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Introduction. 

For many years, percutaneous trans luminal coronary angioplasty (PTCA) has been 

used to treat diseased, llanowed vessels. While it has been a great success in improving 

patient outcome, the teciUlique is not free from complications: restenosis, dissections and 

abmpt closures are serious complications of the technique, necessitating repeat 

revascularization or surgery. ExpeIimental animal studies suggested that the results of PTCA 

could be improved by scaffolding the intemal wall of the artery with a stent, an idea first 

proposed in 1912 by CarreJ1. In the late 1960's Dotter gave new impetus to this idea2, 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 BENES TENT and American STRESS trials were published. In these trials 

restenosis rates after balloon angiopiasty or Palmaz-Schatz stent implantation were 

compared, and showed significant reductions in restenosis rates after stenting (BENESTENT: 

22%; STRESS: 32%) compared to angioplasty alone (BENESTENT: 32%; STRESS: 42%). 

These landmark trials heralded the start 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 ofstents include: (1) the primalY reduction in 

restenosis in de novo focal lesions in vessels greater then 3.0 mm in diameter, (2) focal 

lesions in saphenous vein grafts and (3) the treatment of abmpt or threatened vessel closure 

during angioplasty4. 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 ever

increasing number 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 contrast to balloon angioplasty where restenosis has been shown to 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 hypeI],lasia 

after stenting is due to an exaggerated wound healing response, thought to be brought about 

by an acute and chronic response to injury, together with the pennancnt presence of a foreign 

body (the stent). 

Improving current stent perfonnance therefore may further reduce restcnosis 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 to the endotheliallinillg 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 ofthe lesion and the degree of injury. 

The sequence of events following stent implantation can broadly be divided into three 

phases: the proteinaceous response, the cellular response and the wound healing response 

(Figure I). 

The proteinaceous response: 

Immediately following stent implantation, the stent is covered with a layer of proteins. 

Which proteins adsorb to the stent surface is initially detemlined by their concentration in 

vivo, and then by their affinity for the stent surface as detennined 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, tlus initial phase is thought to play an important role in 

detennining 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 molecular weight kininogen (HMWK) to the stent 

surface, while the complement system is activated via the altemative route. 
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Figure 1. Schematic representation of the sequence of events which occur on the stent surface 

following implantation. 

The cellular response. 

II 

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 system 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 fomlation 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 stenl 4 hours after implantation. A platelet -rich 

thrombus, with entrapped erythrocytes and neutrophils overlies the sten! wire void and 

damaged vessel wall. 

11,e wound healing response. 

Introduction 

The healing and organization of the inflamed tissue, initiated by the action of 

monocytes and macrophages, is followed by proliferation of smooth 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 ,vires and injured 

vessel wall. At the same time, as macrophages move in to clear up remaining thrombus 

remnants around the stent wires and along the injured vessel wall surface, smooth muscle 

cells proliferate and migrate to the intima, where they secrete extracellular matrix. 

Organization of the SMCs follows to fonn circumferential layers of SMC, such that in time, 

the granulation tissue is eventually replaced by connective tissue. 

Because clinically used stents are penn anent 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 act 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 to 6 months post stenting, although a foreign body response has been observed as 

late as 320 days post implantS, 
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The ideal stent. 

Theoretically, if all aspects of stent implantation are considered, the ideal stent should 

have the following characteristics: 

1. Flexible - have the capacity to negotiate curved and tortuous coronary segments 

2. Radio-opaque - easily visible during angiography 

3. Low unconstrained profile - facilitates the passing and positioning of the stent in the 

artery wilhoUI 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 artery against the vessel wall's 

constrictive tendencies (minimize recoil) and hold the stent at its selected implantation 

site 

7. Show bolh blood and lissue compalibilily 

8. Not induce an excessive inflammatory or neointimal response 

To date, 110 ideal stent exists. Depending on the lesion to be treated, there is often a 

compromise of one or more of the above factors e.g. stents with low surface area may not be 

very radio-opaque, while lesions requiring total coverage may require stents having high 

surface area. 

Stent properties 

By understanding how stent properties influence the blood and tissue response, this 

response can potentially be modified to reduce the thrombotic and neointimal responses. 

Stent properties can be divided into mechanical and non-mechanical properties (Table A). 

(a) Mechanical slenl 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 exel1s on 

the vessel wall) was shown by Vorwerk et al to give no differences in neointimal thickening 

between Wallstents with different radial forces6. However, in another study, stents with 

higher radial force were found to induce a greater neointimal response compared to stellts 

with lower radial force7. Sludies of slenllongiludinal flexibility (Ihe slenl's ability 10 bend or 

flex in its lenglh) and compliance (Ihe abilily of a slenl 10 yield elaslically when an exlernal 

force is applied) have also shown conflicting results8,9. No studies of the exclusive effect of 

hoop slrenglh (a measure of Ihe exlernal force needed 10 plaslically deform Ihe slenl) on 

neointimallhickening have been published. 
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(b) NOll-mechanical stell! properties. 

Numerous shldies have documented the effects of non-mechanical stent parameters. 

Herlein et ai, in a rabbit model, showed that the charge of stents did not seem to playa major 

role with respect to stent thrombogcnicity, but that low stent charge cOlTclated with an 

increased neointima fOlTIlation lO. Palmaz showed that, in vitro, grooved stent surfaces 

promoted an increased rate of endothelial cell migration compared to smooth, control 

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 

vascular injury and neointimal hyperplasia, while surface material plays a greater role in 

thrombosis 12. 

Table A. NOll-mechanical alld mechanical 

characteristics of stmlfs. 

Non-mechanical 

Charge 

Topography 

Stent design 

Metal:artelY ratio 

Type of metal used 

IHechanical 

Radial force 

Hoop strength 

Longitudinal flexibility 

Compliance 

lVlanipulation of the vessel wall response to stents. 

Potentially each of the three phases of the vessel wall response to stent implantation 

can he manipulated to improve stent perfonnance. 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. 

Stellt coatings 

Coating stents 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 

criteria: 
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1. It should be non-thrombogenic. 

2. It should not induce an inflammatory response. An inflmmnatory response may delay the 

wound healing response and contribute to an exaggerated neointimal response, or 

thrombotic events. 

3. It should have a low profile Le. it should fonn a thin, even layer on the stent surface and 

not significantly increase the total profile ofthe stent. 

4. It should have mechanical intcgrity i.e. it should not crack of flake off during handling. 

To date, no ideal stent coating exists. The majority of stent coatings used arc made 

from synthetic polymers - both biodegradable and non-biodegradable polymers - and arc 

frequently associated with inflammatory reactions. Table B lists several examples of each 

type of stent coating, while a comprehensive revic\v can be found elsewhere 13 . Stent 

coatings can be divided into passive and active coatings. 

Passive and active stell! coatings. 

Passive stent coatings are designed to influence the surface properties of the stent. 

Depending on the coating used e.g. fibrin or phosphorylcholine they can be used as a fonn of 

biological camouflage, or biomimiclY. Although strictly speaking not a stent coating, a novel 

fonn of biomimiclY is the covering of a stent with an autologous vein or artery. Animal 

studies have shown the teclmique to be feasible and in a porcine model, 6-month follow-up 

showed minimal intimal hyperplasia covcring the graft30,31. Such promising results led to the 

use of this stent-graft in the clinic, and preliminalY clinical results are encouraging32-34. 

However, given the technical complexity of the technique, it has yet to be detellllined 

whether it will find a niche in routine stent implantations. 

Active stent coatings are those which present or elute dmgs 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 thrombosis. For local dmg 

delivery, biodegradable polymers offer the advantage that dlllg 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, dmg-loaded coated 

stents should ideally treat both aspects of this response. While heparin-coated stents 
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(although stIictly 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 fonn of active 

stent coatings. By seeding stents with endothelial cells it is hoped to increase the rate of stent 

endothelialization such that potentially the neointirnal 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. 

Table n. Some examples of polymers tested as potential stent coatings. 

SYllthetic 

Polymers 

Biodegradable (bioabsorbable) 

PLAI4 

PGLA, peL, PHBV, 

POE, PEOIPBTp17 

NOI/

biodegradable 

Biogold15 

PU 18,19 

POp21 

PC 23,24 

PETP, SILI7 

Drug-elll/;lIg polymer 

+ drug 

PLLA + Dexamethasone 16 

PUR + Forskolin20 

PSNOIBSA+ NO" 

PEG-hirudin PGI2 25-27 

PLLA+colchicine28 

POP+methylprednisolone 29 

PLA: poly-lactic acid, PGLA:polyglycolic/polylaclic acid , PCL: polycaprolactone, PIlBV: 

polyhydroxy-butyrate/valerate, PEO: polyorthoester, PEOIPBTP: polyethyleneoxidel polybutylene 

terephthalate. PU: polyurethane, POP: polyorgallophosphazene, PC: 

methacryloylphosphorylcholine. PETP: polyethylene terephthalate, SIL: silicone, PSNOIBSA: 

polynitrosated nitric oxide albumin. 

Assessment of implanted stcnts. 

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 teclllliques that allow 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 

teclmiques are used to assess the perfonnance of the stent over time e.g. stent migration, 

patency and tissue composition and volume. However, a limitation of QCA and IVUS is that 
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assessment of the cellular response to the stent call1lot be detem1ined 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 he studied. It 

can highlight insufficient/inadequate technical aspects of stent implantation i.e. incomplete 

stent expansion (the metal stent stmts 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 steut. Histology therefore can con finn and expand upon illfonnation 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 ofthis thesis is first to elucidate the acute, but particularly the chronic vessel 

wall responses to endovascular stent implantation. Having dctennincd such responses, the 

second aim is to see if these responses can be improved by modifying both mechanical and 

non-mechanical stent properties. 

Outline 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 stenting 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 dmg loading and release kinetics are presented in Chapter 7, 

while Chapter 8 looks at the biocompatibility and short and long-tenn 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~tenn 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 
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and Willem 1. van der Giessen, PhD 
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-------------------++-------------------
A practical and rapid method was developed 10 study vascular pathology after implantation of metal 
endoprosthcses (stents) that are used as internal splinting devices of tube-like structures. This melhO<l 
obviates the need for time-consuming grinding of thick sawing sections or removal oflhe prosthesis 
prior to histological processing. allowing for detailed analysis of the tissue in general, but especially 
ofthestenHissue interface. The vessels, with the metal stents still in place, were dehydrated in graded 
series of ethanol and embedded in methyl methacrylate. Using a motor~driven rotary microtome, 
3- to 5-J.lffi sections were easily cut. After deplastination. routine and spedal histological stainings 
were performed according 10 standard protocols for paraffin sections. This method proved to save 
time, compared with sawing sections. while allowing for a more complete examination of the stent
tissue interface than is possible with routine paraffin techniques. CllrdiOl'aSC Pafhvl 1996;5:69-76 

Stenls as endoluminal splinting devices are increasingly used 
as an alternative to surgery by providing inner mechanical 
support for internally 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 important technique in 
the evaluation of the shor1- 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 the receiv-
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ing tissue and the implant surface. Removal of the prosthesis 
prior to embedding will often result in the loss of the direct 
stenHissue interface and cause excessive damage to the tis
sue in case of complicated designs of the prosthesis (I). fn 
studies of acute reactions to vascular implants this is espe
cially true, as the usually limited amount of adherent cells 
is often lost. Current methods of histological preparation of 
implanted 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). Allhough several tech
niques are available to stain these sections (4), the quality 
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
ling oflhe vessels while leaving the metal prosthesis in place, 
and it does nOI 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 stent and the tissue intact. This is espe
cially important for vascular tissue when studying Ihe inter-
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action between blood and the vessel wall. The technique 
enables thin sectioning (3-5 !(m) 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 stene (Medtronic Inc .• Min
neapolis, MN), the stainless steel \\hlJstenl (Schneider [Europe] 
AG. Buelach, Switzerland), Palmaz-Schatz stcn! (Johnson and 
Johnson InterventionaI Systems. Warren, PA). polymer slenls 
(9), and polymer-coaled metal slenls (0) (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 punctured above the coronary ostia for in situ 
pressure fixation (approximately 150 cm H20) with 4% 
phosphate-buffered paraformaldehyde. Thereafter the coro
nary arteries were dissected free from the epicardial surface, 
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and the tissue was kept in fixative for at least another24 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 Nederland B. V., The Nether
lands) as described in Thble I, and modified from the method 
of Buijs and Doclerom (8). After completion of the MMA 
impregnation, the specimens were placed in glass vials; then 
5 mglmL perkadox 16 (bis [4-tert-butylcyclohexyl] perox
ydicarbonate; AKZO Nobel 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 carefully 
closed, and the MMA polymerized overnight in a 370 Coven. 
As polymerization is an exothermolls 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 waler. 

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 1. Various types of stenls. (A) Palmllz-Schlllz slenl: (O) Wiktor slenl; (C) Wallslenl; (0) 
polymer slen!. 
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Table l. Schedule for MMA Embedding 

2x 80% ethanol 
2x 96% ethanol 
2x 100% ethanol 
Ix [00% ethanol 
2x 100% MMA 
Ix 100% MMA 

Aud 5 mg/mL of perkado~ \0 Ihe MMA, mix. 
Va~uum impregnation 
Oven (37"C) 

I h 
I h 
I h 

10 h 
I h 
5h 

I h 
~16 h 

strumenlen BV, Leersum, The Netherlands), While keeping 
the block surface wet, sections 3 to 5 /-tm 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 in a 40° C 
oven. 

Sections were deplaslicized in a solution ofequaJ volumes 
of xylene-chloroform for at least 30 to 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 slalnJng. Several different sten! materials, 

such as stainless steel, tantalum, and metal in combination 
with polymeric material, could be cut without difficulty. The 
inlact MMA-embedded vessels containing the stents were sec
tioned at several intervals along their lengths. For every tis
sue level 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 sten! wires (70-130 ,um) did not pose any problem dur
ing sectioning, although the amount of scoring in the tissue 
sections varied among the differentlypes of metal stents. The 
average time needed for trimming and sectioning of four tis
sue levels (Le., 40 sections) with subsequent stretching and 
adhering to glass slides is approximately two hour~. 

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 sten! wires in Figure 3 is in stark contrast to 
that in Figure 28. During sectioning 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 material remain present for 
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evaluation of the blood and tissue response to the implant 
(Figures 4 and 5). The complicated and intricate design of 
somesten!s (e.g., the polymer-coated stents shown in Figures 
6A and 68) means that removal of the stent wires would cause 
extensive damage to the vessel. Such remom would most cer· 
tainly involve the removal also of the polymer, with subse
quent loss of the delicate interface between the polymer and 
tissue and the metal and tissue. Such interfaces are well 
preserved with an MMA embedding technique, while dam
age to the vessel caused by the operator is kept to a mini
mum, The cellular detail of the inHammatory response to the 
polymer is clearly evident in Figure 6B. 

Various types of stents and slent materials were all suc
cessfully 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 percutaneous implants, both in patients and in 
the experimental setting. The desire to achieve the "perfect" 
implant device has led to the development of numerous slent 
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 a material as a vascular implant is dic
tated by the acute and chronic response to blood as well as 
the response of the vascular 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 oflhe 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 ofstented vessels. 

The procedures described in this paper obviate the need 
to remove the prosthesis prior to histological processing and 
allow for whole embedding of the arterial segments to be stud· 
ied. 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 t\.\'O separate instruments. The quality of the sections 
(3-5 pm) in terms of the staining, morphology, and architec· 
ture of the tissue is e9ual to that of paraffin sections but is 
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Figure 2. (A) View of II paraffin-embedded porcine coronary artery with the slen! wires removed. 
Note the damage to the overlying neointima (arrows). (M "" media; A :: advenlia, Goldner trichrome 
stain, original magnification XI9.) (B) Detail of Figure 2A illustrating tissue damage when the sten! 
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 section of a plastic-embedded porcine coronary artery with the metal 
slenl wires (arrowheads) in place and the overlying neointima (N) still intact. (M = media; A = 
adventitia. Resorcinol-fuchsin slain, original magnification x29.) 

Figure 4. MMA section showing a slen! wire void (.) with overlying thrombus (T) and adherent 
cells (arrow) still attached. Such detail is usually losl on removal of the wires prior to paraffin embed
ding. (HemalOxylin-eosin slain, original magnification X579.) 
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Figure S. (A) View of an MMA section of a porcine coronary artery with a Palmaz-Schatz slen! 
implant. Sten! holes are indicated by the arrows. (Hematoxylin-eosin slain, original magnification 
x29.) (B) Delail of Figure 5A showing a sten! hole with proteinaceous material (arrow) still present. 
(Hematoxylin-eosin stain, original magnification X579.) 
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A A 

Figure 6. (A) MMA section or a porcine coronary artery with a polymer-coated Wiktor slen! im
plant. The polymer coating (arrows) is clearly evident between the sten! wires (arrowheads). (M "" 
media; A == adventia. Hematoxylin-eosin slain, 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 thai of sawing sections (10 pm), for which only 
limited siainings are possible and magnification and resolu
tion at higher power are not possible because of section thick
ness, The major advantage oflhis technique over paraffin tech
niques is that the prosthesis is not removed, allowing the 
delicate interface between the tissue and prosthesis to remain. 
II is considered to create less preparation ani facllhan paraffin 
processing and is less lime 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 ofstented blood ves
sels, allowing a detailed analysis oflhe tissue reaction to vas
cular implants while leaving the prosthesis in place. 
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Basic Investigations 

Foreign Body Contamination During Stent Implantation 

D.M. Whelan, Bse, H.M.M. van Beusekom, PhD, and W.J. van der Giessen,* MD, PhD 

The treatment of coronary artery disease using slents has become a widely accepted 
technique. However, the Inadvertent cO-Implantation of conlaminalfng faciors with the 
slent has received little attenllon. We studied histological cross-secllons of slanted 
porcine coronary arteries and observed contamination of some vessels with surgIcal 
glove powder and texlile fibres. The contaminating particles were associated wIth a 
foreign body reaction. Such a reaction could delay the wound-healing response of a 
slented vessel and thereby prolong the period In which subacute thrombosis could occur. 
/I is also proposed that air conlamlnallon could affect the thrombogenlclty of the stent. 
Appropriate measures should be followed 10 reduce the chance of conlaminallon 
occurring. Calher. Cardiovasc. Dlagn. 40:328-332,1997. "t997Wiley·Uss, Inc. 

Key words: coronary artery; glove powder; texille fibres; coronary angloplasty; stents 

INTRODUCTION 

The last 15 years have seen the rapid growth of 
interventional techniques in cardiology, particularly dur
ing the last two to three years in stenting. From the first 
stent implantation in 1986 there has been an exponential 
increase in the number of patients receiving stents in the 
clinical setting. However, cOllcerns still exist regarding 
the problem of subacute thrombosis and the longer-term 
problcm of restenosis. Whereas new stent designs and 
coatings, along with improved biomaterials and local 
drug delivery, all aim to improve stent performance, there 
still exist several basie factors that could further compro
mise the use of stents. In this paper, which is based on 
observations made during preclinical slent 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 Intervell
tional Systems, Warren, NJ), the Wallstent (Schneider 
(Europe) AG, BUiach, Switzerland), and the Wiktor stent 
(Medtronic Inc" Minneapolis, MN) were implanted into 
the coronary arteries of cross-bred Landrace X Yorkshire 
pigs. Such implantations fomled the basis of several 
projects carried out in our laboratory over the last number 
of years. A detailed description of the implantation and 
follow-up procedures have previously been described 

(1,2,3). In brief, under sterile conditions an arteriotomy of 
the left carotid artery was performed and a 9F introduc
tion sheath was placed. Sodium heparin (10,000 IU) and 
isosorbide dinitrate (l mg) were administered, followed 
by left coronary angiography using the non-ionic contrast 
Iopamidol. The angiograms were analysed on-line using a 
quantitative coronary angiography analysis system to 
allow for precise sizing of the stenl. Stent placement was 
performed as previously described (I). After repeat 
angiography of the treated coronary arteries, the arteri
otomy was repaired and the skin closed in two layers. To 
assess luminal narrowing within the treated segments, 
angiography of the treated arteries at follow-up was 
performed using the same settings of thc 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 Different Animal Studies From Which the Random 
Sample Was Takan 

No. of No.ofsl<:'nts No. of animals 
Slen! animals implanted randomly sampled 

PalmaL-Schatl '" '" 15 
\Vlktor 15 20 14 
Wallstent 32 63 17 
Total: III 147 46 

TABLE II. Percentage of Starch and TexUle Fibre Contamination 
In IheAnimal Groups Studied 

Animal group 

Total (n == 46) 
Short-teml follow up (II "" 12:) 
I.ong-tenn follow up (n = 34) 

%Staro:h 
contamination 

19.6 
41.6 
[1.8 

% Tc\tile fibre 
contamination 

6.5 
o 
8.8 

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

RESULTS 

The 46 animals were randomly sampled from a total of 
III animals used in various studies, in which a total of 
147 stents had been implanted (Table I). 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 !onger
tenu 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 indicating where contamina
tion was found is shown in Figure 1. 

Starch granule deposition in histological sections was 
identified using polarising microscopy, 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 capillary beds of stented vessels. The granules vary in 
size, but some are so large 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 slented vessel with 
adherent proteins and platelets attached (Fig. 2e). 

Contamination During Stent Implantation 

p 

Me 

Fig. 1. A schemallc representation of a stented coronary 
artery, IndIcating the areas from whIch Photographs 2A, 28, 2C, 
and 20 are derIved, l: lumen; N: neolnllma; M: media: A: 
adventitia; MC: myocardIum; P: periadvenlllla; .: slent wire. 

Textile fibre deposition was also observed in stained 
histological 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 seem harmless enough, it 
is possible that their presence may influence the wound
healing response, i.e" by the development of a foreign 
body reaction; this may increase the period during which 
subacute thrombosis can occur. 

Starch Granules and Textile Fibres 

The literature of the last 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 stentlballoonl 
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 long-term follow-up 
group showed a smaller incidence of starch contamina-
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FIg. 2. (A) ParaffIn section showIng a large starch granule 
(arrow) In the lumen of a capillary In the perladvenlilla 01 a 
stanted porcIne coronary artery, 24 hours aller Implantallon. 
Haematoxylln-eosln under polarized light. Magnification x 500, 
bar = sopm. (8) Paraffin seellon showing starch granules (large 
arrow) In a capillary In the myocardIum surrounded by Inflamma
tory cells (small arrow), most probably macrophages, 24 hours 
after Implantation. Haematoxylin-eosln under polarized ligh!. 
Magnification x 250, bar'" 100/Jm. (C) Slarch granules {large 
arrow} In the lumen of a stanted porcine coronary artery. 24 
hours after Implantation, showing platelets and proteIns (small 
arrow) adherent to the granules. Haemaloxylln-eosin under 
polarized light Magnification x 250, bar:=: 100Vm. (0) Paraffin 
secllon showing textile fibres (large arrows) Incorporated Into 
the newly formed neolntima of a stented porcine coronary 
artery, 4 weeks after Implantallon. Nole the presence 0' glanl 
cells (small arrows) adjacent to the fibres. Haematoxylln·eosln 
under polarized light. Magnification x 500, bar:=: 50vm. 

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 its presence 
therefore becomes undetectable. 

Contamination of apparatus or instnlments 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 
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wiping off the balloon 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 lodge in the vessel 
wall. 

The deposition of gauze in tissues can also result in 
granuloma fonnation. Again the literature contains many 
examples of granuloma formation; for example. in pa-
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ticnts 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 body reaction. 

Talc and textile-fibre contamination were demon
strated in sections at short-tcnn and long-term follow-up. 
However, it may be necessary to study sections at more 
frequent time intervals to sec 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. 

Air 

While such contaminating factors as starch granules 
and textile fibres can be histologically localized. the 
demonstration of microscopic air bubbles (by angio
scopy) suggests 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 sten! itself before, or during. 
flushing with saline. Such inadvertent introduction of air 
bubbles into the circulation may potentially 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 activation 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 1993 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% (II). 
Such air bubbles can temporarily stop coronary flow with 
subsequent complications such as myocardial infarction 

Contamination During Stent Implantation 

TABLE III. Comparison of Percenlages of Slarch and Textile 
Fibre Conlamlnatlon Using Previous and Revised Implanlallon 
Techniques 

Animal group 

Previous implantation technique (n = 46) 
Revised implantation technique (n = 28) 

% Starch % Textile fibre 
conta.mination contamination 

19.6 
5.6 

6.5 
3.5 

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

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 to reduce 
contamination; these measures could include allowing 
the contrast medium to stand prior to injection (lip 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 m~a
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 contamina
tion 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 occurring. 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 

coronary model 
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Alms There is increased latc loss in luminal diameter 
following [oll!l-term coronary slenting, compared with bal
loon ilngiopillsty. We evaluated short- and long-term vessel 
wall injury aftcr e.xperimcntal implantation of two sten! 
designs as well as balloon angiopll1sty and their relationship 
to neointimul hyperplusia. 

Methods and Results Wiktor sten!s and Plilmaz-Schatz 
Slents were implanted in normal coronary arteries of pigs 
(halloonfartery mtio: 0'9-1'1), In control coronary arteries, 

. balloon angioplasty was perrormed. At 1,4 and 12 weeks, 
the vessel injury score, neointimal thickness and inflamma
tory response were assessed by histology.The vessel injury 
score increased over time in both Wiktor "nd Pulmaz
Schatz stents: 0·9±0·1, j·5±0·5 and 1·7±0·6 

Introduction 

A greater ilcute gain in luminal diameter is the mech
anism .for l~tvourable late restenosis rates in stenting 
compared to balloon angiophlsty[1.J[, despite increased 
lute luminal loss[.11. With minimal stent recoil, and 
remodelling, this late loss is exclusively due to neo
intimal thickening[4--t>I. while elastic recoil and remodel
ling are both major components of restenosis after 
balloon angioplasty{7 Dl. A correlation between neo
intimal thickening and arterial damage after balloon 
angiopiasty and stenting has been reported1H -IHI. 

Schwartz e( al. [I-IJ have developed a vessel injury 
score for slenls enabling una lysis of arterial damage and 
neoinlimal thickening. This score has been validated in 
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1738,3000 DR Rotterd;lm. The Netherlands. 

(mean ± SO) for Wiktor stents and 0·7 ± 0·2, 1·0 ± 0- I and 
]·2±0·3 for PalnUlz-Schatz stents at 1,4 and 12 weeks 
rollow-up. respectively. No incre:tse in injury was seen in 
balloon ungioplasty controls. Inflammation was seen in 
both stented groups but was absent 12 weeks after balloon 
angioplasty. No strong correlation between injury and 
neointimal thickness was apparent. 

Conclusion Stents induce chronic injury in contrast to 
balloon :lngioplasty. Stent design (coil \'s slotted tube) us 
well us inllamnmtioll lIlay influence vessel response . 
(Elir Heart J 1998; 19: 601-609) 

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

porcine coronary arteries 4 weeks after implantation or 
tantalum coil stents. which were over-sized to create 
arterial injury. A high correlation was reported between 
vessel injury score and neointimal thickening. However, 
creating deep arterinl injury by over-sizing will cause a 
non-specific tissue response which might blur more 
subtle changes in tissue reaction, making the comparison 
of different stell Is difficult. Whether vessel injury score at 
4 weeks represents acute damage at implant or includes 
additional chronic damage by the presence of the stent 
in the vessel wall cannot be evaluated, 

The importance of stent design in arterial injury 
and neointimal thickening was recently demonstrated by 
Rogers I!( al. in rabbit iliac arteriesIN[. The goal of the 
present study was therefore to investigate the relation
ship between coronary arterial wall damage and neo
intimal hyperplasia in two dille rent stent designs without 
over-sizing. Furthermore, several time points were 
studied, from I up to 12 weeks. We also evaluated the 
inflammatory response in each stentcd segment. To find 
out whether the observed arterial injury. neointimal 
thickening and inflammatory reaction are specific 
features after stcnting. or a genentl healing response 
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to the acute implantation trauma, additional animals 
underwent balloon angioplasty only. 

Methods 

Animal preparation 

Domestic pigs (n = 53. weight: 26-46 kg. HYC. Hedel. 
The Netherlands) underwent the experimental 
procedures according to the Gllh!e .lin" lite ClIre (lild Uw 
I!f Labo}"(/{m:J' Allima/,{!.III, and aftcr approval by the 
Committee on Experimental Animals of Emsmlls 
University Rotterdam. Experiments were performed as 
previously described!.!II, Briefly. after un overnight fast 
animals were sedated with kelamine hydrochloride 
(20 mg. kg- I). Following endotracheal intubation. 
pigs were mechanically ventilated with 30}O:, oxygen in 
nitrous oxide. Anaesthesia was maintained with 
1--4 vol'% enl1urane. An intramuscular injection of pro
caine penicillin G (200000 I.E.lml) and dihydrostrepto
mycin SUlphate (200 mg per 10 kg 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 rate and arterial blood pressure were monitored 
and arterial blood was sampled to control blood gases 
and acid-base balance. After administration of 
200 IU . kg - 1 of heparin sodium and 250 mg acetyl 
salicylic acid. a 9 F guiding cathctcr was advanced into 
thc ascending aorta. Left coronary angiogruphy was 
performed using iopamidol (iopamiro 370. Dagra. 
Dicmen. the Netherlands) as contrust agcnt aner 
injection of I mg of isosorbide dinitrate. 

SlelllS 

The Wiktor stent (Medtronic Inc .. Minneapolis. Minn .. 
U.S.A.) lmd the Palmaz-Schatz Coronary Stcnt (PS 153. 
Johnson & Johnson Interventional Systems Co .. 
Warren. NJ, U.S.A.). were studicd. The Wiktor stent 
consists of a single tantalum wire (0'127 mill diamcter) 
formed inlo a sinusoidal wave and wrapped into a 
helical coil structure!.!ll. The Palmaz-Schatz CoronllfY 
Stenl is composed or two segments (7 IllIl1 each) of 
slotted tubes (strut thickncss: 0·064 mm). connected by a 
short (I mm) cOllpler'~21. 

Stel11 imp/al1tatiol1 

Coronary angiograms wcre measured on-line. with 
a quantitative analysis system using the edge
detection mcthod (eMS. Medis Inc.. Nuenen. The 
NetherlandsfJl. A segmcnt with a mcan diameter of 
approximately 2·5 mm (for 3·0111111 balloon) or 3·0 mm 
(for 3·5 mm balloon) was selected from the lcft !lllterior 
dcscending or left circuml1cx coronary artery. The stent-

mountcd cathcter wus advanced to this pre-selected 
segment ovcr u stcerablc guide-wire. A single 30 s inl1a
lioll was performed at 6-8 atmospheres and the maxi
mally inflated contrast-filled balloon was measured to 
determine the balloon/artery ratio. Angiography was 
repeated immcdiately aner implantation for assessment 
of patency and acute result. Finally. the introduction 
sheath was removed. the carotid artery ligated. the skin 
dosed and Ihe animals were allowed to recover from 
anaesthesia. 

Bal/ooll allg/op/as!)' 

In two groups of five animals. only balloon angioplusty 
was performed with a balloon inflation of 30 s at 6-8 
atmospheres. The sites of balloon injury were chosen 
at anatomical landmarks (sidc branches) which could 
easily be identified at follow-up. 

FolIOll'~lIp procedure 

At I. 2. 4 or 12 weeks post-implant. animals were 
anaesthetized liS described above. Thc thorax wus 
opened by a mid-sternal split. and the ascending aorta 
was cross.clamped after injection of a lethal dose of 
sodium pentobarbital and fibrillation of the heart with a 
9 V battery. Saline (300 ml) was infused. followed by. 
400 ml of bull'ered (pH 7'3) formaldehyde under a 
pressure of 120 mmHg just above the c6ronary ostia. 
Finally. the heart was excised. the coronary arteries 
dissected free from the epicardial surface and thc stented 
or ballooned segments piliced in 4':;', formaldehyde for at 
least 24 h in preparation for microscopy. After removal 
of the stent struts. the tissue was processed ror parutHn 
embedding. Haemntoxylin·eosin was llsed as II routine 
stllin while resorcin-fuchsin was llsed as an elustin stain. 

lvlorp/rometry (flld illjur)' score 

From each stcnted or ballooned corOllary artery 
segment. three transverse sections from the proximal. 
middle and distal part were llsed for histological analy
sis. Neointimul thickncss WllS measured Oil top of the 
stent struts llsing a calibrated microscope reticle. as used 
for standard microscopic measurements. Individual 
thickness at each stenl strut from all three sections wus 
averaged to obtain the mean lIeointimal thickening per 
sten!. In the ballooned vessels. neointimal thickcning 
was mcasured at areas of fragmentation of the internal 
elastic lamina or medial prolifcrutioll. The mean for all 
three sections WlIS taken as mean neointimai thickening. 

To cvaluatc thc vessel wall damage causcd by thc 
steut. the same elastin staincd tnlllsversc sections used 
ror morphometry were llsed for analysis of injury. At 
each stent strut. damage was quantified by the vcssel 
injury score. according to Schwartz e{ {/I.[I~J. This score 
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Tah/e I Vallfe,\' for I'CHef iI/jill')' X('(JI'I! {fcc(mlillg to 
Sdlll'{l/'tz ct al.'1-I1 (lI'i,II permi!;sioll) 

Scor~ D~s<:rirlion of v<lsl'ular injury 

II Internal daslic lal11il1,l inlact; endotheliulll dClluu<:u: 
media comp~ss ... J. not lil<:eralcd 
Internal dilslic lamina liu:.;r,lIcd: media compre,sed. lIot 
laoxratcd 
lnlcrnu[ elastic tumin,l ];lcaatcd, media visibly laL'cratcu. 
c:o;;tcrnal da~lic Ilmlillil intact but comprl'>sl'u 
Exlanal dastic lamina hl<:cralcd; large lacerations of 
media extending through o:xlcrnal <!Iasti..: l;Jmina; o:oil 
win:,; somo:limcs residing in aOWIl\ilia 

grade~ wall dumage frolll 0 when the internal elastic 
lumina is intact to J when even the external clastic 
lamina is disrupted (Table 1). Individual scores of the 
stenl struts or the three sections or one stent were 
averaged to obtain the mean vessel injury score per 
stented segment. For the balloon angioplasty groups, 
the ves~el injury score cannot be applied because the 
gnlding of injury is directly coupled to thc prcsence of 
a stent strut. Therefore, we graded the injury in 
the balloon angioplasty groups in analogy to the 
fracture length methodP~r, but for H non-aver-sized 
model. Fragmentation of the internal e!'lstic lamina. 
often accompanied with some degree of medial hyper
trophy occurred in one or more areas; it was rare to sec 
one ,lrea with a tot,llly ruptured and disintegrated 
internill elastic lumina. The circumferential lesion length 
(Lk ,;,,,,) divided by the total circumferential internal 
clastic lamina length (L,n,) was lIsed liS 11 measure of 
mugnitude of damage (Lb ;,,,,1L"ll)' 

h!f/al1//11(/tory re:o.pollse 

Infhlmmation was assessed in the HE-stuined sections 
corresponding to those used for analysis of vessel injury 
score lind neointimal thickening measurements, accord
ing to the following semi·quantitative score: 0: non
existent inllammatory response; I: inllammatory 
infiltrates in the adventitia; 2: diffuse. cleurly recogniz
able inflammatory infiltnltes in the adventitia: 3: severe, 
oJ\en granulomatous, inflammatory response in the 
udventitia, sometimes extending to the intima. 

Statistical allalysis 

All data were expressed as mean ± SD. Diflerellces in 
the balloon/artery ratio, vessel injury score and neo
intimal thickening between the dilrerent slen! and 
balloon groups at the sante point in time were evaluated 
with the non-parametric Wilcoxon Rank Sum Test. A P 
value <0·05 (two-tailed) was considered statistically 
significant. To eVllluate differences in vessel injury score 
within the same groups at different points in time, 
Kruskal-Wallis one way Analysis of Variance wus used. 
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Becau~e of multiple tcsting, the Bonferroni correction 
was applied to correct for increasing type I error and 
signiHcance was stated at the 0·025 level. After curve 
fitting, regression analysis was used to investigate 
progression over time of injury response and dillercnces 
between stent typcsl~~r. Regression analysis was also 
performed to describe the correlation between vessel 
injury score anti neointinUlI thickcning. (Statistical 
packuge: SPSS, release 6·0, SPSS Inc. Chicago, Illinois, 
U.S.A.). 

Results 

Systemic IW(!l11odYIl(ll11ics (ll1d blood gases 
during illterventioll 

During interventions, heart rate (94 ± 14 beats. min-I, 
99 ± 14 beals. min- I anti 97 ± 14 beats. min -I) and 
mean arterial blood pressures (82 ± 17 mmHg, 
74 ± 14 mmHg and 73 ± 8 mmHg) were similar 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 mmHg; 
PC(l2: 35-45 I11ml-lg). 

Stellt implantation 

Twenty-one Wiktor stents were placed (one stent per 
artery) in [6 pigs. Three stented arteries were excluded 
frolll final analysis: one stent migrated during implant. a 
second was erroneollsly oversizetl in a small marginal 
branch, while a third stented animal died suddenly 
after 23 days without macroscopic evidence of sten! 
occlusion. In tot,II, 18 Wiktor stents were analysed. 

Twenty-eight Palmaz-Schatz stents were 
implantetl in 27 animals. Nine stents were excluded from 
analysis following the death of three animals from 
arrhythmia during the implantation procedure and 
six (six stents) from stent thrombosis within 48 h 
post-implantation. Thrombosis, conllrmed by light 
microscopy. was not accompanied by vascular damage, 
anti was therefore excluded from lInalysis. In total 19 
Pallllaz-Schatz stents were analysed. 

Angiography during the implantation procedure 
showed that steilis were properly sized, as demonstrated 
by balloon-artery ratios of 0,9-1·1 (Table 2(a)). 

Balloon ((/lgiop/asty 

Ten coronary artery segments in 10 pigs underwent 
balloon angioplasty with a balloon/artery ratio of 
1'0 ± 0·1 (Table 2(b)). Further augment cit ion of injury 
lip 10 12 weeks could not be demonstrated. 

At I week. the vessel injury score was lower in 
the Palmaz-Schatz stent group despite a slightly higher 
mean balloon/artery ratio compared to the Wiktor 
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Tah/e 2((1) MOl'pltologiml p(/n1ll1('t('I'~; (llIti hal/oolllartel'Y mfio.~ ofllU! Wiklol' (/1/(/ Pa{lJ/az-SdU/(z ~dell' groups (It I, 
</ al/(I } 2 II'/!f!ks follow-flp 

Wiklor Stenl Palmiu-SdHtlz sten! 
Follow-up 
(weeks) # VIS NT JIm 

inO.unmatiol1 
5core 

BfA # VIS NT)Jrn inO<Jrnmation 
score "fA 

I 6 Q·9±O·]t 6) ±](J 0,6 ± 0-7 U·9±U-[* S 0·7 ± {I·2 6] ± 35 j-H± 0·9 1'{1 ± U·l 
4 7 )-5 ± 0·5 151 ± 5U lI6± {)-6 !·I±Cl'\ 5 )'U±U-j IUJ ± IJ U·5 ± 0-5 ]'(l±U,\ 

12 5 ),7 ± 1J-6t JUS ± 155t '·6 ± 0-9 [., ±()_]t 6 ]'2±U-Jt 198±54t (1-2 ±U-4 ]·()±U·j 

Data are me,m ± SD: tI=number of unimu1s: VIS=\,esse! injury swre: NT=me,m neoinlimallhickne~s: B/A=balloonfartery rutio. 
*=1'<0-05 W \'$ PS for same time-point: t=P<IHI25 \'5 other lime-poinis of slime stenl design. :=1'<0-025 \'S I week of S;Jme sten! 
design. 

Tahle 2(h) MOJ'p/lO/og;cal parameters alld hallooll/al'le.")' I'alio:J of tile hallooll 
(Illgiopifuty gJ'OllpS at 2 alltl J 2 weeks follOlr·up 

B;Jlloon allgioplast)' 
Follow-up (ffl Inflammation (weeks) 

lk<;"jl"" NT 11m BfA 
store 

2 5 0·29 ± ij·29 23 ± 24 0·4 ± 0·5 ]·U±U·] 
J2 5 0·26 ± ij·23 12 ± 15 o±o t·U±O·1 

D,Ha llre mean ± SD; #o=number of animals: l"";,.,/l",,o=!cngth of rragmented IEL (l"";,'nl 
divided by total ciro.:umferential IEL length: NTo=meull ncoilltimal thickness ill l"",.,n; 
BfAo=balloonfnrtcry ratio. 

3,------------------------------, 

~ ............................. ~ 
r 

023466789101112 
Follow-up (weeks) 

Fig"re Progression of \'essel wall injury between I and 12 
weeks for both stent designs. * P<O'02S lS 4 and 12 weeks 
Wiktor; tP<O·OS rs I week Wiktor; **P<O'OI \'s 12 weeks 
PalnlRz-Sclmtz. Linear regression showed a significant progres
sion of ressel injury score between I and 12 weeks (P=O'0004) as 
well as a difference in \'esse! injury score between both stent 
designs (P=O'OOI3). O=Wiklor; A =Palmaz-Sehatz. 

stents. Although the increase in the vessel injury score 
betwecn I and 4 weeks in the Palmaz-Schatz stents 
showed only a trend. the progress of the vessel injury 
score between I and 12 weeks was significant in this 
analysis (P=O'0004) (Fig. I). In both stent designs linear 
regression analysis revealed a continued difference in 

vessel wall injury at follow-up (P=O'OOJ3) (Fig. I). The 
slope of increase in the vessel injury score over lime was 
not significantly dillerent (P=O'62) between thc steut 
types. 

After balloon angioplasty. vessel wall damage 
was very mild. expressing itself at follow-up as 
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fragmentation of the internal clastie lamina accom
panied by an increllse in medial thickness. There was no 
increase in injury from 110 12 weeks (Table 1(b)). 

Injfuf}1I1mtvry respOIl,\'e 

Table 2(a) shows the inllammalion score for both stem 
groups. Extensive inflammation was not observed in 
either group, wilh mosl scores being < [. The balloon 
lIngioplasty vessels showed 11 very mild inflammatory 
reaction at :2 weeks, but at 12 weeks the inllammatory 
response WilS absent in all vessels studied. 

lHorphOll1etry 

Mean neoil11im<l1 thickening at the stell I wires in the 
Wiktor sten! groups increased from 61 ± IU pm at 
I week to [51 ± 50 ~ml at 4 weeks and )05 ± 155 )Im at 
J2 weeks (P<O·025). in Palmaz-Schatz stented wronary 
arteries, the ncointimal thickening also increased signili
cantly from 61 ± 35 ~m at I week to 103 ± 3 ~m at 4 and 
198 ± 54 ~m al 12 weeks rcspectively (Table 2(a)). 

Table 2(b) shows tllat neointimal thickening at 
2 weeks aftcr balloon ungioplasty was limited 
CD ± 24 ~lm) llllt! significantly Jess than after stent 
implantation. There was no progression of nco intimal 
thickening, bet ween 2 and 12 weeks. 

Corre/alion belll'eell iJU'uI'Y and neoil/lima! 
l'espOllse 

Tile correlation bctween vessel injury score and the 
neointimal thkkening was poor in each of the stent 
groups (Fig. 2). The correlations for all Wiklor stents 
together (y= 155x - 29. r=0'69, P=O-OOI) and all 
Palmaz-Schatz stents together (y=86x+47, r=0·36. 
P=O·14) were not significantly ditrerent from each other. 
To increase thc power of the analysis. all dalH were 
pooled. Even then corrclation between vessel injury 
score and neointimal thickening rcmained weak (Fig. 3; 
y=\o7x+17, r=0·49. P=0·002). 

Discussion 

Backgrollnd alU! purpose (?l suu6' 

Tile use of stents is increasing exponentially worldwide. 
However. concerns remain as regards thrombogenicity 
and vessel wall tissue response to the sten!. Tissue 
response and thrombosis have been strongly related to 
acute vessel wall damage during the procedure!I-I.17.1'!.~('!. 
Stent injury in the porcine model has therefore been used 
10 study restenosis[27 JII. Schwartz I!I a{.II-1I. by over
sizing the stellt (Wiktor HI 4 weeks) and thereby creating 
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deep arterial injury. showed a strong correlation 
between vessel injury score and neointimal thickening. 

Rogers ('{ u{.II')1 were able to rcduce vessel wall 
injury and neointimal thickening after stenting by 
modifying the geometric conligmalion of the sten!. 
However. their data derive from peripheral rabbit 
arteries and arc also limitcd \0 one lime point al 14 days. 
Colombo d a/. have emphasized the importance of 
correct sizing of the :itent using high-pressure inllatioll 
guided by intravascular ultrasollndl-'~I. Applying these 
rules of stent deployment, ScrruY:i ('I al. observed no 
subacute thrombosis and a restenosis rate of only 6'X, 
al 6 months aftcr implantation of a heparin coated 
Palmaz-Schatz stent in 50 patients or the Benestent " 
pilot trialP.lJ. 

We investigated the vcssel injury score concepl in 
two ditrerent stent designs. at various time points and 
without delibenttely crcating deep arterial damage 
(mean balloon/artery ratio: U·9-1·1). The data were 
compared with a control group that underwent balloon 
angioplasty alone. 

l\Iaill findings 

The major finding orthe present study is that in properly 
sized stell Is. but 1101 "ncr balloon lIngioplasiy alone. 
vesscl wall injury increases over timc. Although neo
intimal thickening increases concurrently. no strong 
corrclation could be found betwecn vcsscl injury score 
and neointimal thickening. In all stent groups the 
inllammatory response was vcry mild. However, in 
contrast to the balloon angioplasty group, inflammation 
was still visible after 11 weeks and may have intluenced 
the progression of vessel injury score over time. 

Acute \'s chronic injury 

Acute vessel wall damage is caused during the interven
tional procedure. If this dumage is predominantly 
caused by strctching of the vessel wall. thcn this damage 
is comparable in balloon angioplasty and slenting (with 
a balloOiHxpandable stent), exccpt for thc profllc of the 
stent on the outcr surface of the balloon. For the 
Palmaz-Sclmtz sten! this implies an extra pro/lle of 2 
tillles 64 pm (128 ~lm), and for the WiklOr stent 1: times 
127 ~11ll (254 ~Ill). In stenting a 3·0 mm coronary artery 
with a 3·0 mm stent-mounted balloon. this would mean 
at 4 or Sox. increase in diameter, respectively. However. 
in ollr data this increusc in proIHe was not accompanied 
by a proportional increasc in dumagc within the 
given ranges of balloon/artery rutios of 0·9 to 1·1 
( ± 8%). Stellt strut geometry (round \'s rectangular) is 
an additional factor which may modify vcssel wall injury 
cuused during stretching[l<JJ. We found a signifi
cant lower mean vessel injury score in the Palmaz
Schatz stellt compared to the Wiktor stent at I week 
('allow-up. which might represent lower acute damage at 
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Fi/:///'{' 2 (a) Correlation between mean H'sscl injury score and mean 
neoinlimai thickness per indh-idual Wiktor stent at I, 4 and t2 weeks 
follow-till. No significant correlation can be found in either group. (b) 
Correlation between mean wssel injury and mean Ilcoinlimal thickness 
per Indh-idual PallllllZ-Schatz (PS) stcnt at t, 4 and 12 weeks. No 
significant correlation can be found in either group. 

implaut. Further studies assessing damuge directly after 
implantation might elucidate this rurther. 

Chronic danmge was defined as vessel wall 
damage occurring during follow-up. The prescnt data 
show a significant increase in damage. as assessed by the 
vessel injury score. between I and 12 weeks post-stcnLing 
(P=O·0097). This was probably caused by thc continued 
presence or the sten!s. as chronic damage was not 
observed after balloon angioplasty alone. Unfortu
nately. it was not possiblc to use the same injury scoring 
systcm in stented and ballooned arteries. However. wc 

reel that the large difference in outcome in this study 
allows for the abovc conclusion. 

Possih/c implicaliolls (?f" c/i/"Ollic b~illl'.1' 

In this study. the progressive damage caused by the stent 
in the first weeks after stenling may act as a direct 
stimulus ror smoolh muscle cell prolifcration through 
the release or several growth factors and chemotactic 
agents from the damaged cells!~~ ,'71, However. the 
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Figlll'e J Correlation between mean \'essel injury score and mean 
ncoilltimal thickness plotted for both stellts in all pigs. (y= 107x+ 17, 
,=0'49, P=0·002). 

resultant neointimal thickening is probably 1101 inftu
. enced by damage alone liS no strong correlation was 
evident between vessel injury score .. \l1d neointimal thick
ening in the present study. OUf data indicate that the 
largest increase in vessel injury score occurs between I 
and 4 weeks. while the largest increase in ncointillllli 
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 neointimul thickenings (151 ~lIn for Wiktor 
and 103 ~lIn for Pahnaz-Schatz, both at 4 weeks). These 
values, however, arc comparable to other studies by our 
group[2US!. It is unlikely that an increase in the number 
of experiments in this study will result in a better 
correlation, as pooling all the data did not show a betler 
correlation (Fig. J). Therefore, in the present study. 
damage is probably only one of the contributing factors 
to the resultant ncointimal thickening. The study by 
Schwartz ef al. indicated that damage played a more 
important role than in ours, but this does not contradict 
our results. Their model was characterized by immcnse 
acute damage, resulting in neointimal thickncsses of up 
to 1400 jlm. 

Rogers ef al. [1')[ have shown that the ditlcrence in 
geometry or surface characteristics between stents may 
be important in relation to the injury inflicted to the 
vessel wall. Our results show that this effect is most 
pronounced during the first weeks after stenting. 

The role of inflammation 

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

response in the stent groups at J2 weeks may have 
contributed to the progression of vessel wall injury, as 
this was not observed in the group who received balloon 
angioplasty alone. Theoretically, persistent inflamma
tion may have facilitated the increased morphological 
injury by allowing deeper stent strut penetration into the 
vessel wall. resulting in a higher vessel injury score. 
Furthermore. by releasing growth fuctors and cyto
kines, intlamnmtory cclls may also influence neointimal 
thickening and chronic endothelial dysrunctiOlp91• 

Study limitations 

Our first time point of follow-up was chosen at one 
week. We are aware thut this does not represent 
true acute damage at implant. However, histological 
asscssment of acute injury requires removal of stent 
struts from 'freshly' injured vessel wall tissue, which 
may induce more handling damage than removal after 
several days to weeks. After one week, a measurable 
neointima is present. which data could be included in 
this analysis. 

In the Wiktor stent group, no early stent 
thrombosis was seen while six Palmaz-Schatz stents 
thrombozed in the first 48 h post implantation, causing 
the death of the animals. These six Palmaz-Schatz stenls 
were not included in the analysis, because increased 
vessel wall damage could not be found in either of these 
cases and therefore 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, 
hypcrcholesteroiaemic diets or endothelial abrasion 
before stenting do not significantly change the tissue 
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rcsponseP11. Moreover. our model has extensively been 
used in pre-clinical sten! tesLing. 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 up to 
12 weeks after stenting. but not after balloon angio
plas!}' alone. Different stenl designs e!luse di/ferenl de
grees of acute injury and this dillerence persists at longer 
follow-up. 

As (mild) inflammatory response was persistent 
in the sten! groups in contrast to balloon angioplasty. 
this Ill<ty be importHnt in influencing progression of 
vessel wall injury subsequent to mechanical injury 
caused by stenting. in this study. no strong correlation 
between injury score and neoinlimal hyperplasia could 
be demonstmted. 

We gmtcfully thank Johnson & Johnson Inler\'entional S)'stems. 
Warrcn, NY. U.S.A. ,md Medtronic Inc .. Minneilpolis. Minn .. 
U.S.A. for their generous supply of stents. Ms Dineke dt'" Bruyn is 
thanked for prep<Jring the manuscript. 
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Long-Term Endothelial Dysfunction Is More Pronounced After 
Stentillg Than After Balloon Angioplasty in Porcine Coronary Arteries 

HELEEN M.M. VAN BEUSEKOM, PHD,' DEIRDRE M. WHELAN, BSc,' SJOERD H. HOFMA, MD,' 

STEFAN C. KRABBENDAM, BSc,' VlcrOR W.M. VAN HINSBERGH, PHD,'t 

PIETER D. VERDOUW, PHD,' WILLEM J. VAN DER GIESSEN, MD, PHD' 

Rolterdam, Leidell, alld Amslerdam, The Nell/erla/Ills 

Objrclil·es. To compare percutaneous Iransluminal coronary 
angioplasly (PTCA) and stenl Implantation nilh respect to the 
long·term changes they Induce In the newly formed endothelium 
in porcine coronary arteries by studying both morphological and 
function!!1 parameters of Ihe endothelium at 2 weeks and 3 
months after inlen'cntion. 

Background. Problems affecting PTCA or slent implantation 
ha\'c been O\'crcome to a large extent by means of belief tech· 
niques and the 3\'aiiabilHy of new drugs. Lale problems, howe\'cr, 
still exist in thai restenosis affects a large number of patients. 
With an increasing number of patients being treated with stents, 
Ihe problem of in·stent restenosis is of e\'en greater concern, as 
this seems diHicult to treat. A runclional endothelial lining is 
thought to be important in controlling the gronth or the underly· 
ing ,'ascular tissue. We h)'polhesized Ihat the enhanced neointi· 
lIIal hyperplasia obsen"ed after stenling is associated with a more 
pronounced and prolonged endothelial dysfundion. 

Problems affecting percutaneous transluminal coronary angio
plasty (PTCA) or stent implantation such as acute closure, 
stent thrombosis, or bleeding complications due to the strin
gent anticoagulation protocols from 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 patienls 
being treated with stents (up 10 50%), Ihe problem of in-slent 
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Methods, Arteries were analyzed using a dye-exclusion lest and 
planimetry of permeable areas. Thereafter, the arteries were 
processed for light and scanning electron microscopy for assess
ment of morphology and proliferatiw response. 

ReslIlts. Leakage of the endothelium for molecules such as 
E,'ans blue·albumin as well as prolonged endothelial prolireralion 
is obsened as late as 3 months after Ihe inten'enJion, and is more 
pronounced after stenting. Permeability is associated with distinct 
morphologic characteristics: endothelial retraction, the expres
sion of surface folds, and the adhesion of leukocytes. 

COl/elllsions. Stenling especially decreases long-term mscular 
inlegrity with respect to permeability and endothelial prolifera· 
tion, and is associated \\ith distinct morphologic characteristics. 

(J Am Coli CardioI1998;31:1109-17l 
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restenosis is of even greater concern as this seems difficult to 
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 restenosis. PTCA mechanically damages the 
endothelial cells and induces endothelial dysfunction that 
persists for several weeks both in the laboratory animal 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 neointimal hyperplasia 
observed after stenting is associated with a more pronounced 
and prolonged period of endothelial dysfunction. 

The objective of the present study was, therefore, to 
compare PTCA and stent implantation with respect to the 
long-term changes they induce in the newly formed endothe
lium in porcine coronary arteries. We therefore studied both 
morphological (as assessed by general pathology, morphome
try, histochemistry, electron microscopy [EM)) and functional 
parameters of the endothelium (barrier function and prolifer
ative status). 
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Abbr~\lat1ons and Acron)lTIs 

BrdU '" brornodcmy uridinc 
EB '" Evans bluc 
EM = electron miclOscopy 
LM = light microscopy 
NI = ncointimal thickening 
PTCA = percutaneous transluminal coronary angioplasty 

Methods 
Animal carc. 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 mglkg) and 
after endotracheal intubation, the pigs were connected to a 
ventilator that administered a mixture of oxygen and nitrous 
oxide (1:2 [vol/vol)). Anesthesia was maintained with 0.5-
2.5 vol% isoflurane. Antibiotic prophylaxis was administered 
by an intramuscular injection of 1,000 mg of a mixture of 
procaine pcnicillin-O and benzathine penicillin-a. 

Under sterile conditions, an arteriotomy of the left carotid 
artery was performed and a 9-P introduction sheath was 
placed. Then 10,000 IU heparin sodium were administered 
followed by left coronary angiography using the nonionic 
contrast agent iopamidol (Iopamiro 370) after intracoronary 
administration of 1 mg isosorbide dinitrate. 

Coronary inlen·entlons. From the angiograms (analyzed 
on-line using a quantitative coronary angiography analysis 
system), arterial segments of 2.5-3.5 mm in diameter were 
selected in the left anterior descending and/or left circumflex 
coronary arteries. Typically, balloon sizes were chosen 
0.2-0.5 mm larger than the recipient artery. The stents (PS 
153, Palmaz-Schatl Coronary Stent; JJIS, and \viktor stent; 
Medlronic) 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 guiding catheter and the introducer sheath were 
removed, the arteriotomy was repaired, and the skin was 

Table 1. Study Groups 

Group Intervention Follow.up 

Palmaz·Schatz stent 4 wceks 
Palmaz-Schatz stent 12 weeks 

JA Wiklor stent 2 weeks 
3B PTCA 2 weeks 
4A \Viktor stent 12 weeks 
4. PTCA 12 weeks 

n = number of arterics. 

10 
10 

9 
5 
5 

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

Experimental groups and follow-up. Interventions were 
performed in four groups of animals, as shown in Table 1. In 
groups 1 and 2 (a subset of animals from a previously published 
study IlO]) 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., to which extent the barrier 
function of the endolheliallining was impaired, and 2) whether 
this "window" of permeability changed in time. In groups 3 and 
4, both ?TCA and stent implantation were performed in each 
animal. These animals were followed for 2 and 12 weeks to 
assess the morphologic determinants correlating with the 
impaired barrier both in morphologically immature and rna
lure endothelium, and to study differences between the two 
types of intervention. 

Asscssmenl of cell prolireration. To assess the proliferative 
response to stent implantation and PTCA in comparison with 
control coronary arteries, five animals each in groups 3A, 3B, 
4A, and 4B were given three intramuscular injections of BrdU 
(Sigma Chemical Co.) at 100,50, and 50 mglkg at 8-h intervals, 
starling 24 h before sacrifice, Using light microscopy (LM), the 
lotal number and number of BrdU-positive cells were counted 
for each section in several high-power fields both proximal and 
distal in the treated arteries. The right coronary artery served 
as a control. 

Assessmenl of intimal permeability al follow-up. In this 
lest (Fig. 1, dye-exclusion lest) Evans blue (EB) (Sigma 
Chemical Co.) was used in two configurations (12,13). 

EB-alblllllill. To subject the arteries to the large molecular 
marker (70 kD). 300 mL of EB in saline (0.3% [wt/vol]) was 
administered intravenously, to allow for EB binding to albu
min, The infusion was given for 30 min, and then 1 h was 
allowed for recirculation of the EB-albumin complex. 

Billdillg co",rol. During and after the EB infusion, arterial 
blood samples were taken, proteins precipitated with tri
chlaric acid (final concentration 20%), and then spun down 10 

check the supernatant for unbound dye. 
EB-salillf!. To subject the arteries to Ihe small molecular 

marker (1 kD). 300 mL of EB in saline (0.3% !wt/vol]) was 
administered directly into the coronary circulation after a 
saline flush. After completion of the EB infusions, the coro
nar), arteries were flushed with approximately 300 mL saline 

Molecular Weight Study Objccliw 

I and 10 kD Window of permeability 
I and 70 kD Window of penncability 
70 kD Morphologic detcrminants 
10 kD Morphologic determinants 
70 kD Morphologic determinants 
70 kD Morphologic dctcrminaots 
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"No permeability" , 

EdOlhQ 

"Permeability" 

~ ..... 

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

Macroscopic 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 film and used for planimet
ric analysis of the permeable areas, Thereafter, both proximal 
and distal areas of Ihe specimen were divided for EM and LM, 

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

Histochemistry. Lectill- and immwlOcytocilemisilY. This 
was performed to confirm the identity of the endothelium and 
smooth muscle cells as described before (14). 

Detection of BrdU incorporatioll. After acid DNA denatur
ation and elimination of endogenous tissue peroxidase activity, 
rehydrated paraffin sections were exposed to mouse anti-BrdU 
antibody (Becton Dickinson & Co.), dilution 1:80, to detect 
BrdU-positive cells. As a second antibody, HRP-Iabeled rabbit 
anti-mouse antibody (DakopaUs) was used, with 670 /-tglml 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 

spontaneous binding of 
Evans Blue 10 albumin in 
plasma 

o Evon 
1 

~~ \J'J 

.. ,: 0 ~V~,:BilJe ] ," " 

'.~'---

': -' .:.' _ Trons- or para·cellulor 
. transport pathways 
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Figure I. EB can be administered both intravenously and intracoro· 
nadly, Intravenous administration results in the spontaneous binding 
of Ell to albumin, and subjection of the arterial wall to the 70·kD large 
complex. Inlracoronary administration after a saline flush to remove 
serum proteins results in subjection of the arterial wall to the smaller 
l-kD molecule. Blue staining of Ihe 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 the 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 associated 
with an intimal and/or medial thickening (15), 

Scanning and transmission EIVI. To study endothelial mor
phology (scanning EM) and to assess endothelial cell·cell 
contact (transmission EM), selected tissues were fixed with 
2.5% glutaraldehyde in 0.15 M cacodylate buffer, postfixed 
with 0,1 M cacodylate buffer containing 1 % OS04 and 50 mM 
ferricyanide (K){Fe{CN}6)), and further processed as de
scribed before (18), Specimens were examined in a JSM25 
scanning electron microscope (Jeol Ltd.) and a CMlOO trans
mission microscope (Philips), 

Statistical analysis. Analysis 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 Balloon Diameter allhe Site of Intervention 

GIOUp p" Balloon Ratio Post F, 

1 (11 = 10) 3.05 ± 0.28 2.98 ± OJS 0.95 ± om 3.06 ± OJ3 2.37 ± 0.39 
2(n=lO) 3.11 ± 0.21 3.03 ± OJO 0.97 ± 0.06 3.02 ± 0.17 3.12 ± 0.27 
3A(n=9) 2.87 ± 0.27 3.02 ± 0,41 1.02 ± 0.09 2.74 ± 0.29 2.65 ± 0.28 
38(11=9) 2.95 ± 0.31 2.85 :!; 0.32 0.95 ± Il.D5 2.66 ± 0.3-4 2.79 ± 0,48 
4A(n=5) 2.61 ± 0.46 2.92 ± 0.39 1.0..0;; ± O.{16 2.67 ± 030 2$0 ± 0.25 
48(n = 5) 258 ± 0.25 2.65 ± 0.42 J.{}4 ± 0.06 2.28 ± 0.28 108 ± 0.42 

Data arc in mm and given as mean:!: SD. Prc, Post, Fu; mean coronary lumen diameter ,11 the 5itc of intervention heforc, t1ircctly after, and at follow.up, 
rcspcclr.'tly. Balloon: mean diamc\cr of the ronlrasl filled balloon during maximal ioRalion. Ratio: halinon to arlery ratio. 

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

Results 
Procedural outcome. A lotal of 39 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 
ventricular fibrillation, one died within a few hours after the 
procedure due to stent migration and subsequent stent throm
bosis, one animal due to respiratory problems during recovery 
from anaesthesia, and one animal died at 3 weeks after the 
procedure ex causa ignota (not stent related). The remaining 
34 animals were used for analysis, as summarized in Table 1. 
Quantitative angiographic measurements are shown in Table 
2. Quantitative coronary angiography (OCA) confitmed 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. 

Tlte "window" ofpenlleobility (groups J alld 2). Macroscopy 
(Fig. 2A and B) revealed that both the 1- and 70-kD markers 
were able to stain the vessel wall at 4 as well as at 12 weeks post 
stenting. This indicates that there is a wide window of perme
ability that does not change during the first 3 months. 

The "ex(ent" of penlleability (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. 2A). 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 generally obselVcd over the stent wires, while 
between the stent struts a much lower level of staining was seen 
(Fig. 2B and C). Both the Wiktor stent and the Palmaz-Schatz 
stent. howevcr, 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 obselVed 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 revealed staining albeit less prominently (Fig. 2D). In 
group 4B (12 weeks after PTCA) the pattern was the same but 
the staining intensity was less. 

PlollimetlY. Planimetry of the area permeable to EB at 2 
weeks showed that the percentage was 35.4 ± 19.7% for the 
stented arteries (p < 0,05 vs balloon and control). 10.1 ± 6.8% 
for the PTCA treated arteries, and 2.5 ± 2.2% for the control 
arteries. 

Electron microscopy and the endothelial barrier function. 
Both scanning and transmission EM were performed on 
groups 3 and 4. It confirmed that, in contrast to normal 
endothelium (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 leukocytes and 
platelets. These areas were highly permeable to the EB dye. 
The more diffusely permeable areas were characterized 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 areas with retracted 
cells. 1\velve weeks after the intelVcntions, 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 leukocytes 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 Wiktor stent (group 
4A) and the Palmaz-Schatz stent (group 2) do induce a 
statistically significant larger NI 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 lesion the 
media has thickened. At 4 and 12 weeks (groups 1.2, and 4A) 
the media has thickened between the sten! 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.posilive and 
lolal number of cells were counted in several sections. For each 
artery Ihis amounted to 200-400 endothelial ceJls; 200-400 
(balloon group) and 1500-5500 (sten! group) intimal cells; 
1000-4000 medial and adventitial cells. The percentage of 
BrdU incorporation is summarized in Table 4, and shows that 
at 2 weeks after intervention the sten! (group 3A) induced a 
higher percentage of BrdU incorporation as compared with 
PTCA in all tissue layers (p < 0.05).10 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, 
[nHammatory reactions were limited for groups 1 and 2. In 
group 4A, there were areas where the stent strut lacerated the 
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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 stent, 1 kD, For both molecular weights, 
blue staining is foulld mainly at the stent ellds and in the area of the 
coupler (arrows). C, Group 3A Wiktor sten!. Blue staining is seen 
especially ill the region of the intimal tissue covering the stent struts 
(arrows). D, Group 38, PTCA. Randomly stained areas (arrows) are 
found in the arterial segment treated with PTCA and are more 
apparent and intense in group 38 than 48, 

media, a phenomenon associated with a diffuse inflammatory 
response. At 2 weeks (group 3A), the stenl was embedded in a 
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 
cells) 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 neoinlima, which con
sisted of smooth muscle cells in a collagenous matrix. In these 
areas we observed fragmentation of the Lamina Elastica 
Inlerna (LEI) and significant medial hyperplasia in association 
with incorporation of BrdU (Fig. 4A), These lesions encom
passed approximately 30% of the measured circumference. 
The endothelial covering (as confirmed by lectin histochemis-
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Figure 3. EM of groups 3 and 4. A. Scanning EM of a nonblue area 
showing nonnal endothelium. B, Endothelial cell retraction at 2 weeks 
after stenting as illustrated by scanning EM, shows fingerlike projec
tions between adjacent endothelial cells (arrowhead). Some have 
broken during criticaI point drying (asterisk). C, Transmission EM at 
2 weeks after slenting shows loose junctions (arrow) between adjacent 
endothelial cells. D. AI12 weeks after slenling, transmission EM shows 
lighljunctions (arrow). E, The permeable areas in the endothelium at 
12 weeks after slenting are characterized by surface folds as observed 
with transmission EM (arrow). N = nucleus. 

try) was incomplete and had a variable morphology. At 12 
weeks after PTCA (group 4B), there was still a limited amount 
of intimal hyperplasia. Mthough the media was still thickened 
in these areas and the lesions still encompassed approximately 
30% of the measured circumference, there was no incorpora
tion of BrdU, nor a clear fragmentation of the LEI. On the 
contrary, we often obseJVed an additional internal elastic mem-

brane under the newly fonned endothelium (Fig. 4B). TIle 
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 

NI Underneatb PTCA lesion Bet""een Stell! Struts or 
Group Stell! or PTCA Lesion or Stell! Struts PTCA lesionINonlesion 

1 (stellt) 259 ± I04,J.o.3<>,4O 99 ± 22 181 ± 2S.' a.JM. 

2 (stent) 192.1 ± 63J'3b.4b 109.8 ± 21.6 184.3 ± 16.3,hT lb.4b 

3A (stelll) 114 ± 6(} 71 ± 40 122 ± 26 
38 (PTCA) 33 ± II 221:!: 77,1,2,3>,4' 119 ± 15 
4A (stellt) 3OS:t 155'J~4o 73 ±29 182 ± 29'Ja.Jb.4b 

4B (PTCA) J9.± 12 181 ± 53·1.J~4' 128 ± 33 

'p < 0.05 vsgroup .. " ANOVA.Tukey test. Data are in IJ.ffi and gil'enas mean ± SD. The Nfwas measured on top 
of the stell! struts and oompared with the NI in the PTCA lesion. Media thickness was measured underneath and between 
the sten! struts and compared Vlith the media thickness in the PICA lesion and nonlesion area. 

sis after slenling is the result of tissue growth alone. With 
increasing numbers of patients being treated with stents (up to 
50%), the problem of in-sten! restenosis is becoming more and 
morc 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 angiopJasty procedures 
(8,18). The aim of o.ur 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 our study is that both PTCA and stent 
implantation result in an impairment of the vascular barrier 
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 charac
terized by specific endothelial morphologic correlates: in the 
early 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 leukocytes, Both phenomena were also observed 
in slented human vein grafts (19). 

Transport roules across the endolhellalllning. The extrav
asation of (macro)molecules, such as EB bound to albumin, 

proceeds mainly by two routes, One is through diffusion via the 
cellular junctions, i.e" paracellular exchange (20,21), and the 
other is by vesicle-mediated transport, j,e" transcellular trans
porI (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 to the 
extracellular matrix (25,26). Vasoactive agents and thrombin 
can a[ect 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, 
paracellular permeability can also be enhanced by the lingering 
proliferative response of the endothelium itself. Cell retraction 
associated with cell mitosis causes paracellular gaps in arterial 
endothelial cells in vivo (29). Because cell division is found 
until at least 3 months after intervention, particularly in areas 
overlying stent struts, it may contribute to the observed leakage 
of EB·albumin complex. Both endothelial barrier function and 
proliferation are under control of the extracellular matrix, 
Remodeling of the extracellular matrix by proteases can re-

Table 4. Assessment of Cell Proliferation (% BrdU·Positive Cells) 

Group (n) EC NI M ADV 

Control (n = 6) 0.4.± 0.1 Nonexistent 0.9.± 0.1 1.07 ± 0.1 
JA(n = 6) 22.2.± 7.5* 18.8.± 2.71 6.5.± 1.2* 7.9.± 2.11 
38: lesion area (n "" 5) 5.± 3.8 6.14:!: 8.2 2.66 ± 2.62 3.98 ± 4.41 
38: non,lesion area (n = 6) 2.64 ± 2.65 Nonexistent 0.86.± 0.43 0.98 ± 0.78 
4A(n=5) 3.5.± 1.1 2.7 ± 1.I 1.6 ± I 2.3.± U 
48: lesion area (n = 4) 1.3 ± 1.5 1.2 ±0.91 Jj ± 0.67 0.75 ± 0.76 
48: non,lesion area (n = 5) OJ ± 0.6 Nonexistent 0.99.± 0,91 0.64 ± 0.54 

EC - endothelial cells; M - media; AllY - adventitia. Ip < 0.05 vs. all groups, ANOYA-student neuman keuls test. 
Data are mean .± SEM. 
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Figure 4. LM. A, Group 3D. AI 2 weeks after PTCA, focal lesions can 
be found with DrdU incorporation (arrow), especially underneath the 
endothelial lining but also elsewhere in the intima (I) and media (m). 
HRP·DAB with hematoxylin counterstain. Bar = 50 pm. H, Group 48. 
AI 12 weeks after PTeA, there is still a limited NI, sometimes with an 
additional elastic membrane underneath the endothelium (arrow). 
Resorcin-Fuchsin, i = 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 YEGF (31), a growth factor that is 
induced in injured arteries (32,3,3). Further studies have to 
elucidate whether and for how long VEGF is induced in 
stented coronary arteries. 

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

Figure 5. Macroscopy c·AMP-treated arteries. Macroscopy of the 
coronary arteries at 2 weeks after implantation of a Wiktor sten!. 
While a "control" artery (A) was not exposed to db·c-AMP, but only to 
ED, the c-AMP-treated artery was first exposed to I mM db·c-AMP 
and then to EB with a molecular .... 'eight of 1 kD (D), showing an 
improvement especially in the areas bem'een the 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 ED·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 
area designated as the lesion area containing intimal hyperpla
sia. Clearly these are areas where the endothelium is attached 
to a changed basement -membrane or extracellular matrix. In 
the stented segments, the intima covering the stent struts 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 all of the 
stcnt wires throughout the whole sten!, the Palmaz-Schatz 
sten! 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-Schatz stent, and as 
permeability seems to occur in areas where theoretically 
movement between the tissue and the stenl struts may occur, 
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this may be a factor influencing the chronic vascular irritation 
by the slents. From the literature it is known that mechanical 
instability of healing bone fractures, for instance, alfects the 
composition of the extracellular matrix with respect to the level 
of sulfate incorporation in the gtycosaminoglycans (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 integrity with respect to perme
ability. Leakage is observed with molecules such as EB and 
ED-albumin complex, and is associated with prolonged endo
thelial proliferation and distinct morphologic characteristics 
such as endothelial retraction, the expression of surface folds, 
and the adhesion of leukocytes. 

The authors wish to thank Robert H. van Ilremen for his technic-al assistance and 
10hnson & Johnson Intm'entional and Medlronic Inc. for supplying the stents. 
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ABSTRACT, 
Background: From studies of implants in general, it is known that compliance mismatch 
between the implant and the surrounding tissue is an impOliant factor in the resultant degree 
of tissue response. \Ve therefore sought to dctcnllillC 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) stents, were perfonned under guidance of 
quantitative coronary angiography (QCA). Stents were implanted into the femoral arteries of 
both nonnolipemic and atherosclerotic Yucatan micropigs. After a follow-up period of 6 
weeks, repeat QCA was perfonned, after which the animals were sacrificed, and the vessels 
processed with stent in sihl for histology and morphometry. 
Results: In the nonnoiipemic model all animals slUvived 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 SC 
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 
nonnolipemic nor the atherosclerotic animal models. However when the two models were 
compared there were significant differences in neointimal area, and neointimal and medial 
thickness. In addition, the vessel wall response showed greater inflammation and frequency 
of dissections in the atherosclerotic model compared to the n0l111olipemic model. 
Conclusion: Stent compliance does not affect the degree ofneointimal thickening at 6 weeks 
in nomlolipemic and atherosclerotic porcine femoral 8lieries. 
Key words: stent, compliance, atherosclerotic, intima 

Introduction 
Vascular stenting has significantly 

improved patient prognosis compared to 
balloon angioplasty alone. However, stent 
perfonnance must be further improved if 
CUlTent restenosis rates are to be reduced 
and the use ofstents is to be widened to also 
treat 1110re unfavorable types of lesions. 

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

stent design3,4 can influence the neointimal 
response. However there is a paucity of 
infollllation relating to how the mechanical 
properties of stents can be improved, since 
it is unclear which mechanical properties 
contribute to the resultant degree of 
neointimal thickening post stenting. 

Mechanical properties of stents 
include compliance, hoop strength, 
longitudinal flexibility and radial force. 
While the tenns are all inter·related, they 
each essentially refer to separate mechanical 
propeliies 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 stenl (left) with detail (right) of a crosslink. 

when an extemal 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 extemal force needed to plastically 
defonn 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 exerts on the vessel 
wall. 

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 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 
sihlations, compliance mismatch promotes 
intimal hyperplasiaS. If such a hypothesis is 
also tme for arterial stenting, then improved 
matching of the compliance ofthe stent with 
that of the vessel (i.e. 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 ,vith 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 stent containing 
multiple crosslinks (rigid). By using stents 
that differed only in their number of 
crosslinks, but were othenvise identical, we 
shldied the effect of stent compliance on 

neointimal thickening in a non-oversized, 
nonnolipemic porcine model. To see 
whether tItis response differed between 
healthy arteries and the more clittically 
relevant diseased atherosclerotic arteries, 
experiments were also perfonned 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 Stellt. 
The stent lIsed in the current study 

was the stainless steel Cordis Perflex stent 
(Figure I). The Perflex stent was produced 
in two fonns 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). 

Ill-vitro measurement of compliance. 
Measurement of both arterial and 

stent compliance was perfonned in 
phantoms and explanted femoral arteries, 
with all measurements being perfonned in 
triplicate. The apparatus used for in-vitro 
measurements of stent compliance is 
illustrated in Figure 2A and consisted of an 
isolated vessel suspended in a pressure 
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Figure 2A. Apparatus for ilH'itro measurement of slenl and vessel compliance. 

I'igurc 2n. 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 
intemal diameter of the arteries was first 
measured by varying the internal pressure in 
the artery from 80-140mmHg at incremental 
changes of lOmmHglmcasurement. For 
measurement of stent compliance, stent and 
artcry diameter were matched from vessel 
diameter measurements when the internal 
pressure was 801lll11Hg (representative of in
vivo mean arterial pressure). The 
appropriately sized stent was chosen and 
implanted under guidance of IVUS. The 
internal pressure of the artery was 
maintained at 80mmHg while the extemal 
pressure was varied from O~200mmHg. For 
measurements of both arterial compliance 
and stent compliance the cross-sectional 
area of each vessel or stent was recorded at 
incremental changes of pressure 
(lOmmHglmeasurement) and documented 
by IVUS, with measurements being 
perfonned in two directions (Figure 2B). 
Compliance (C) was expressed as the 

A 

B 

change in diameter (given as_ a diameter 
ratio Di / Do) with incremental changes in 
external pressure. Di is the stent diameter 
after incremental changes in external 
pressure, while Do is the initial stent 
diameter i.e. the stent diameter at zero 
pressure difference between internal and 
external pressures. 

Animal models. 
Two animal models were used for 

the experiments, (a) a non-injured, 
nonnolipemic Yucatan model and (b) a high 
cholesterol, balloon injured atherosclerotic 
Yucatan model. In the latter, 11 seven~ 

month old Yucatan micropigs (2Skg) were 
started on an atherogenic diet consisting of 
essential nutrients, vitamins, salts, 1.5% 
cholesterol, 17.5% casein, 14% lard and 6% 
peanut oi16. Induction of lesions by balloon 
injury has previously been described7. In 
brief, nyo weeks after initiation of the diet, 
Fogarty balloon denudation of the femoral 
arteries was perfonned. Under fluroscopic 
guidance 3~4cm segments in the femoral 
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Animal Model Right femoral Left femoral 

N N 

Normal 

SC 6 4 

MC 5 5 

Atherosclerotic 

SC 5 6 

MC 6 5 

Table A. Distribution of SC and Me stenls in femoral arteries in nonnolipemic and atherosclerotic animal 

models.N= number of stenls. SC= single cross-linked stent. MC= multiple cross-linked stent. 

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

Animal care. 
Experiments were performed under 

the regulations of the animal care committee 
of the Erasmus University Rotterdam and in 
accordance with the uGuide 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 animals received 300mg Ascal 
(Carbasalatum calcium, Asta Medica B.V. 
The Netherlauds) p.o. daily. After an 
overnight fast the animals were sedated with 
20mgikg ketamine hydrochloride. 
Anesthesia was induced by Ilmgikg 
thiopental and following endotracheal 
intubation. the pigs were connected to a 
ventilator that administered a mixture of 
oxygen and nitrous oxide (I :2, v/v). 
Anesthesia was maintained with 1-2.5vol % 
isoflurane. Antibiotic prophylaxis was 
administered by an intramuscular injection 
of Imll25kg Streptoprocpen (A.U.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 
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 sodium and 
250mg acetylsalicylic acid were 
administered through the sheath. An 8F 
guiding catheter was advanced to the 
descending aorta. An APTT of at least three 
times baseline was maintained throughout 
the procedure. Angiography was perfomled 
using Omnipaque (Nycomed Ireland Ltd., 
Cork, Ireland) as contrast agent, and 
quantitative angiographic analysis was 
perfornled using the edge-detection method 
(Cardiovascular Measurement System, 
Medis Inc., Nuenen, The Netherlands). 

Stellt 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 (3.5nnn) 
stent were randomly 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 arteriotomy repaired and the 
skin closed in two layers. At the end of the 
procedure, the animals were allowed to 
recover and retumed to the animal care 
facilities where they remained for 6 weeks. 

Follow-lip angiography. 
The anesthesia and catheterization 

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

A1icroscopical examination. 
After angiography at follow-up, a 

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

NfOJphometlY· 
Morphometric analysis of the tissue 

layers was perfonned in the proximal, 
middle and distal stent segment on elastin 
stained sections by tracing the extemal and 
internal elastic laminae and the endothelial 
lining using a microscopy image analysis 
system (lmpak C, Clemex vision Image 
analysis system, Clemex Technologies Inc., 
Quebec, Canada). In the nonnolipemic 
model, the media was defined as the layer 
between the intemal and extemal elastic 
laminae. The area between the endothelial 
lining and the intemal 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 stmts. 

Statistical analysis. 
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Data were analyzed using Jandel 
Sigmastat statistical software, version 2.0 
(Jandel Scientific Corporation, Califomia, 
USA). All data are expressed as mean ± SD 
or as median and range. The angiographic 
data was evaluated using a two way 
repeated measures ANOY A, followed, 
when necessary, by a Tukey test. 
MOlvhometric data was evaluated by a two 
way ANOVA followed by a Tukey test. A p 
value of <0.05 was considered significant. 

Results 

liz-vitro measurement of compliance. 
Assessment of stent compliance was 

limited to that in healthy porcine femoral 
arteries. From multiple jn~vitro 

measurements of compliance (11=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. 

Ill-vivo stent implantation alld procedural 
sllccess. 

Number of animals: A total number 
of 21 SC stents (n01111al IF 1 0, 
atherosclerotic n~ll) and 21 MC stents 
(nannal n=10-, atherosclerotic n=lI) were 
implanted successfully (Table A). In the 
nOllnal model all animals survived the 
follow~up period without stent thrombosis 
or other adverse events. In the 
atherosclerotic model, one animal died of 
nOl1~cardiovascular causes. 

Quantitative aJlgiographic measurements. 
Quantitative angiographic 

measurements are summarized in Table B. 
There were no significant differences in 
mean late loss between the MC and SC 
stents within each animal model 
O.Omlll(range: -0.4 - 1.2mlll) versus -O.lmm 
(range: -0.3 - 0.7mlll), p>0.05 (MC versus 
SC, nonnal lIIodel), and 1.09±0.45mm 
versus 0.97±0.5Innn, p>0.05 (MC versus 
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Figure 3, Changes in stent diameter of the SC and Me stent with changes in extemaI pressure 

Pre Post FU LL N BfA ratio 
(mOl) (mm) (mOl) (mOl) 

Normal 
SC 3.6±1.2 3.9±1.4 3.9±l.t -0.1 (-0.3 - 0.7)' 10 1.2±0.1 
MC 3.8±1.2 4.0±1.4 4.0±l.t 0.0 (-0.4 - 1.2)' 10 1.2±0.1 

Atherosclerotic 
SC 3.6±O.7 4.1±0.5 J.I±0.6 1.O±O.5 9 I.2±O.l 
MC JA±OA 4.l±0.5 3.0±0A 1.t±0.5 10 1.2±0.1 

Table B. QCA results of mean or median luminal diameterofSC and Me stents in normolipemic and 
atherosclerotic animal models. 

No. of Stellts Innammation Dissection 
Neolntima Media Adventitia 

Normal 
SC 10 3 I 3 0 
MC 10 3 I 2 0 

Atherosclerotic 
SC 10 7 5 6 3 
MC 10 8 2 6 6 

Table C. Summary of histological features for SC and Me stents in both animal models. 
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SC, atherosclerotic model). Late loss was 
significantly greater in atherosclerotic 
versus nonnal animals (p<O.05). 

Histology 
Table C summarizes the assessment 

of histological features for both SC and MC 
stents in the two animal models with respect 
to inflanmlation and the frequency of 
dissection. 

NornlOlipemic 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 
extracellular matrix (Figure 4). In 6 vessels 
a small localized area of inflanmmtion 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 6 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 
mptures, 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. 

Stellt implantation apparently 
enlarged the artery lumen, due to both 
stretching of the media and plaque, and also 
through tearing of both plaque and nonnal 
media (Figure 5). The luminal surface was 
completely endothelialized. Fragmentation 
of the internal elastic lamina was observed 
in all arteries. An asymmetrical neointima 
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consisted of fibrotic tissue containing 
thrombus remnants. Inflammatory cells 
were observed in the NI of 15 arteries, in 
the media of 7 arteries and adventitia of 12 
arteries. Foam cells were interspersed 
throughout the neointima and in the borderM 
zone between stent and neointimal tissue in 
19 arteries, and calcium deposits in 13 
arteries. Dissections were noted in 9 
arteries, while areas of neovascularization 
were foulld in 12 arteries. 

Nonnolipemic versus atherosclerotic model 
Within each model there was little 

difference in the overall degree of 
inflammation 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 
nonnal model. Within the atherosclerotic 
model, dissections were seen in 6MC and 
3SC stents (P=ns), while no dissections 
were observed in the nonnolipemic model. 

MOIphometlY 
NonnoJipemic model 

In the nonnolipemic model, 
neointimal area (SC: 1.68±1.471mn', MC 
l.32±O.98nun'), together with lumen and 
medial areas showed no significant 
differences between the two stents (p>O.05) 
(Table D). Neointimal thickness at (SC: 
O.24±O.12mm, MC: O.19±O.04mm) and 
between the stent struts (SC: O.ll±O.ll mm, 
MC: O.08±O.05mm), together with medial 
thickness under and between the stent were 
also not significantly different when both 
stents were compared (p>O.05). 

Atherosclerotic model 
In the atherosclerotic model, 

neointimal area (SC: 4.44±1.48mm', MC: 
4.36± 1.16mm'), lumen, plaque and medial 
areas showed no significant differences 
between the two stents (p>O.05). Neointimal 
thickness at (SC: O.65±O.19mm, MC: 
O.65±O.17mm) and between the stent struts 
(SC: 0.49±O.I 9mm, MC: 0.48±O.17nnn), 
together with plaque thickness at the stent 
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Figure 4: Overview (left) of a stented porcine femoral artery from the nomlOlipcmic group at 6 weeks, 
with detail (right) showing a minimal neointimal response to the slent. (Resorcin Fuchsin.) 

Figure 5: Overview (left) of a slcnted porcine femoral artery from the atherosclerotic group at 6 weeks, 
showing an asynmlctric neointimal thickening. Detail (right) showing the stenl embedded in a thick 
neoilltima containing foam cells, calcified spots, nco-vessels ails inflammatory cells. (Haematoxylill
Eosin,) 



Lumen NI-area Plaque Media NI Plaque Media NI Plaque Media 
area (mm') area area thickness thickness thickness between between between 

(mm') (mm') (mm') at stent at stent under stent stent stent 
struts struts stent struts struts struts 
(mm) (mm) struts (mm) (mm) (mm) 

(mm) 
Normal 

se 8.74±7.94 1.68±1.47 NA 1.72±1.34 O.24±O.12 NA O.08±O.04 O.Il±O.1l NA O.IS±O.OS , 

Me 8.74±S.77 I.32±O.98 NA 1.36±O.82 O.I9±O.04 NA O.06±O.02 O.08±O.OS NA O.13±O.O2 , 
Atherosclerotic 

se 4.09±I.S8 4.44±1.48 1.80±1.01 2.14±O.62 O.6S±O.19 O.IO±O.07 O.IS±O.O 0.49±O.19 O.l8±O.09 O.20±O.OS , 
3 

Me 4.01±O.94 4.36±1.61 1.82±O.SO 1.91±0.360.6S±O.17 O.O9±O.O4 O. !3±O.O 0.48±O.17 O.20±O.OS O.I7±O.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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stmts and medial thickness under and 
between the stent were also not 
significantly different when both stents 
were compared (1'>0.05). 

Nonnolipemic 
model. 

versus atherosclerotic 

When morphometric parameters 
for each stent type were compared 
between the animal models, both stent 
types showed a 2-3 times greater 
neoilltimal area in the atherosclerotic 
model compared to the llonnolipemic 
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 (1'<0.05) i.e. 
ncointimal thickness at the stent was 2.5-
3.5 (SC, MC) times greater in the 
atherosclerotic model then in the 
nonnolipmeic model. Similarly, 
neointimal 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 (SC, MC) in 
the atherosclerotic model than in the 
nonnolipemic model. 

Discussion 

Objective and main findings 
From studies of vascular grafts, 

compliance mismatch has been reported as 
a cause of graft faiJure9,1O. Indeed, better 
matching of the elastic propeliies of grafts 
and vessels has been shown to improve 
graft perfonnancell . Given such evidence, 
we sought to detennine if such a theory 
also holds tme for vascular stenting. \Ve 
examined the effect of stent compliance on 
vessel wall reaction both in nonnolipemic 
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 two models 
were compared there were significant 

Stellt Compliance And Neointimal Thickening 

differences in neointimal area, and 
neointimal and medial thickness, at, under 
and between the stents (1'<0.05). In 
addition, the vessel wall response showed 
greater inflammation and fi:equency of 
dissections in the atherosclerotic model 
compared to the nomlOlipemic model. 

QCA I'eslliis 
QCA results showed no significant 

difference in late loss between the SC and 
MC stent in the nonnolipemic 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 nonnolipemic model and this was due 
to an increased neointimal response in the 
atherosclerotic model. 

Comparison of the two animal models 
Our study was perfonned in both 

nOlTIlOlipemic 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 to the 
stents was different (Table C). In an 
atherosclerotic model, implanted stents 
come to rest all 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 to 'the nonnolipemic 
model. In this model, the MC stent also 
induced more dissections than the SC stent 
(Me 6; SC 3), but no dissections were 
observed for both stents ill the 
nonnolipemic model. It may be that the 
less compliant Me stent is easier able to 
mphlre a foam cell, Iipid~rich porcine 
atherosclerotic lesion, than the same stent 
implanted in a healthy porcine vessel. 

Differences in the vessel wall 
reaction between the two animal models 
illustrate the merits of both models. 
Testing of stents in healthy arteries can be 
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NOll-mechanical Mechanical 

Charge Radial force 

Topography Hoop strength 

Stent design Longitudinal flexibility 

Metal:artery ratio Compliance 

Type of metal used 

Table E. Non-mechanical and mechanical characteristics of 

stents. 

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

Mechanical steJl{ 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 
thickeningl-4 , studies of mechanical stent 
properties are incomplete or inconclusive. 

A study by Vonverk et aP2 showed 
no differences in neoilltimal 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 stents 
with lower radial expansile force 13. 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 lleointimal 
thickening (although the teml compliance 
was substituted with the tenns stent 
rigidity and flexibility). A study by Barth 14 

found that flexible stents induced the 
greatest neoilltimal response. However, 
the results of this study, with respect to the 
neointimal thickness due to stent 
compliance alone, are difficult to interpret, 
given the confounding effects of stent 
design, type of metal used, surface to area 
ratio etc. on the resultant neointimal 
response. In a study by Fontaine et ails, 
the authors perfonned their study in an 
oversized 3liery model. The main problem 
with this study was that directly post 
stenting there was a significant difference 
in stent lumen, which taken together with 
the heterogeneity of a neointima induced 
through oversize injury, makes it difficult 
to assess the contribution of stent 
comp1iance alone to the resultant 
neointimal response. To look exclusively 
therefore at the effect of compliance, we 
chose two stents which, except for 
differences in their number of crosslinks 
(and thus their compliance), were identical 
and carried out the experiments 
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"Figure 6. Changes in steIlt diameter with increasing exlemal pressure. Perflex SC and Me stents 
compared to other stent types. (Values for other slen! types calculated from Figure 5, Keane et a1 16), 

in non-oversized nOlTIlOlipem.ic and 
atherosclerotic animal models. 

Comparison with other stenis 
It is known both from animal 

studies and patient stent trials, that the 
subsequent degree of intimal thickening 
which develops post stenting varies 
belween Ihe differenl stents used. While 
there is little data available documenting 
the compliance of stcnts, a study in 1995 
by Keane et aflG 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), Pahnaz
Schatz (PS, old), Wiktor, ACS, Oianturco
Rubin (OR), Cross flex, and the Wallstent 
being the most compliant. For comparative 

pUlposes, 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, OR), intemlCdiate
corilpliant 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 complian1 SC stent may be 
suitable for lesions in flexing arteries or 
arteries subject to extensive motioll, 
whereas given the reduced vessel 
compliance when hard, calcified plaque is 
present, the lesser-compliant Me stent 
may be more suitable. 

Figure 6 shows clear differences in 
compliance between the Wallstent, 
Pahnaz-Schatz and Wiktor stent. However, 
in 1994 a comparison ofthese three stents 
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in the clinical situation showed that at 6~ 
month follow-up, angiographic results for 
all 3 stents were comparablel7 . 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 19. 

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 - I year 
follow-up) between Ihe 5 stents studied IS. 
However, given that no data is available 
on the compliance of these stents, and 
taking the results of the NIRVANA trial 
into consideration, it is more likely that 
differences in neointimal responses 
induced by the different stents arc more 
probably attributable to stent design than 
stent mechanics3. 

Where stent mechanics might be 
important however, is in the incidence of 
medial mpture 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 to 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 nonnolipemic 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 

Deptlrtment of Cardiology, TJIOrt1xcenfer, ErasmJls liniversify Rotterdam and [IJfmllliversily Cardiology Instill/Ie of the 
Nefherlmtds (ICIN), Utrecht, The Netherhll1ds 

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

Key words: stent, drug, release kinetics, coatings 

Introduction 

Systemic administration of anti~thrombotic, anti
restenotic or anti-inIlanmlatory drugs following stent 
implantation is associated with two main problems. 
FirsHy, if therapeutic levels of the drug are to be 
achieved at the site of the stenl, 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 neulrophils etc., it may be advantageous 10 
have rapid release of the drug, i.e. dose dumping 

Correspondence: Deirdre M. Whelan. Experimenlal Cardiology, E<,1357, 
Er3smus Univer,i1y Rollerdam.. p.o. Box 1738, 3000 DR Rotlerdam.. The 
Netherlands. (E-mail: whelan@)chJgg_eur.nl). 

[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 time [Fig. l(b)], or slow release 
after an initial lag phase (Fig. l(c)]. may be desirable. 
Alternatively, a combination of slow- and rapid
releasing dnlgs which bridge both the early and later 
phases of wound healing following stent implantation 
may be achieved by combining two dmgs in a single 
coating [Fig. l(d)]. A second consideration is whether a 
non-eluting or eluting stenl is required. While coverage 
of a non-eluting stent with plasma proteins, thrombus 
or tissue may limit the availability of the dmg, 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 ammmt of dmg 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 stenl coating, the amount of 
incorporated dmg is limited by the thickness of the 
applied coating. This may be important, since this alters 
the prome of the stent. Increases in stenl profile may 
enhance neoinlimal formation [1]. 

Methods of drug loading 

Several methods exist by which a stent can be loaded 
with a therapeutic agent. First, the dmg can be absorbed 
into a polymer matrix [Fig. 2(a)]. Absorption refers to 
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Figure 1. Theoretical elution Ulrv€s from a drug-loaded slent. (3) Dose dumping-an inltial rapid elution of drug in a shorl period of time. 
(b) Slower, more controlled release with a lower initial drug elution compared 10 (a), bul elution continues for a 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 codling. One 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 a coating to the stent surface. Alterna
tively, the matrix can be used to manufadure the stent 
itself. i.e. a pure polymer stent. Secondly, the agent can 
be ndsorbed to the stent surface. Adsorption refers to 
the surface layering of the stent with the drug. In both 
nbsorption 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 two 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-L-ladic acid 
[3], polycaproladone (4], cellulose [5]) and non
biodegradable polymers (polyurethane [6, 7]. poly
organophosphazene (S)) 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 Bertrand e/ al. [9] 

Drug adsorption 

While there is a spectrum of drugs that can be bound or 
immobilized to foreign surfaces, e.g urokinase [10], 
prostacydin Ill], 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, surfaces can be divided into 
two categories, i.e. heparin can be immobilized either 
chemically or physically. Chemically-bound heparin can 
be divided into ionically- or covalently-bound heparin. 
Physically-bowd 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 
benzalkonium chloride (BZC), and this charged surface 
was then complexed with heparin. The disadvantage of 
ionicaily bound heparin is the rapid desorption of the 
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(a) 
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Table 1. Examples of the different types of non-covalenl and 
covalent bonds 

• Non-covalent binding e.g. 
Electrostatic bonds-ionic bonds, salt linkage, salt bridge, 

ion pair 
Hydrogen bonds 
Van def Waals forces 

• Covalent binding e.g. 
Sulphur bridges 
C-C bonds 

dnlg 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 BZe thereby requiring high concentrations of 
slent bound heparin to achieve a therapeutic level at the 

(b) site of implant. 

(0) 

Figure 2. (a) Drug t'N) absorbed into a polymer matrix PJ 
applied as a coaling 10 the slenl surface. The drug is released by 
diffusion from the polymer, or by degradation of the polymer. (b) 
Ionic binding of a negatively charged drug t'N) 10 a positively 
charged stenl staface. (c) Drug (\N) end'point allached 10 the slenl 
surface by a covalent bond. 

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-Schalz stent (16). The coating 
applied to the stent consists of fragmented heparin 
molecules that have been end-point covalently coupled 
to a polymer matrix (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 inunobilized heparin and circulating 
antithrombin III. Animal studies have shown that up to 
4 weeks post implant 20-50% of the heparin activity 
remains {161. 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 bOlmd 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 bOlmd 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 e1 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-coaled sten! surface. (Modified from H!rdharruner 
c/ fli. [16]). (A) The metal surface has been conditioned with functional amino groups that can bind covalently with the aldehyde group of 
fragmented heparin molerules. (B) End-point aHached heparin molecules form a heterogeneous population, some without and some with the 
epsilon-shaped antithrombin III (ATj-binding region. (C) Circulating antithrombin can bind to the active site, which catalyses the inhibilion of 
thrombin {Tl. The resultanl inactive thrombin/antithrombin complex (TAn is released into the bloodstream, thereby enabling the active sHe 
on the heparin to repeatedly interad with T and AT. 

locally administering forskolin to the vessel wall and the 
kinetics thereof. Forskolin is a 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 ~lm and forskolin was then incorporated by 
incubating the coated stent in the drug solution. Release 
of the dnlg over a 24-h period was proportional to the 
mass of drug remaining in the polymer matrix, and thus 
can be modeled on a firsi-order or diffusion-limited 
system. 

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 coatings. A recent example of this was 
the study by Lincoff el ai. who demonstrated the 
administration of dexamethasone from a metallic stent 
coated with low- and high-molecular weight poly 
lactic acid [3J. 

It has previously been reported that not only was it 
feasible to administer a single drug to the vessel wall, 
but potentially two drugs could be incorporated into a 
Single coating. In 1997, Schmidmaier el ai. [17] reported 
the development of a polymer stent coating consisting 
of poIY-l-ladic acid containing 5% PEG-Hirudin and 1% 
IIIopros!. !II vitro studies had demonstrated that, up to at 
least 30 days, both drugs were released. PEG-Hirudin 
showed an initial rapid release (random release), while 
the release of I1oprost 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 sten! may allow 
for the incorporation of a larger amount of drug. 
Recently Ye el ai. [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 compmmds from stents and 
their coatings, they can be included in this group.) This 
biodegradable stent is manufactured from poly-I.-lactic 
acidlpolycaproladone, with polyethylene oxide being 
incorporated to improve its hydrophilic character, 
allowing the uptake of recombinant adenovirus, 

Recently, a biodegradable poly lactic acid stent, 
coated with a poly-s-caprolactone coating loaded with 
a tyrosine kinase inhibitor has been described which 
appears to reduce neointimal hyperplasia in a porcine 
model [41. 

Conclusion 

Drug loaded stents in the form of the non-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 andlor poly
mer chemistry will lead to the clinical use of eluting 
stents in the very near future, 
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Biocompatibility of Phosphorylcholille-Coated Stellts III Normal 
Porcine Coronary Arteries. 
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Vliet·, PieterD. Verdouw·, Patrick W. Semlys:'Heleen M.M. van Beusekomtt, 
Department of Cardiology. TIlOraxccnter, Erasmus University Rotterdam· and Intcmniversity Cardiology 
Institute of the Netherlands (ICIN)t, TIle Netherlands. 

ABSTRACT 
Objecfil'e. To improve the biocolllpatibility of stcnts using a phosphorylcholine-containing 
synthetic polymer stent coating (PC) as a fonn ofbiomimicry. IIIIe/wllliolls. Implantation of 
PC (n~20) and non-coated (NC, n~21) div Ysio stents was perfonned in the coronary arteries 
of 25 swine. After 5 days (n~6), 4 weeks (n~7) and 12 weeks (n~8), the animals were 
sacrificed and the vessels harvested for histology. scanning electron microscopy and 
morphometry. ~faill outcome measures. Stent perfonnance was assessed by studying early 
endothelialisation, neointima fonllation and the vessel ,vall 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 5 days both PC and NC were 
equally well endothelialised (911' 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 stent stmt voids, and did not appear to elicit an adverse inflanuuatory 
response. Conclusioll. In tlus atumal model the PC coating showed excellent blood and tissue 
compatibility unlike a 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 'Vords: Phosphorylcholine, stents, coatings, biocompatible materials 

INTRODUCTION 

Sigluficant 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 stentiug. 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[1) 
«2% when stents are implanted electivelyP) 
and approximately 5% in bailout 
situations(1). However, both anti-restenosis 
and anti-thrombotic aspects must be 
addressed if the stent's therapeutic potential 
is to be expanded even fmiher. Such 
improvements may be achieved by 

enhancing the biocompatibility of the 
implant. 

Modification of a stent with respect 
to blood and tissue compatibility can be 
achieved by changing the stent material 
itself, or by modifying the outer 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 thickelung through improved 
tissue compatibility. 

Previous studies have highlighted the 
success of phosphorylcholine (PC) in 
improving the biocompatibility of surfaces 
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Phosphorylcholine Coated Coronary Stents 
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Fig 1. A schematic representation ofthe PC coating applied to the div Ysio stent (modified 
from Campbell et al."l) 

coated with PC.['1[51[0P1 In 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).[·lThe zwitterionic 
head group of PC provides a hydrophilic 
surface whilst retaining an overall neutral 
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 
components 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 
synth.ctic. As many synthetic polymers have 
been associated with aggressive 
inflammatory reactions and excessive 
neoilltimal growth[9] 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 fonnation 
and the vessel wall reaction to the synthetic 
coating in a porcine coronary stent model. 

METHODS 

Balloon-expandable stent. 
The sten! used in the cutTent study is 

the balloon-expandable div Ysio stent 
(Biocompatibles Cardiovascular, Famham, 
UK) (Fig 2). Tins stent, with a length of 
15mm, has an interlocking arrowhead design 
and is constmcted of medical grade stainless 
steel 316L. Both phosphoryl choline coated 
(PC) and non-coated (NC; bare) stents were 
used. 
Phosph01ylciloline coating. 

The coating applied to the divYsio 
stent consists of a copolymer of 
methacryloylphosphorylcholine and 
laurylmethaclylate (Fig 1). The stents were 
dip coated from a solution of the polymer in 
ethanol to give a coating that is 
approximately 50mn 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 Ysio stent. 

Animal care. 
Experiments were perfonned 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 perfolmed in 
crossbred Landrace - Yorkshire pigs (30kg) 
as previously described.{IO) Starting one day 
prior to the procedure and throughout the 
follow~up period, all animals received 
300mg Aseal (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 
llmglkg thiopental and following 
endotracheal intubation, the pigs were 
cOllnected to a ventilator that administered a 
mixture of oxygen and nitrous oxide (1:2, 
v/v). Anaesthesia was maintained with 1-
2.5vol % isoflurane. Antibiotic prophylaxis 
was administered by an intramuscular 
injection of lm1l25kg Streptoprocpen 
(A.U.V., Cuijk, The Netherlands, containing 
200mg procaine benzylpenicillin and 250mg 
dihydrostreptomycin sulphate per ml) as a 
standard laboratory procedure. Under sterile 
conditions an arteriotomy of the left carotid 
artery was perfol111ed and an SF 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 sodium 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 
perfOlmed using Omnipaque (Nycomed 
Ireland Ltd., Cork, Ireland) as contrast agent, 
and quantitative angiographic analysis was 
perfomled using the edge-detection method 
(Cardiovascular !vleasurement System, 
Medis Inc., Nuenen, The Netherlands}.rlll 
Stellt implantation. 

From the angiograms, a coronary 
segment with a diameter of 2.5 mm to 3.5 
nUll was selected in the proximal left 
anterior descending coronary artery (LAD), 
left circumflex coronary artery (LCX) or 
tight coronary artery (RCA) using on-line 
quantitative coronary angiography. Stents 
were randomised and implanted in a paired 
fashion in separate coronalY arteries. While 
a preference was given for the LADILCX 
(14 animals) stents were also implanted in 
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the LADIRCA (I animal) and LCXlRCA (I 
ammal). Due to vessel size or tapering in the 
remaining 9 animals, stents were implanted 
in single vessels (Tables lA, lB). Side 
branches and curved coronary artery 
segments 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 
perfonned, such that the intended 
balloon/artery ratio was as ncar to 1 as 
p~ssible. 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 
faeilities. 

In total, 41 stents (20 PC, 21 NC) 
were implanted into 25 animals and these 
animals were assigned to 3 groups (Table 
lA, IB) to study the progress of wound 
healing and neointima fonnation at 5 days, 4 
weeks and 12 weeks. 
Follow-up angiography. 

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

After angiography at follow-up, the 
thorax was opened by a midstemal split and 
a lethal dose of sodium pentobarbital was 
illjected 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 I SO cm H20, 
~ollowed by SOOml of 2.5% glutaraldehyde 
II1 O.IS mollL cacodylatebuffer for scanning 
electron microscopy (SEM) or SOOml of 4% 

Phosphory1choline Coated Coronary Stents 

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

Vessel 5 day 4 week 12 
pairs week 

LADILCX S 4 S 
LADIRCA I 0 0 
LCXIRCA 0 I 0 
LAD only 0 3 4 
LCX only 0 0 2 

Table lB. Distribution of PC and NC 
stents in coronary arteries at different time 
points. 

LAD LCX RCA 
5 DAY 

PC 4 2 a 
NC 3 2 I 

4 WEEK 
PC S I 0 
NC 2 4 I 

12 WEEK 
PC S 3 a 
NC 4 4 0 

buffered fonnaldehyde for light microscopy 
(LM). The heart was then excised and the 
coronary arteries dissected free from the 
epicardial surface. The stented and adjacent 
unstented (5mm) segments were kept in 
fixative for at least 24 hours and thereafter 
were further processed for LM 
examination[12) or for SEM as previously 
described.[IO] 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 perfonned to 
confinn the identity of the regenerated 
endotheliUlll. [I3J 

A101phometl)l. 
Morphometric analysis of the 

neointimal fomlation in vessels processed 
for light microscopy was perfonned in the 
proximal, middle and distal stent segment on 
elastin stained sections by tracing the 
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QCApre QCA posl QCAFU D/ARalio N 
(mm) (mm) 

(mm) 
5 Days 

Coated 2.9±O.S 3.1±0.3 3.0±0.3 1.1±0.1 6 
NOllwcoated 3.2±O.3 3.3±0.3 3.2±0.3 1.0±0.0 6 
4 Weeks 

Coated 3.2±0.2 3.3±0.2 2.8±0.S 1.0±0.1 7 
Non-coated 2.9±0.4 3.1±O.2 3.0±0.3 1.2±0.2 6 
12 Weeks 
Coated 3.0±0.3 3.l±0.S 3.2±0.S 1.0±0.1 8 
Non-coated 3.0±0.3 3.0±0.3 2.9±0.4 1.0±0.1 8 

Table 2. Quantitative Coronary Angiography at S days, 4 and 12 weeks, after 
implantation of the phosphorylcholine coated and non-coated dil'Ysio stents. Data 
as Mean ± SD. BI 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., Quebec, Canada). The 
media was defined as the layer between the 
intcmal and external elastic laminae. The 
area between the endothelial lining and the 
internal elastic lamina was taken as the 
intima. 
Scal1llillg electroJl microscopy and 
planimetlY· 

SEM was perfonned to study 
endothelial regrowth at S days. After fixation 
with 2.S% glutaraldehyde in O.IS mollL 
cacodylatebuffer, the arteries were further 
processed as previously described. flO] 

Assessment of endothelial regrowth was 
perfonned 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 stmts 
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 (ANOV A) and a two 
way ANOV A respectively, followed by a 
Student-Neumau Keuls test. A p value of 
O.OS was considered significant. 

RESULTS 

Procedural success. 
A total number of 20 PC and 21 NC 

stents (25 animals) were implanted 
successfully. All 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 stented vessel 
appeared to be elliptical rather than rouud. 
Quantitative angiographic measurements. 

Quantitative angiographic 
measurements are sununarised in Table 2. 
With a meau balloon diameter of 3.l±0.3mm 
at maximal pressure, stent recoil was 2 ± 
7%. The results at S 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 this 
group (angiographic late loss then seems 
abnol111ally large). Such a trend was not 
observed in the morphometric results and 
therefore deemed unimportant. hldeed, the 
neointimal thickness in this group was 
identical to that of the control group at 4 
weeks (Table 3). 
General Mstopatlzology and pe,formance of 
the stell! coating. 
Histopathology 5 days. 

In this group, 2 vessels (I 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 stmts voids. In the PC 
group, the purple stained coating was still 
discemible 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 cOllfimled by lectin 
histochemistry. The medial and adventitial 
layers were normal. III 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 asymmetric neointima (Fig 4) 
consisted of smooth muscle cells in an 
extracellular matrix, covered by an 
endothelial layer 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 stmt voids in 
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both groups. hl areas of maximal intimal 
thickening there was often abundant 
extracellular matrix. The medial and 
adventitial layers were only affected by 
inflanuuation in the case of medial mptures 
or complete dissection (4 vessels: 2PC, 
2NC), but these inflammatory changes were 
discrete. In the PC group, the purple stained 
coating in the stent stmt voids was 
discemible in 5 ofthe 7 vessels. 
Histopathology 12 weeks. 

In both groups the neointima 
consisted of smooth muscle cells in an 
extracellular matrix with an organisation 
similar to that observed in the 4 - week 
group, except that the intimal/medial 
borderzone sometimes contains acellular 
areas. In this borderzone, inflammation 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 stmt voids in 6 out of 8 
vessels (Fig 5A). 
MOJphomellY· 
Endothelialisation. 
At 5 days the percentage of endothelium 
covering the stent struts was detennined 
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 perfomled with (pC 
n~8, NC n~8) and without (pC n~6, NC 
n=7) inclusion of these vessels in an attempt 
to asceliain 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-eosin. Bar = 30~lm 

Fig 3R. A scanning electron micrograph of a stent stmt (S) at 5 days, 
showing an incomplete endothelial lining (arrow), with leucocytes 
(arrowheads) and macrophages (*) occupying areas devoid of 
endothelium. Bar = 20~nn 
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Fig 4. Overview (left) of a stented artery at 4 weeks showing an 
asymmetric neointima (Bar ~ 500flm), with detail (right) showing cells in a 
haphazard orientation with thrombus remnants (arrowhead) in the 
intimal/medial border zone. NI~Neointil11a; M~llIedia, A~adventitia. 

Haematoxylin-eosin. Bar = 1 OO~lll1 

Fig SA. Detail of purple stained coating (arrowheads) observed in the stent 
strut void (*) 12 weeks after implantation of a PC stent. NI~ Neointima; 
M~Media. Haematoxylin-eosin. Bar ~ 45~m. 
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-
Fig SB. Detail ofthe cut surface of a stent stmt from a non-implanted PC 
stcnt. The PC coating (arrow) seen at the strut edge is similar in appearance 
to that seen in Fig SA. Haematoxylin"cosin. Bar = 20}ll11. 

differences in intimal 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 a major sliccess in illtervcntional 
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 mimics a 
biological, naturally occurring molecule (a 
fonn of biological camouflage or 
biomimicry) has raised hopes that these 
problems can be reduced or eliminated.[14]!,sJ 
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 wires[4][S][6}[7] and in 
reducing neointimal hyperplasia in synthetic 
vascular grafts in a canine modeUt6J 

Objective and mainfilldillgs: 
The principle objective of this study 

was to detennine the biocompatibility of the 
PC coating over a time period of up to 12 
weeks, comparing it to a non-coated 
equivalent. 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 alld illjw)!: 

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



Table 3. Morphometric analysis at 4 and 12 weeks after implantation of the phosphory\Choline-coated and non-coated div Ysio 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 1.71±O.67 1.46±O.55 O.24±O.O9 O.O9±O.O4 O.IS±O.OS O.\3±O.O3 

(n=7) 

Non-coated 6.S2±2.27 I.S1±O.99 1.24±O.11 O.25±O.\3 O.OS±O.02 O.IS±O.\3 O.13±O.O2 
(n=6) 

12 weeks 

Coated (n=S) 5.S9±1.37 2.22±1.54 l.lS±O.29 O.32±O.22 O.O6±O.O2 O.23±O.lS O.12±O.O4 

N=6 l.38±O.54' O.20±O.OS' O.14±O.O7' 

Non-coated 6.16±1.79 1.41±O.77 1.13±O.15 O.22±O.12 O.O6±O.Ol O.15±O.11 O.12±O.O2 
(n=S) 1.19±O.4S' O.19±O.O7' O.12±O.O6' 
N=7 

Data as Mean ± SD. Area in rom2 Thickness in rom. 'Including area occupied by the stent strut. t Data when aberrant results due to rupture of 
EEL and excessive inflammatory reaction have been excluded. 
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variation in vessel \vall response due to the 
effect of coatings and the induced vessel 
injury are less easily distinguished from one 
another. bl 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, 1 NC). 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 Hornlal regression of the NI in both 
groups at 12 weeks. 
Blood biocompatibiUty and early wound 
healillg: 

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.117]{lsJ Absence 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 vessel wall. Histological 
parameters of completed vessel wall healing 
are re-endothelialisation and the progression 
of granulation tissue to a mature neointima. 
In a previous study, data suggested that a 
heparin coating delayed re-endothelialisation 
at 4 weeks, such that the neointimal 
thickening was also affected. In) \Ve therefore 
used the rate of endothelialisation as a 
parameter of the early wound healing 
process. The effect of PC on wound healing 
and neointimal fonnation after stenting is 
unknown. Theoretically the PC group might 

lOS 

be expected to retard the rate of re
endothelialisatioll since it inhibits the 
deposition of plasma proteins onto the stent 
surface.119] The absence of a protein layer 
may make the stent surface less "attractive" 
for the endothelial cells to grow onYO] 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: 0.14±0.09null; NC: 
0.15±0.13mm). These results correlate with 
those from Kuiper et allll] 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 multiple 
time points, given the potential for synthetic 
polymers to show delayed inflanunatory 
reactions. We therefore shldied the vessel 
wall reaction to the coating at multiple 
timepoints up to 12 weeks. 

At 12 weeks in both the PC and NC 
groups, a morphologically mature neointima 
was fomled. In the area of the stent stmt 
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 nonnal 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 pmple stained material 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 Tolhurst'''] 
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 

divYsio Porcine coronary, 
matched 

Kuiper [21J Palmaz~Schatz Rabbit iliac. 
Porcine coronary. 

Matched 

van der Giessen [9]'" Wiktor Porcine coronary, 
matched 

Hardhammer [17] Patmaz~Schatz Porcine coronary, 
matched 

van der Giessen [26] Wallstent Porcine 
coronary ,matched 

de Scheerder [27] Not described Porcine coronary, 
oversized injury model 

Cox [28] Cook Porcine coronary, 
oversized injury model 

Lincoff [23] Wiktor Porcine coronary, 
oversized injury model 

Coating Control 

PC Bare stent 

Bare stent 

PC Bare Stent 

PGLA Bare stent 

PEO Barestent 
Heparin Barestent 

Bare stent 

Biogold Bare stent 

POPIMPD PO? stent 

CEUHEPIMET Bare stent 

HMWPLLAlOEX PLLAstent 

Bare stent 

Nt thickness 
(mm) 

Coated 

O.14±O.O9~ 

O.10±O.08!i 

O.20±O.OS 
O.44±0.27 

0.46±O.18 

2.3S±O.SO 
O.2S±O.10 

0.1S±O.OS 

0.11 (O.04-0.17)t 

O.99±O.28 

0.79±0.44:t; 

Control 

O.15±O.13§ 

0.09±0.07!i 

0.23±0.11 
0.47±0.38 

O.O8±O.O3 

O.38±O.17 
O.11±O.O4 

O.20±O.OS 

0.10 (0.07~O.19)t 

1.74±O.B4 

0.81±D.23:t; 

0.88±O.31:t; 

Duration 
(Weeks) 

4 

12 

4 
4 

4 

4 
4 

12 

12 

6 

4 

4 

Aggarwal [34] Cook Rabbit iliac, balloon CEUGPlIbfllla eEL ± anti CMV O.12±0.04 0.11±D.07 4 
injury model 

PGLA = polyglycolicllactic acid: PEO '" polyethyleneoxide. "Representativev:i.Tues for the best and worst performing polymers Me given: POPIMPD '" polyorganophosphazeneimethylpredisnolone: CEUHEPIMET 

cel1uloselhep:trinlmethotrexate; HIv!WPLLAJDEX = high molecular weight poly-L lactic acidldex:lmethasone. \)unge). ~ Values calculatcd from Figure 6, Lincoff CI at. [23] ~orcomp:lJ':)tive purposes. the thickness 

of the wire struts have been deducted from the da.ta. 
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PC coating on the stent is thin, some 
swelling of the polymer occurs during 
histological processing, slich that it is visible 
with light microscopy). The fact that there 
was a minimal inflammatOlY 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.[9)[23)[24)[25] 

PC compared to other coatings 
Table 4 compares the neointimaI 

thickness (NI) from our study with those of 
other studies using coated stents in both 
matched sized models and oversized injury 
models. 

In matched sized models of stent 
implantation[9]{11][261, when results of NI for 
the control stents are grouped, the range of 
NI is 0.IOmlll-0.40nml. The NT of the PC 
group is well within this range. Indeed the 
NI of the PC group is comparable to that of 
the heparin-coated Palm3z-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 
NT for these vessels (0.62±0.lltnm) is 
compared to the grouped range in the 
oversized injury group (O.lllllm-l. 74mm) 
[23 1127][2SJ, then the PC result (oversized group) 
again falls within this range. In the study of 
de Scheerder'27], the NI of the eluting stent is 
reduced compared to the control POP stent 
(0.99±O.2Smm v 1.74±O.84mm), but this NT 
is still almost twice as large as that of the NT 
for the oversized PC stents in the current 
study (0.62±0.llmm v 0.99±O.28mm). 
Therefore, in comparison to other studies of 
coated stents and irrespective of the model 
used, the synthetic PC coating perfomls 
well. 
Potential of the coating 

The complex processes that lead to 
rcstenosis can probably never be resolved by 
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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 stent coatings,[91129J[30][llj (b) in-vitro 
dmg-release kinetic studiesp2J[3J] and (c) for 
ill-vivo efficiency studies of local· dmg 
delivery to the vessel wall. [23][27][34J The results 
of such experiments have generally shown 
that while dmg release is feasible, the drug 
may be effective in reducing only the 
unwanted side effects of the polymer used, 
but not in reducing neointimal hyperplasia 
per se. In the present study the coating 
remained present up to 12 weeks post 
implant, without excessive neointimal 
growth (compared to the control). While the 
amount of polymer remaining Call1lot be 
quantified in this study, nor can it be 
ascertained if there is a gradient of polymer 
depletion over time, the long-tenn 
therapeutic potential of this particular 
coating in it's present fonn 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 dmg release studies are undenvay 
using this PC coated stent. By controlling 
the physiochemical properties of the coating 
(crosslinked density, water content, 
isoelectric point, molecular weight) the stent 
coating can be tailored to the specific dmgs 
under investigation. 

CONCLUSION 

Both PC-coated and NC div Ysio 
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 div Ysio stent as a coating does not 
interfere with endothelialisation as measured 
at 5 days after implantation. During the 
subsequent 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-tenn presence of a coating 
that shows no adverse inflammatory 
reaction, the PC coating shows potential as a 
suitable candidate for local drug delivery. 
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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 Bensekom PhD"', Stefan C. Krabbendam 
BSc"', B. Ozdemir', A. Alwani', P.D. Verdouw PhD, Willem J. van der Giessen MD'. 
Department ofCardio!ogy. Thoraxcenter, Erasmus University Rotterdam l

, and Interuniversity Cardiology 
Institute of the Netherlands (IeIN), 111C Ncthcrlands2

, 

ABSTRACT 
Introduction. The treatment 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 therapeutic agents eluting from the coating may prevent intimal thickening and 
thrombosis. We compared the effects of non-coated (NC), poly lactic acid (PLA) coated, and 
PLA-himdinliloprost (PLA-H1) coated metal stents on vessel wall healing and intimal 
thickening in a porcine coronary model. All stents were initially coated with a layer of 
iridium oxide to reduce thrombogenicity. The PLA-HI stent contained 5% himdin and 1 % 
iloprost. 
Methods. Matched implantation of PLA-HI (n~20) with either C (n~lO), or PLA (n~lO) 
stents were perfonned in a paired fashion in the coronary arteries of 20 swine. After a follow 
up period of 2 or 12 weeks, repeat angiography was perfomlcd, the animals sacrificed, and 
the vessels processed for histology. Prior to sacrifice all animals received BrdU to assess the 
proliferative response, and at follow-up a tracer dye was injected to evaluate the penneability 
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. 
Planimetry was used to assess the % thrombus deposition and % pemlcable areas. 
Results. The results show that there were no significant differences in morphometric 
parameters, percentage thrombus deposition, vascular proliferative response (BrdU), 
inflanullation score and injury score between the coated and bare stent groups at 2 or 12 
weeks. Vascular penneability at 2 weeks was significantly different in the PLA-HI group 
only. The inflammatory and injury scores together with the vascular penneability increased in 
all groups over time. Due however to its larger group size, such changes were significant only 
for the PLA-HI stent. 
Conc/usion. While the eluting dntgs had no effects on thrombus deposition or neointimal 
thickening, all 3 stents perfonned well in this animal model. Although the PLA coating was 
well tolerated up to 12 weeks, only longer-tenn studies will elucidate the tme potential of this 
coating for vascular applications. 

INTRODUCTION 

The treatment of significant 
coronary artery stenosis using polymer 
coated stents offers a two-fold approach: 
the stent acts as a mechanical scaffold 
reducing elastic recoil and remodeling, 
while locally delivered therapeutic agents 
eluting from the coating may prevent 
intimal thickening and thrombosis. In the 

search for candidate materials to use as stent 
coatings, both biodegradable (bioabsorbable) 
and non-biodegradable synthetic polymers 
have been used',2. For local dmg delivery, 
biodegradable polymers offer the advantage 
that dmg release is achieved by both 
diffusion from and degradation of the 
polymer. By controlling the degradation rate 
of the polymer, sustained dmg release can be 
achieved for a prolonged period oftime. 
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Biodegradable polymers must meet 
certain criteria: they must show blood and 
tissue compatibility, and their degradation 
products must neither accumulate in the 
body and be toxic, nor induce 
inflammatory reactions. A potential 
candidate polymer therefore is poly-lactic 
acid (PLA), which degrades to lactic acid, 
and is then metabolized to H20 and CO,. 
PLA has found medical application as 
screws and pins in orthopedics and has 
been used in vitro and in animal models 
for local delivery of antibiotics3, 

chemotherapeutic agents4 and 
honnones5,6, 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 occur7,8, Given such 
potential for late inflammatory responses, 
it is essential that for vascular applications, 
both short and long-tenn studies of the 
polymer are performed. 

Since stent implantation induces 
both a thrombotic and tissue response, 
dmg loaded coated stents should ideally 
treat both aspects, In this respect, two 
possible candidate dmgs are himdin and 
iloprost. Himdin is a potent anti
thrombotic, and from animal experiments 
it has been shown to significantly reduce 
platelet and fibrin deposition on coronary 
stents in comparison to heparin, dextran 
and aspirin9, It has also shown a reduction 
in neointimal proliferation after balloon 
angioplastylO, although such an effect was 
not seen from clinical trials", However in 
the latter study himdin was administered 
intravenously and not locally, Iloprost, a 
stable prostacyclin analogue with a half
life of 30 minutes, suppresses platelet 
activ~tion 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 12, 

Previous shldies using PLA for 
vascular applications have shown variable 
results. While one study showed that PLA, 
applied as a stent coating on a metallic 
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stent, had excellent blood and tissue 
compatibility up to 40 weeks post implant 13 , 

its use as a dmg-loaded stent coating showed 
less favorable short-teml results 14, In-vitro 
shldies using PLA-coated stents loaded with 
himdin and iloprost have shown that dl1lg 
release is feasible up to 90 days post 
implant IS, and in vivo shldies suggest that 
these drugs can attenuate the neoilltimal 
response post stenting l6,17, 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 short-tenn biocompatibility of 
PLA-coated and PLA-himdinliloprost coated 
stents (PLA-HI). The effects of both stent 
coatings, 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 both 
the neointimal and proliferative responses 
and assessed the endothelial fbnction at two 
time points, In this respect we aim to expand 
upon the results of previous short-term 
studies I6,17. 

METHODS 

The stellt. 
The stent used in the current study is 

the balloon-expandable InFlow Dynamics 
stent (InFlow Dynamics AG, Munich, 
Gennany). This stent is 7mm long and is 
constmcted of medical grade stainless steel 
316L. All stents were initially coated with a 
layer of iridium oxide to reduce 
thrombogenicity, Coated stents were dip
coated ill either a solution of PLA only (D,L 
polylactide, 30kDa), or in a solution of PLA 
containing 5% polyethyleneglycol-hirudin 
(PEG-hirudin)and 1% Iloprost. Himdin was 
coupled to PEG in order to prolong the 
stability of hirudin, without affecting the 
phannacological propel1ies lS. The dip-coated 
stents had 200±102f1g PLA per stent, 
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containing thcrefore 10flg PEG-hintdin 
and 2~,g !lopros!. The stents were received 
pre-coated and sterilized from the 
manufacturer. 

Allimal care. 
Experiments were perfol111ed under 

the regulations of the animal care 
committee of the Erasmus University 
Rotterdam and in accordance with the 
uGuide for the care and use of laboratory 
animals" (NIH publication 85-23). 

Allimal preparatioll. 
Experiments were perfol111cd in 

crossbred Landrace - Yorkshire pigs 
(30kg) as previously described19. 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 20mgll::g ketamine hydrochloride. 
Anesthesia was induced by llmgll::g 
thiopental and following endotracheal 
intubation, the pigs were connected to a 
ventilator that administered a mixture of 
oxygen and nitrous oxide (l :2, v/v). 
Anesthesia was maintained with 1-2.5vol 
% isofluranc. Antibiotic prophylaxis was 
administered by an intramuscular injection 
of lm1l25kg Streptoprocpen (A.U.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 artery was perfomled 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 
sodium and 250mg acetylsalicylic acid 
were administered through the sheath and 
an 8F guiding catheter was advanced to the 
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ascending aorta. An APTT of at least three 
times baseline was maintained throughout the 
procedure. Coronary angiography was 
perfornled using Omnipaque (Nycomed 
Ireland Ltd., Cork, Ireland) as contrast agent, 
and quantitative angiographic analysis was 
performed using the edge-detection method 
(Cardiovascular Measurement System, Medis 
Inc., Nuenen, The Netherlands). 

Stent implalltation. 
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 artery (LAD), left circumflex 
coronary artery (LeX) or right coronary 
artery (RCA). Matched, paired implantation 
of PLA-HI with either PLA or NC was 
perfonned. A preference was given for the 
LAD/LCX (19 animals), but in 1 animal 
stents were implanted in the LADIRCA. Side 
branches and curved coronary artery 
segments were not avoided. Stents were 
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. The catheter was 
then slowly withdrawn while leaving the 
stent in place. Afler 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 retumed 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 fonnation at 2 and 12 
weeks. 

FollOW-lip allglography. 
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-HI 4 5 1 
NC 3 2 -

Table A. Distribution of PLA, PLA-Hl and 
NC stents in coronary arteries at 2 and 12 
weeks. 

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

Assessmellt of vascular permeability al 
follOW-lip. 

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 
exclnsion test. A fnll description of the 
procedure has been previously 
pnblished20. In short, 300 ml of 0.3% 
(w/v) Evan'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 EB will bind to 
albumin and this BB-albumin complex 
(Mw 70kDa) was used as a test molecule 
for endothelial permeability. The 
penneable areas (blue stained areas) are 
expressed as a percentage of the total 
(explimted) opened vessel lumen area. 

Assessmellt of cell proliferatioll. 
To assess the proliferative response 

to stent implantation, all animals were 
given three intramuscular injections of 
100, 50 and 50 mglkg 5-Bromo-2-
Deoxyuridine (BrdU, Sigma Chemical 

Company, St Louis, 
intervals, starting 24h 
previously described2o. 
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USA) at 8-hour 
before sacrifice as 

Alacroscopic am/microscopic examinatioll. 
After angiography at follow-up and 

infusion of the dye, the thorax was opened by 
a midstemal 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 cm H20. The heart was then excised and 
the LAD, LCX and RCA dissected fl'ee 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 \Ised for 
planimetric assessment of the percentage 
penneable areas and the percentage thrombus 
deposition. Vessels were fixed in 4% 
buffered fonnaldehyde for 24 hours and then 
further processed for light microscopic (LM) 
examinationl9 . Haematoxylin-eosin was used 
as a routine stain, while resorcin-fuchsin was 
used as an elastin stain. Lectin histochemistry 
was perfonned to confirm the identity of the 
regenerated endothelium as described 
earlier21 . 

Estimation of % pel'/lleability and % 
thrombus depositioll. 

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

Detectioll of BrdU ill corporation. 
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, San Jose, CaIifomia, 
USA), diluted I :80, to detect positive 
BrdU cells. As a secondary antibody, 
HRP-labeled rabbit anti-mouse antibody 
(Dako AlS, Glostrup, Denmark) was used, 
with 670 llg/ml diaminobenzadine (Sigma 
Chemical Company, St Louis, USA) in 
phosphate-buffered saline as a detecting 
reagent. Using light microscopy (LM), the 
total number of BrdU-positivc cells were 
counted for each section using an 
automated computer program (lmpak C, 
Clemex Vision Image analysis system, 
Clemex Teclmologies 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 percentage BrdU positivity was 
calculated in the intima, media and 
adventitia at each time point. 

MOl'pllOllleI/J', 
MOll>hometric analysis of the 

neointimal fonllation in vessels processed 
for LM was perfonned at two levels in the 
stent. On elastin stained sections the 
extemal and intemal elastic laminae and 
the endothelial lining were traced using a 
microscopy image analysis system (Impak 
C, Clemex vision Image analysis system, 
Clel11ex Teclmologies Inc., Quebec, 
Canada). The media was defined as the 
layer between the intemal and extemal 
elastic laminae. The area between the 
endothelial lining and the intemal elastic 
lamina was taken as the intima. 

Inflammatory response 
Inflammation was assessed in HEw 

stained sections. A distinction was made 
between the presence of foreign body giant 
cells (GC) and inflammatory infiltrates in 
the tissue layers. The foreign body reaction 
to the wires was graded as mild: 0-5 
GC/section (average 12 stent voids 
counted per section); intennediate: 5-10 
GC/section, and aggressive: > 1 0 
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GC/section. Both the neointimal and 
adventitial inflammatory responses were 
graded as: 0 = no inflammatory infiltrates; 1 

occasional single inflammatory cell 
scattered in the neointima or adventitia; 2 = 

localized areas of concentrated inflammatory 
cells in the intima surrounding < 113 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 illjmy. 
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 injury 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 allalysis. 
Data were analyzed using Iandel 

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 
(ANOV A) and morphometric data was 
evaluated by a two way ANOV A 
respectively, followed by a Student-Neuman 
Keuls test. The inflammatory and injury 
scores, together with data for the percentage 
vascular penneability, thrombus deposition 
and proliferative response (BrdU) were 
analyzed by a one way ANOV A or Kruskal
Wallis ANOVA on Ranks (when nonnality 
test failed), followed if necessary by a 
Student-Neuman Keuls test. Differences in 
the above mentioned parameters between 2 
and 12 weeks were analyzed using a t-test, or 
by a Mann-Whitney rank sum test (when 
nonnality test failed). A P value of <0.05 
was considered significant. 
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QCAPre QCA QCAFU BfA ratio LL N 
(nun) Post (mm) (mill) 

(mm) 
2 Weeks 

PLA 3.0±0.3 3.4±0.3 3.0±0.3 1.l±0.1 0.3±0.2 5 
PLA-HI 3.1±0.3 3.4±0.4 2.9±0.3 1.l±0.1 0.5±0.3 10 

NC 3.2±0.3 3.3±0.3 2.9±0.3 1.l±0.1 0.4±0.1 5 
12 

Weeks 
PLA 2.9±0.3 3.0±0.2 2.9±0.2 1.l±0.1 O.I±O.I 5 

PLA-HI 2.9±0.2 3.0±0.3 2.9±0.2 1.l±0.1 0.1±0.3 10 
NC 3.1±0.2 3.3±0.2 3.1±0.3 1.l±0.1 0.2±0.3 5 

Table B. Quantitative Coronary Angiography at 2 and 12 weeks after implantation ofPLA, 
PLA-HI and NC stents. Data as mean lumen diameter ± SD. BfA ratio: balloon/artery 
ratio. N= number of stentcd coronary arteries. 

RESULTS 

Procedural sliccess 
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=lO; 12 weeks n=IO) were 
successfully implanted (Table A). There 
was no incidence of thrombotic occlusion, 
and all animals survived the follow-up 
period without adverse events. 

Qllmrtitatil'e llllgiographic 
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: 
-OAlmn; 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). 

Macroscopic alld microscopic 
e.vflmillutioll. 
Vascular permeability 
The percentage perrneable areas are 
represented graphically in Figure 2. 
Planimetric analysis of the opened stented 
vessels showed no significant difference in 

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

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

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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Figure 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. 

Gelleral histology. 
Histological features of the stented 

vessels are summarized in Table C. 

2 weeks. 
In general, histology showed all 

stcnts embedded in an asymmetric 
neointima. partially covered with an 
incomplete layer of endothelial cells and 
frequently showing neutrophils attached to 
the endothelial surface. All vessels showed 
a fragmented intemal elastic lamina (!EL). 
The ncointima consisted of smooth muscle 
cells in a collagenous-like matrix, 
organizing fibrin/thrombus around the 
wire voids. inflammatory cells. and 
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extravascular erythrocytes between the wire 
voids. Neovascularization in the intima was 
observed in the PLA and PLA-ID groups 
only. The cellular reaction to the stents was 
varied - giant cells (GC), which fonn part of 
the nannal foreign body reaction to implants, 
were observed in all groups, but the reaction 
was most aggressive in the PLA-HI group. In 
tills group, adventitial inflammatory 
respouses, together with medial rupture (the 
stent wire lies deep in the medial layer, but 
the extemal elastic lamina (EEL) is intact) 
and dissection (the stent wire has penetrated 
the EEL) were observed. In contrast, there 
were no inflammatory responses in the PLA 
and NC groups, despite associated medial 
mptures. Localized areas of adventitial 
fibrosis were observed in all vessels where 
medial mpture was present (all groups) . 

J 2 weeks 
The vessel wall response at 12 weeks 

showed all vessels completely 
endothelialized. In the neointima, fibriuMlike 
thrombus remnants were still observed in or 
around the stent wire voids, while 
neovascularization was observed in all groups 
adjacent to or between the wires. \Vhile the 
foreign body response and neointimal 
inflanunation were comparable between the 
groups, the adventitial inflammatory response 
was greatest in the PLA-HI group. The 
incidence of medial mphlre 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 mphlre was present. 

2 and 12 week histology compared. 
CompaIison of the histological 

features of all groups at 2 and 12 weeks show 
that the general foreign body reaction 
remained the same, while neointimal and 
adventitial inflammation appeared to increase 
in all groups over time. There was a higher 
frequency of medial mpture in all groups at 
12 weeks compared to 2 weeks, and the 
frequency of dissections was increased in the 
PLA and PLA-ID groups, although not 
significant. 
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Vasclliar proliferatioll: OrdV 
i/temporal/oll alld cell dellsity 

The percentage BrdU incorporation 
in the intima, media and adventitia of aU 
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 stnIts) of the 
PLA-H1 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-H1 
(p:o 0.001) but not in the NC stent group 
(p>0.05). 

At both 2 and 12 weeks there were 
no significant differences in cell density in 
all 3 tissue layers between the groups 
(1'>0.05). 

Morphometl'ic ,'eslilts. 
Morphometric results are 

summarized in Table E. At both 2 and 12 
weeks there were no significant 
differences in neoilltimai, 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. 

Inflammatory and illjlllJ' scores. 
Table F summarizes the 

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

InflammatioJl 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. 10 = intima over, 
IB = intima between stent stmts 
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Figure 4b. % BrdU positive cells in the media of 
all groups at 2 and 12 weeks. MO = media over, 
MB = media between stent stmts. Values for 
control vessels are negligible. 
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Figure 4c. % BrdU positive cells in the adventitia 
for all groups at 2 and 12 weeks. AO=adventitia 
over. AB=advcntitia between stent struts. 



Table C. Histological features associated witb tbe 3 stent groups at 2 and 12 weeks. 

Stent Foreign Body Reaction Inflammation Medial Dissection 
(around wires) Rupture 

Mild Intennediate Aggressive Nl A 
2 WEEKS 
PLA (n~5) 1 4 0 0 0 2 0 

PLAHI (n~lO) 0 7 3 0 2 4 3 
NC (n~5) 5 0 0 0 0 0 

12 WEEKS 
PLA (n~5) 3 3 1 4 1 

PLAHI (n~lO) 1 8 6 8 7 4 
NC (n~5) 2 2 3 2 2 0 

Table D Cell density in tissue layers of all groups at 2 and 12 weeks 

2 weeks 12 weeks 
Intima Media Adventitia Intima Media Adventitia 

RCA NA 3.I±O.7 3.1±O.5 NA 2.9±O.3 1.7±O.3 
Over wires 

PLA 4.1±3.6 3.0±0A 3.0±0.9 3.6±0.8 3.1±0.S 2.2±OA 
PLA-HI 3.6±O.6 2.7±0.3 3.2±1.! 3.5±0.7 3.3±0.7 2.2±0.S 

NC 3.9±O.7 2.6±0.S 3.I±OA 3.8±0.9 3.S±0.8 2.3±0.9 
BetlNeen wires 

PLA 3.9±0.7 3.2±O.3 2.8±0.5 3.9±0.7 3.4±0.5 2.O±O.3 
PLA-HI 3A±O.8 2.8±0.5 3.1±1.0 3.5±OA 3.7±0.S 2.1±0.S 

NC 3.8±0.9 2.8±0.S 3.I±O.1 3.5±0.8 3.7±0.6 2.2±0.9 

Cell density measurements are the number of cells/mm'*1 000. P=ns, all groups. 
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or 12 weeks within the groups (p>0.05). 
When inflammation around the wires or in 
the adventitia were compared 
within the groups between 2 and 12 weeks, 
only the larger PLA-ID group showed a 
significant increase (p~0.025 and 
p~O.03I). However 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. 
neointimal and adventitial inflammation 2 
v 12 weeks: PLA-ID: 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-ID group. 

Jnjlll)1 score. 
Injury scores for the PLA, PLA-I-II 

and NC stents at 2 weeks were comparable 
and differences were not statistically 
significant (p>0.05). Similarly, at 12 
weeks injury scores wcre 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-ID 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-ID: 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 
must again cautiously interpret any 
significance in the PLA-HI group. 

Correlatioll o/parameters 
While both the % penneability 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 inflammation 
in any group at both time points. 

PLA Coated Stents 

DISCUSSION 

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

Numerous materials, including both 
synthetic and natural, biodcgradable and non
biodegradablc, have been tested as suitable 
stent coatings and dmg delivery polymers, a 
comprehensive review of which was 
published by Bertrand in 19982. Few 
however, have shown promising results due 
to thc generally associated inflammatory 
responses, particularly those associated with 
synthctic polymers23. Biodegradable 
synthetic 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 potcntially 
suitable synthetic polymer worthy of further 
investigation. 

In this study the vessel wall reactions 
to a PLA coated stent and a PLA-coated stent 
eluting himdin 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, vascular 
proliferative response (BrdU), inflammation 
score and injury score between the coated and 
bare stent groups at 2 or 12 wceks. The % 
penneability at 2 weeks was significantly 
different in the PLA-ID group only. Vascular 
pemleability, 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 perfonned well 
in this animal model. 

Vascular pel'lJleability 
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 NT 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 S 0.24±O.07 O.I2±O.OS 0.14±0.04 0.19±0.03 0.IS±O.07 0.16±O.09 
PLA-HI 10 0.2S±O.OS 0.15±O.OS O.14±O.04 0.20±0.03 0.17±0.10 O.IS±O.l1 

NC S 0.23±0.09 O.13±O.O7 O.lS±O.04 0.22±0.02 0.16±0.03 0.16±0.03 

12 Weeks 

PLA S 0.29±0.11 0.20±0.09 O.11±O.O4 0.20±0.03 0.08±0.03 0.09±0.04 
PLA-HI 10 O.38±O.14 0.2S±0.10 0.14±0.OS 0.24±O.04 0.07±0.02 0.08±0.03 

He S OAO±O.20 0.26±0.17 O.l1±O.OS 0.23±0.OS 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 O.SO±O.84 0.00 0.20±0.45 
(n~S) 0.11(0.00-0.S2) 1.06(0.1-1.73) 1.00(0.00-2.00) 0.00(0.00-1.00) 

PLA-HI O.32±O.41 0.92±0.61, 0.00 1.00±1.05' 0.S±1.8 1.00±0.94' 
(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 0.1l±0.09 0.86±0.S2 0.00 1.00±1.00 0.00 0.60±0.89 
(n~S) 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). P[A<Ell: * p=O.OIS:2 vT"2 week injUry score~1 p~b~025-2 v 12weekneointimal 
inflammation. :I: p=O.031 2 v 12 week adventitial inflammation. 
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that there was no cOlTclation between the 
percentage pemlcability and inflammatory 
score to explain the increased penneability 
in the PLA-ID group (inflammation causes 
increased endothelial penneability), it 
would seem that the eluting drugs 
somehow increased the vascular 
penneahility. From the literature, previous 
shldies have shown iloprost-induced up
regulation of vascular permeability factor 
rnRNA (or VEGF - vascular endothelial 
growth factor) in rat aortic smooth muscle 
cells24 and iloprost-induced VEGF gene 
expression in human monocytic cell 
lines25 . It is possible therefore that iloprost 
eluting from the stent at two weeks causes 
a VEGF-induced increased pemleability in 
this group. By 12 weeks however, the 
amount of eluting ilaprost may not be 
great enough to show a significant 
difference in penneability between the 
groups. 

Figure 5 shows the cumulative 
elution of Hoprost in saline26. If the 
iloprost release at 16 days is calculated 
from D. iloprost / 6. time, then a release 
rate of O.l~gl16 days is achieved, or 
0.09f'g/hr. Assuming that intimal tissue 
(-200~m thick) in a 3.5mm coronary 
vessel weighs 50mg per 7mm, then there is 
a release rate of I.Snglg/hr ilopros! into the 
vessel wall. For simplicity, we have 
assumed that because the stent is 
embedded in tissue at this stage, any dmg 
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 lO~lM Iloprost was 
enough to improve the harrier function of 
endothelial cells in vitro27, equivalent to 
-3. 7~glg. This concentration of iloprost is 
ahnost 2000 times greater than that 
achieved with the PLA coating. Thus 
failure of ilaprost to show an improvement 
in endothelial barrier function at 2 weeks 
may be due to insufficient tissue levels of 
the dmg. Given that some dmgs have 
multiple effects which are concentration 

PLA Coated Stents 

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

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

Chrollic illflammation alld vessel injury 
Although there appeared to be a trend 

towards an increasing inflalmnatory and 
injury score in all 3 stent groups from 2 to 12 
weeks, such scores appeared to be significant 
only for the PLA-HI stent. Dmgs eluting 
from a polymer matrix can change the surface 
topography of the stent i.e. spaces or 
compartments where the dmg has been now 
become empty and give a crater-like 
appearance to the stent surface. It has 
previously been reported that the surface 
topography of PLA itself can influence the 
inflammatory response i.e. porosity of the 
polymer enhances an inflatml1atory 
response28 . It is also known that macrophages 
favor rough surfaces as opposed to smooth 
surfaces29 . 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 also have pro-inflammatory 
effects30. In this respect, it may be that 
Iloprost 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 mediators and enzymes, 
causing weakening of the vessel wall and 
subsequent further penetration of the stent 
stmts into the vessel wall and chronic vessel 
wall damage. 



Chapter 9 125 

0.30 

0.25 

~ • u M " 0.20 
~ 
~ ., 
~ 

~ 
0.15 LlT 

0. g 
0> 0.10 ; 
~ 

0.05 

0.00 
0 5 10 '5W.W.Wgw ••• ronw.OO.,00 

Days 

Figure S. Elution of Iloprost from a PLA-HI coated stent in saline. 
Modified from Alt26 

The lIeu/lltimal respouse. 
5% hirudin and 1 % ilaprost were 

both combined in a PLA coating. Given 
previous positive reports of the effects of 
the drugs on lleointimal proliferation after 
balloon angioplastylO and on SMC 
proliferationl2 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 overstretch 
porcine coronary modeP7, 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 overstretch model, 
(balloon:artery ratio \.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. 
Altematively, 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 dl1lgs 
have a measurable effect on reducing 

thrombus 
thickening. 

deposition and 

Compal'isoll witll otller studies. 

neointimal 

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 stentsJ interest 
in them waned and shifted in favor or the use 
of polymer coated stents. Such stents offered 
the combined mechanical strength of a metal 
stent with the dl1lg-carrying capacity of a 
polymer coating. 

In 1997 two studies reported 
apparently favorable results using stents 
coated with PLA. Lincoff et aIi4, in a short
tenn study, showed that high molecular 
weight PLLA (32IkDa), 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, ScheId hammer et al13 
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 our 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 inflanuuatory 
response is also dependant on the fonn of 
PLA used i.e. the inflammatory 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 fonn of PLA used 
may have been the detclmining factor in 
the induction of an inflammatory response. 
(b) The proportion of drug:polymer used 
by Lincoff was 2: 1. Elution of the dmg 
therefore resulted in a sponge-like matrix, 
containing many compartments and holes 
that the dmg had occupied. GiYen that 
macrophages favor rough surfaces, such a 
matrix may have induced an aggressive 
inflammatory response. (c) In Lincoffs 
study, the stents were spray-coated with 
PLLA to a thickness of 11-27~m, while 
the stents in our study were dip-coated 
with PLA to a thickness of -I O~m. The 
thiclqlCSS orthe coating is a measure of the 
bulk of polymer present, and it is known 
that the polymer bulk can also 
detennine/affect the inflammatory 
response1, Taken together therefore, tIus 
may explain why we found no excessive 
inflammatory response with a low 
molecular weight PLA coating at 2 and 12 
weeks. 

PLA Coated Stents 

Scheldhannner et all] reported 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 extrapolating 
the results of Scheldhammer to the current 
study since species variation in reactions are 
known to exist. Also, at 12 weeks there is 
only 10% polymer degradation!5 such that 
the potential exists for a delayed 
inflammatory reaction. Longer-tenn follow
up studies are therefore needed to assess the 
true potential of this polymer for vascular 
applications. 

Conclusion 
While the eluting dmgs 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 yascular 
applications, although only longer-tenn 
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 pcnnanent foreign body in the bloodstream initiates a complex set of 

interactions involving the damaged and diseased vessel wall, the stent and the flowing l;>lood. 

Understanding how such interactions contribute to subsequent thrombotic complications and 

excessive tissue growth (in the fonn of neointimal thickening) is important for developments 

in stent tcclmology 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 to 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 dmgs. 

Contamination and stent implantation. 

Teclmiques ofstent 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 occurs. 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, 

minimum handling of the stent and contact of the guidewire, balloon and other instmments 

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. TillS was confinned 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 after 

non-oversized implantation of stents in porcine coronary at1eries. It was evenhlally 

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 stcnts is a frequently described problem associated with 

stents implanted in the urinary or esophageal tracts. Although not expected as a complication 

of vascular implanted stents, Thibodeaux et al2 in a series of animal experiments perfonned 

in 1996, showed that up to 4 weeks after implantation, 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 reported. 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 

Staphylococcus aurells. Although not a frequent complication of peripheral stent 

implantation, it has been proposed that antibiotic prophylaxes be administered as part of 

routine post implantation care6. 

Acute and chronic effects of stcnting. 

Many studies have previously described the acute effects of steHting - stretching of 

the vessel wall, damage to the endothelium, the initiation of a thrombotic 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-tenn effects of 

stents, such that much still has to be leamed7-9• 

In Chapters 4 and 5 we examined the acute and chronic effects ofstent-induced vessel 

wall injury, together with their effects on the proliferative response and on endothelial 

penneability, 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 

PICA and stent implantation both resulted in impaimlent of the vascular baIrier function up 

to 3 months after the interventions, although it was more pronounced in the stent groups. 
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Endothelial pemleability was observed at both 2 and 12 weeks, and was charactelized by 

specific endothelial morphological features. Up to 3 months after stent implantation, the 

endothelium showed a significantly higher proliferation compared to the PTCA gronp. Taken 

together these results show that in contrast to PTCA, the presence of a stent in the vessel wall 

induces chronic injury and inflammation, together with an impaired barrier function and an 

increased proli ferative response. 

The continued presence of an inflammatory response up to 12 weeks post stenting 

may contribute to the progressive vessel wall injury. Stellts induce a foreign body response 

with macrophage giant cells frequently observed surrounding the wire stmts. Given that such 

cells can never engulf the metal struts, it leads to a type of "fmstrated" 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 stmts through the vessel wall. 

An endothelial layer showing increased cell proliferation may contribute to the 

increased vascular penlleability, since cell retraction associated with mitosis causes 

paracellular gaps in arterial endothelial cells in vivoIO. A leaky endothelial layer pennits the 

continued influx of growth factors and cells into the healing vessel wall, which may 

contribute to the development of the neointima. 

Some of the long-ternl effects of stents seen in our porcine model as mentioned above, 

are comparable to those found from pathology of human stented vessels"·'3. Although the 

barrier function of human stented vessels has never been tested in vivo, we know that up to 6 

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

impaired 14,15. 

Modulation of tbe 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 detennining 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 confinn results of recent clinical trials of IIstent versus stent" 

comparisons which also show that despite mechanical difference between clinically used 

stents, there is no difference in restenosis rates between them 16,17. Variations therefore in 
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lesion characteristics, operator experience and non-mechanical stent properties are most 

probably morc 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 

aP8, implantation ofa thennoelastic self-expanding 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 vessel lumen area and appeared to 1imit 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 lumen area 

caused by neointimal growth. Thus while stent mechanical parameters Call1lot be modulated 

to reduce the neointimal 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 stell(s. 

Another way to modulate the vessel wall response to stents is by the use of stent 

coatings, both 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 smprising finding, given that the coating is purely 

synthetic, and most synthetic polymers have been associated with variable degrees of 

inflanullatory responses and/or a delayed inflammatory responseI9,20. 

In Chapter 5 we saw that stenting induced a problem at the level of the endothelial 

barrier function i.e. prolonged endothelial penlleability. From pilot experiments perfonlled 

we demonstrated that within 10 minutes, this bamer function could be partially improved by 

intracoronary administration of !tnM dibutyryl c-AMP, In Chapter 9 therefore we 

incorporated iloprost into a PLA stent coating in an effort to address the problem of 

penneability. However, contrary to the expected improvement in bamer function, the eluting 

dmgs appeared to increase the endothelial penneability at 2 weeks relative to that of the other 

stellts. 

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

coating (Figure 1)21, If from the graph we ca\Culate the amount of iloprost eluting from the 
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coating as !J. iloprost / !J. days, then at 2 weeks, an elution rate of approximately 2nglg 

tissue/hr is released. For simplicity, we have assumed that because the stent is embedded in 

tissue at this stage, any dmg 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 previolls study reported that a concentration of IOJ1M iloprost was enough to improve 

the barrier function of endothelial cells in vitron , A 10~tM solution is equivalent to 

approximately 4~{g1g and this is thus a concentration ahnost 2000 times greater than that 

achieved with the PLA coating. Thus failure of ilaprost to show an improvement in 

endothelial harrier function at 2 weeks may be due to insufficient tissue levels of the drug. 

Given that some dnlgs have multiple effects which are concentration dependant, it may be 

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

Implications of these l'esults fol' future studies. 

Potential forforeign body contamination of stents 

As seen in Chapter 3, the technique 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 pmdent 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 lise 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 injmy and injlammatioJl. 

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 stellt coating. Such a coating would need to have time-delay release 

characteristics such that in the initial period after implantation, no drug release occurs, 
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Discussion 

allowing macrophages and neutrophils to perfoml their tasks. After a pedod of time, slow 

dmg release would occur to inhibit the later effects of the inflanunatory cells. 

Endothelial dysjilllclion 

In Chapter 5 we showed a stent-induced problem at the level of the endothelial barrier 

i.e. increased pernlcability. In Chapter 9 we incorporated both Hoprost and himdin into a 

PLA stent coating. It 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 himdin 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 shorHerm outcome with this technique, the longer-tenn effects of such treatment 

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 

endothelializatioll 3 months after placement of radioactive stents23 and that the vascular 
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wound healing response is delayed up to 6 months after combined 3ngiopiasty and 

brachytherapy24. If tIus also holds tmc after 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 aP5 suggests that intracoronary brachytherapy is associated with late 

coronary occlusion. In his study he reports a 6.6% incidence of latc thrombos~s i.e. 

thrombosis 2-15 months aftcr treatment in 91 patients that underwent either PTCA andlor 

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 extended period of time. 

Mechanical stellt properties 

In Chapter 6 we saw that changing the compliance of the stent had no effect on 

intimal thickening. Therefore, in the future assessment or comparison of stent perfom13J1ce, 

we can exclude the compliance of the stent as a contributory factor to the neointimal growth 

and focus our efforts on alternative ways to reduce this tissue growth. 

Stelll coalillgs. 

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. WIllie the currently incorporated drugs showed no positive 

effects, incorporation of other drugs in the same coatings may show improved results. 

The eluting dmgs in Chapter 9 had no effect on neointimal thickness, most probably 

due to insufficient tissue levels being achieved. This highlights the impOliance 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 perfonned in this thesis, the following conclusions can be drawn: 

1. The technique of stent implantation lends itself to 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-tcnn endothelial dysfunction. 

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

4. Modulating stent properties through the use ofpassive and active stent coatings does not 

reduce the neointimal response. 

5. Not all synthetic polymer stent coatings arc 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 learned, particularly about the longer-tenn effects of a pennanent 

metallic implant in the vasculature. Only by understanding the effects of the stent on the 

vessel wall, can future generations of stents be modified or manipulated so as to reduce or 

minimize this response. 

The basic characteristics of stents are dealt with in Chapters I and 2. Specifically the 

development and current status ofstents and the importance ofhistoiogicai teclmiques in the 

evaluation of the vascular healing response are described. 

The tec1mique 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 fonn of a penneable endothelial layer as well as a prolonged 

proliferative activity of the cells in the vessel wall. 

Having highlighted the long-tenn effects of stents, Chapters 6 to 9 deal with the 

modification of both mechanical and non-mechanical 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 dntgs can be incorporated into a stent coating, while both non-biodegradable 

and biodegradable stents coatings, the latter in combination with dl1lgs, are presented in 

Chapters 8 and 9 respectively. 

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

are summarized and discussed in Chapter 10. 
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SamcnvaUing 

Het gebmik van endovasculaire stents heeft een enomle verbetering betekend voor de 

interventie cardiologie - het optreden van restenose is significant vemlinderd vergeleken met 

de resultaten van PTCA aIleen. Ondanks grote vorderingen die zijn geboekt sinds de eerste 

humane stent implantatie 13 jaar geleden, blijft het optrcden van restenose na stentpiaa.tsing 

cen serieus problcem. In dit opzicht is er een gebrek aan kennis, met name betreffende de 

lange tennijn effecten van deze pennanente metalen implantaten op de vaatwand. AIleen 

door het begrijpen van deze effecten kunnen toekomstige generaties stents worden verbe(erd 

om zo deze respons te reduceren of te minimaliseren. 

De basis karakteristieken van stents worden besproken in hoofdstuk 1 en 2. Speciek 

wordt de ontwikkeling, het huidige gedrag van stetits, en het belang van histologische 

technieken in de evaillatie van vasclliaire wondheling beschreven. 

De teclmiek van stent implantatie alsmede de aanwezigheid van een metalcn prothese 

met mogelijke ongewilde contaminerende partikeis, induceren acute vasclIlaire irritatie en 

verwonding met een daaropvolgende inflammatoire respolls. Naast acute effecten op de 

vaatwand kan een stent ook chronische vaatwandschade induceren, zoals beschreven in 

hoofdstuk 3 tot en met 5. ZlIlke effectcn omvatten een toegenomen schade aan de archituur 

van de vaatwand in de Hjd, een afgenomen vasculaire integriteit in de vonn van een 

penneabele endotheellaag, als ook een verlengde proliferatieve activiteit van cell en in de 

vaatwand. 

Modificatie van mechanische en niet-mechanische stent eigenschappen, om te 

trachten de vaatwandreactie te beYnvloeden, wordt behandeld in hoofstukken 6 tot en met 9. 

Compliantie, een mechanische stent eigenschap, wordt beschreven in hoofds(uk 6. Het 

gebnlik van stent coatings ter modificatie van de niet-mechanische stent eigenschappen wordt 

gepresenteerd in de hoofdstukken 7, 8 en 9. Hoofdstnk 7 geeft een overzicht van de manieren 

waarop een medicament geIncorporeerd kan worden in cen sten( coating. Experimenten met 

biostabiele en bioafbreekbare coatings, waalvan de laatstgenoemde in combinatie met 

medicamenten, worden beschreven in hoofdstukken 8 en 9. 

De resultaten van de hoofdstllkken 2 tot en met 9 en de implicaties van deze resllitaten 

voor toekomstige studies, zijn samengevat in hoofdstuk 10. 
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