recent clinical trials of “stent versus stent”
comparisons which also show that despile mechanical difference between clinically used

stents, there is no difference in restenosis rates between them!6:17. Variations therefore in
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lesion characteristics, operator experience and non-mechanical stent properties are most
probably more responsible for the degree of intimal thickening observed with clinically used
stents,

Although in our study changing stent compliance had no effect on the lumen area,
modulation of other mechanical stent parameters may have an effect. In a study by Carter et
all8, implantation of a thermoelastic self-cxpanding stent in a swine model was shown to give
less neointima, but more importantly a greater lumen area, compared to a balloon-expandable
stent. After deployment, this stent gave a slow and continuous expansion over 28 days, which
significantly increased the vesse] lumen area and appeared to limit the neointimal response.
The consequence therefore of modulating the mechanical property of radial force was
inducement of a greater lumen area that then compensates for any reduction in fumen area
caused by neointimal growth. Thus while stent mechanical parameters cannot be modulated
to reduce the necintimal response per se, they can be modulated to achieve the overall desired
effect i.e. a restored patent vessel lumen.

Coated and drug-loaded coated stents.

Another way to modulate the vessel wall response to stents is by the use of stent
coatings, hoth passive coatings (Chapter 8) and active coatings (Chapter 9).

In Chapter 8 we used a phosphorylcholine-coated stent to attempt to tackle both
thrombosis and restenosis. Although the coating appeared to have no effect on either
thrombosis or restenosis rates, the coating itself showed excellent biocompatibility at least up
to 12 weeks post implant. This was a swprising finding, given that the coating is purely
synthetic, and most synthetic polymers have been associated with variable degrees of
inflammatory responses and/or a delayed inflammatory response!9,20,

In Chapter 5 we saw that stenting induced a problem at the level of the endothelial
barrier function i.e. prolonged endothelial permeability. From pilot experiments performed
we demonstrated that within 10 minutes, this barrier function could be partially improved by
intracoronary administration of lmM dibutyryl c-AMP. In Chapter 9 therefore we
incorporated iloprost into a PLA stent coating in an effort to address the problem of
perméabitity. However, contrary to the expected improvement in barrier function, the eluting
drugs appeared to increase the endothelial permeability at 2 weeks relative to that of the other
stents.

Recently data has become available on the clution profile of iloprost from the PLA

coating (Figure 1)21, If from the graph we calculate the amount of iloprost eluting from the
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coating as A iloprost / A days, then at 2 weeks, an elution rate of approximately 2ng/g
tissue/hr is released. For sitplicity, we have assunted that because the stent is embedded in
tissue at this stage, any drug released is taken up by the intima. We have neither taken into
account the half-life of the drug, nor the basal tissue levels reached from release prior to 16
days. A previous study reported that a concentration of 10uM iloprost was enough to improve
the barrier function of endothelial cells in vitro??, A 10uM solution is equivalent to
approximately 4ug/g and this is thus a concentration almost 2000 times greater than that
achieved with the PLA coating. Thus failure of iloprost to show an improvement in
endothelial barrier function at 2 weeks may be due to insufficient tissue levels of the drug.
Given that some drugs have multiple effects which are concentration dependant, it may be

that at these low tissue levels, the drug causes 8 VEGF-induced increase in permeability.

Implications of these results for future studies,
Potential for foreign body contamination of stenfs

As seen in Chapter 3, the fechnique of stent implantation lends itself to potential
contamination. While we cannot say if contamination is a problem in the clinical setting, the
potential for such contamination exists. It would seem prudent therefore that steps be
undertaken to minimize such contamination occurring. Such steps include thorough washing
of gloved hands or the use of non-powdered gloves, minimal handling of the stent and if
possible the use of pre-crimped stents, and minimal wiping of guide-wire with gauze. Given
also the potential for bacterial contamination of stents, and the current interest in an infective
agent/factor as cause or additional effect in the development of atherosclerosis and restenosis,
a potential treatment may be the incorporation of antibiotics into stent coatings.
Persistent vessel wall injury and inflammation.

In Chapter 4 it was proposed that the vessel wall injury may be due in part to the
persistent inflammatory response in the vessel wall. Macrophages are a necessary constituent
of the initial vessel wall response to stents, in that they are required for the cleaning-up
process i.e. clearing up thrombus remnants and dead cells. However their persistent presence
around the wires and their potential for prolonged “frustrated phagocytosis” may contribute
to the vessel wall weakening and the associated injury. A potential approach therefore to try
to minimize their effect may be the incorporation of an anti-inflammatory drug or free radical
scavenger into a stent coating, Such a coating would need to have time-delay release

characteristics such that in the initial period after impiantation, no drug release occurs,
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allowing macrophages and neutrophils to perform their tasks. After a period of time, slow
drug release would oceur to inhibit the later effects of the inflammatory cells.
Endothelial dysfunction

In Chapter 5 we showed a stent-induced problem at the level of the endothelial barrier
i.e. increased permeability. In Chapter 9 we incorporated both Hoprost and hirudin into a
PLA stent coating, Tt was hoped that iloprost would improve the endothelial barrier function
of the stented vessels, but this was not the case, due most likely to insufficient tissue levels
being achieved. The incorporated hirudin also had no effect on thrombus deposition. If only
iloprost was incorporated into the coating, then it may be possible to achieve high enough
tissue levels, so as to improve the endothelial barrier function.,

Currently, the use of brachytherapy is in vogue. While clinical trials have reported
successful short-term outcome with this technique, the longer-term effects of such freatment
are unknown, We know from Chapters 4 and 5 that the longer-term effects of stents are
chronic injury and endothelial dysfunction. Recent animal studies have reported incomplete

endothelialization 3 months after placement of radioactive stents?3 and that the vascular
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wound healing response is delayed up to 6 months after combined angioplasty and
brachytherapy?, If this also holds true afler stenting in patients, then an incomplete and
dysfunctional endothelium, together with a delayed healing response may lead to an
increased incidence of thrombotic complications within this group of patients, Indeed, a
recent report by Costa et al?5 suggests that intracoronary brachytherapy is associated with late
coronary occlusion. In his study he reports a 6.6% incidence of late thrombosis i.e.
tirombosis 2-15 months after treatment in 9! patients that underwent either PTCA and/or
stenting. Has a “theoretical” problem become reality? If this is the case, then maybe the use
of brachytherapy should necessitate as routine, the incorporation of anti-thrombotics into a
stent coating. Such a coating would need to have time-delay characteristics, such that drug
release occurs over an exfended period of time.

Mechanical stent properties

In Chapter 6 we saw that changing the compliance of the stent had no effect on
infimal thickening. Therefore, in the future assessment or comparison of stent performance,
we can exclude the compliance of the stent as a contributory factor to the neointimal growth
and focus owr efforts on alternative ways to reduce this tissue growth.

Stenf coatings.

Chapters 8 and 9 showed that synthetic polymers could be well tolerated in the
vasculature up to 3 months post implant. The inflammatory and neointimal response to both
polymers was not excessive, such that both the PC and PLA coatings show potential as
biocompatible drug carriers. While the currently incorporated drugs showed no positive
effects, incorporation of other drugs in the same coatings may show improved results,

The eluting drugs in Chapter 9 had no effect on necintimal thickness, most probably
due to insufficient tissue levels being achieved. This highlights the importance of
theoretically estimating effective tissue levels prior to incorporation of drugs into a stent
coating, whereby greater amounts of the drug can be incorporated should the desirable tissue

levels not be reached.
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Conclusion,
From the animal studies performed in this thesis, the following conclusions can be drawn:

1. The technique of stent implantation lends itself fo contaminating the stent, such that
contaminating particles can potentially interfere with the wound healing response.

2. Stent implantation induces a chronic irritation of the vessel wall as illustrated by a
persistent vascular injury and long-term endothelial dysfunction.

3. Modulating the compliance of a stent has no effect on the neointimal response.

4. Modulating stent properties through the use of passive and active stent coatings does not
reduce the neointimal response.

5. Not all synthetic polymer stent coatings are associated with aggressive inflammatory

responses.
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Summary

The use of endovascular stents has revolutionized the field of interventional
cardiology - restenosis rates have been significantly reduced compared to results of PTCA
alone. Although major advancements have been made in this field since the first human stent
implantation 13 years ago, restenosis post stenting remains a serious problem. In this respect,
much has still to be leamed, particularly about the longer-term effects of a permanent
metallic implant in the vasculature. Only by understanding the effects of the stent on the
vessel wall, can future gencrations of stents be modified or manipulated so as to reduce or
minimize this response.

The basic characteristics of stents are dealt with in Chapters | and 2. Specificatly the
development and current status of stents and the importance of histological techniques in the
evaluation of the vascular healing response are described.

The technique of stent implantation together with the presence of a metallic prosthesis
and the possible unwanted co-implantation of contaminating particles together with the stent
in the vasculature, invariably induces an acute degree of vascular irritation and injury with a
subsequent inflammatory response. However, as well as having acute effects on the vessel
wall, a stent can also induce chronic vessel wall damage, as seen in Chapters 3 to 5, Such
effects include the inducement of an increasing vessel wall injury over time, and decreased
vascular integrity in the form of a permeable endothelial layer as well as a prolonged
proliferative activity of the cells in the vessel wall.

Having highlighted the long-term effects of stents, Chapters 6 to 9 deal with the
modification of both mechanical and non-mechanicat stent properties in an effort to influence
the vessel wall response. The mechanical stent property of compliance is looked at in Chapter
6, while the use of stent coatings as a means of modifying the non-mechanical stent
properties are presented in Chapters 7, 8 and 9. Specifically Chapter 7 gives an overview of
ways in which drugs can be incorporated into a stent coating, while both non-biodegradable
and biodegradable stents coatings, the latter in combination with drugs, are presented in
Chap'ters 8 and 9 respectively,

The results of Chapters 2 to 9 and the implications of these results for future studies

are summmarized and discussed in Chapter 10,
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Samenvatting

Het gebraik van endovasculaire stents heeft een enorme verbetering betekend voor de
interventie cardiologic — het opfreden van restenose is significant verminderd vergeleken met
de resultaten van PTCA aileen. Ondanks grote vorderingen die zijn geboekt sinds de eerste
humane stent implantatie 13 jaar geleden, blijft het opireden van restenose na stentplaatsing
cen serieus probleem. In dit opzicht is er een gebrek aan kennis, met name betreffende de
lange termijn effecten van deze permanente metalen implantaten op de vaatwand. Alleen
door het begrijpen van deze effecten kunnen toekomstige generaties stents worden verbeterd
om zo deze respons te reduceren of te minimaliseren.

De basis karakteristicken van stents worden besproken in hoofdstuk 1 en 2. Speciek
wordt de ontwikkeling, het huidige gedrag van stents, en het belang van histologische
technieken in de evaluatie van vasculaire wondheling beschreven.

De techniek van stent implantatie alsmede de aanwezigheid van een metalen prothese
met mogelijke ongewilde contaminerende partikels, induceren acute vasculaire irritatie en
verwonding met een daaropvolgende inflammatoire respons. Naast acute effecten op de
vaatwand kan cen stent ook chronische vaatwandschade induceren, zoals beschreven in
hoofdstuk 3 tot en met 5. Zulke effecten omvatten een toegenomen schade aan de archituur
van de vaatwand in de tijd, een afgenomen vasculaire integriteit in de vorm van een
permeabele endothecllaag, als ook cen verlengde proliferatieve activiteit van cellen in de
vaatwand,

Modificatic van mechanische en niet-mechanische stent eigenschappen, om te
trachten de vaatwandreactie te beinvloeden, wordt behandeld in hoofstukken 6 tot en met 9.
Compliantie, een mechanische stent eigenschap, wordt beschreven in hoofdstuk 6. Het
gebruik van stent coatings ter modificatie van de niet-mechanische stent eigenschappen wordt
gepresenteerd in de hoofdstukken 7, 8 en 9. Hoofdstuk 7 geeft een overzicht van de manieren
waarop cen medicament geincorporeerd kan worden in een stent coating. Experimenten met
biostabiele en bioafbreekbare coatings, waarvan de laatstgenoemde in combinatie met
medicamenten, worden beschreven in hoofdstukken 8 en 9.

De resultaten van de hoofdstukken 2 tot en met 9 en de implicaties van deze resultaten

voor tockomstige studies, zijn samengevat in hoofdstuk 10,
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