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ABSTRACT 

The recorded use of medical implants dates to before Christ. Synthetic 

cardiovascular implants, more specifically, have been widely used since the 1960s. 

While research and emerging technologies have achieved numerous advances in this 

latter field, the host body still recognizes many implants as "foreign" and initiates a 

healing response that can ultimately interfere with the long-term function of the 

prostheses. Particular to the area of synthetic vascular grafts, biological responses 

include platelet activation, thrombosis, and smooth muscle cell migration and 

proliferation. These reactions have been, and continue to be, characterized in relation to 

interpositional synthetic conduits. Translumenally-placed endovascular grafts (EVGs), in 

contrast, are a relatively new treatment modality whose associated healing responses are, 

as yet, not well described. Endovascular implants are unique in that their surrounding 

environment can be quite different from that observed in association with open surgical 

procedures. The endovascular delivery process can preserve viable endothelium, reduce 

the surgical dissection of an artery, eliminate the placement of a foreign body deep in the 

arterial wall, and negate flow disturbances with straight inline arterial reconstruction. In 

addition, the apposition of the EVG to the native vessel is primarily an intimal as opposed 

to a medial or adventitial interface, potentially influencing the cells that initiate and 

impact all subsequent events in the healing response. To better characterize the cellular 

and angiogenic adaptations that occur in association with intimal approximations, 

experiments were performed to examine the healing responses related to both 

conventional grafts anastomosed with non-penetrating clips as well as to EVG placement. 



Research indicates that modulation of endothelial and smooth muscle cell (SMC) 

phenotypes during healing is a complex process that is likely regulated by multiple 

environmental cues. Soluble factor communication and cell-substrate interactions are 

two likely signals that may ultimately influence the fate of the involved cells. Data 

demonstrate that endothelial cells are present and can be the initial cellular responders at 

the site of vascular intervention. In addition, these cells can directly contribute to 

neointimal thickening through cellular transmodulation. Altematively, they can 

participate in process herein described as "differentiated vasculogenesis," whereby 

individual and/or groups of endothelial cells are liberated from the luminal monolayer 

into the provisional matrix that has been deposited around the vascular implants. Here 

they coalesce into non-patent vascular channels. Longer duration studies further specify 

that SMCs can be induced to re-attain a contractile state in association with low-profile, 

highly porous endoluminal prostheses. Finally, experimental findings suggest that a pre

formed endothelial and SMC lining can be established in vitro within a tissue engineered 

vascular graft (TEVG). Implantation of the TEVGS, however, resulted in the dissolution 

and eventual re-population of the cellular constituents. Based on this work, it is evident 

that vascular wall responses to biomedical implants are far more complex than they have 

appeared in the past. Implant associated vascular wall healing can no longer be 

considered an ordered orchestration of SMC migration and proliferation followed by 

endothelial cell sheet migration over the neointimal lining. Future anti-stenosis and anti-

angiogenic therapies need to take into account the multi-factor/multi-cellular responses 

that can be involved. 
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1. INTRODUCTION 

The recorded use medical implants dates to the time before Christ (B.C.) when 

stone and ivory were used as tooth replacements (Lemons, 1986). Broadening 

extensively since that time, the use of therapeutic devices is now observed in virtually 

every organ system of the body. In fact, it is currently estimated that 8-10% of the 

American population currently has a permanent medical implant (NIH Technology 

Assessment Conference: Improving medial implant performance through retrieval 

information: Challenges and opportunities. January 10-12,2000, Natcher Conference 

Center. NIH, Bethesda, Maryland). 

Specific to the area of vascular disease, it is estimated that greater than 600,000 

bypass procedures are performed armually m the United States (Schmidt et al., 1999). 

Autologous saphenous vein or internal mammary artery remain the preferred grafts for 

use in replacing diseased, small diameter vessels (Deutsch et al., 1999a). Unfortunately, 

a growing segment of the population is siiffering from advanced systemic vascular 

disease and/or has undergone prior surgical procedures. Moreover, cardiovascular 

disease is a systemic disorder, potentially affecting all regions of the body, including the 

harvested vessel. In fact, it is estimated that 30% of the saphenous veins that are 

presently used in bypass grafting are of insufScient quality (Huynh et al., 1999). 

Within the past five decades, synthetic replacements for malfunctioning or 

diseased cardiovascular tissues have been under investigation as possible off-the-shelf 

substitutes for use in vascular surgery (Black, 1995), (Schmidt et al., 2000). The first 

artificial vascular prosthesis was introduced in 1952, when Voorhees employed the use of 



a plastic cloth prosthesis to bride arterial defects (Voorhees et al., 1952). Since that time, 

expanded polytetrafluoroethylene (ePTFE) and Dacron conduits have emerged as 

effective substitutes for reconstruction of large arteries (> 6 mm intemal diameter) 

(Martakos et al., 1995). Expanded PTFE is also the material of choice for use in small 

diameter (< 6 mm intemal diameter) bypass procedure when autologous vessels are 

unavailable. Unfortunately, substantial risk for thrombosis and stenosis remain 

associated with the use of this material in the small caliber position (Schmidt et al., 

2000). For these reasons, there remains a clear need for improving the healing associated 

with current implants and/or creating a new vascular prostheses that are suitable for 

small-diameter vessel reconstruction. Several options are being examined to meet these 

needs. 

The development of non-arcuate clips currently allows vascular surgeons to easily 

and consistently construct anastomoses that exclusively consist of intimal/prosthesis 

approximations. This is in contrast to the adventitial/prosthesis interface that can be 

observed in association with the use of suture. Research has demonstrated that the 

intimal interface alone may reduce the risk of intimal proliferation and thereby promote 

more appropriate wound healing (Heijmen et al., 1998a). 

Another emerging area in the treatment against cardiovascular disease is the use 

of endovascularly placed bypass grafts. There is promising research that a transluminal 

approach can overcome many of the aforementioned shortcomings of interpositional 

grafts. Nevertheless, research and development in this field is ongoing, and endovascular 

technologies have undergone many changes. Regrettably, studies have demonstrated that 



vascular healing is dependent on both material and graft design (Krohg-Sorensen et al., 

1999). Intimal, medial, and even adventitial alterations that occur as a result of implant 

placement can stimulate a cascade of events that influence the long-term healing and/or 

the possible degradation of the endovascular prostheses itself. Therefore, each new 

device must undergo a new round of evaluation. 

Finally, tissue engineering holds the promise of creating a pre-formed conduit that 

mimics the structure of a native vessel wall. Theoretical advantages to this approach 

include a construct that may be fully responsive and interactive with the host 

environment. 

Despite the varied approaches, all of these interventions elicit a tissue healing 

response. Only with an accurate understanding of this reaction can further improvements 

be realized. This understanding begins with an appreciation of the factors that may 

influence the future genesis of restenotic and atherosclerotic lesions, namely the cellular 

and molecular mechanisms that control endothelial and SMC differentiation. 

Accordingly, the following introduction opens with a general overview to cardiovascular 

embryology. A description of physiological and pathological vascular responses to injury 

follows. Finally, reviews of interpositional as well as endovascular prostheses are 

presented. 
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Cardiovascular Embryology 

The cardiovascular system is the first embryonic organ system to develop. (Risau 

W, 1995). Formation of the vascular network begins with the configtiration of nascent 

endothelial tubes through two fiindamental mechanisms. The first mechanism, 

vasculogenesis, is defined as de novo formation of blood vessels from free angioblasts 

(figure l.I) (Coffin et al., 1991), (CofKnet al., 1988), (Patten, 1953), (Risauet al., 1995). 

Tissues that are vascularized by this process are generally of endodermal origin and 

include the heart tube, the dorsal aorta, the lung, pancreas, and spleen (Beck et al., 1997). 

After this initial vasculature is established, it is elaborated and extended throughout the 

embryo by the process of angiogenesis, or vascular sprouting from the existing vessels 

(Coffin et al., 1991), (Coffin et al., 1988), (Hertig, 1935). Tissues of ectodermal and 

mesodermal derivation such as the kidney and brain are thought to be vascularized 

primarily through this route (Beck et al., 1997), (Risau et al., 1995). Vascular remodeling 

then extensively modifies the embryonic framework through the enlargement and 

splitting of some of the existing vessels as well as through the regression and/or complete 

disappearance of others. The final stage of vascular development, maturation, involves a 

dramatic reduction in endothelial cell proliferation, morphological changes to endothelial 

cell shape and organization, and the recruitment of vascular wall components including 

pericj^es for capillaries and smooth muscle cells for larger vessels (Beck et al., 1997), 

(Risau etal., 1995). 

By the time an individual reaches maturity, a network of highly specialized blood 

vessels consisting of a tunica intima, a single layer of endothelial cells with occasional 
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solitary SMCs situated on a relatively thin layer of connective tissue (Ikari et al., 1999), 

(Stary et al., 1992); a tunica media, multiple layers of smooth muscle cells, connective 

tissue, and elastin sheets; and a tunica adventitia, loosely arranged collagen, elastin, 

fibroblasts, blood vessels, and nervous tissue; is established. 
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Figure 1.1 Schematic representation of vascular development. Angioblasts 

differentiate from the mesoderm (A) and begin to form cords (B). The 

cord endothelial cells then begin to form patent tubes (C). This primary 

vascular plexus is next extended and elaborated by angiogenesis (D). 

Finally, vascular remodeling results in the formation of large and small 

vessels, and as the endotheliimi matures, mesenchymal cells are recruited 

to become components of the vascular wall (E). 

Reprinted with permission (Appendix 2) from p.223. Heart Development. R.P. Harvey & 

N. Rosenthal editors. Academic Press 1999. 
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Endothelial Cell Origins 

Lining of the entire luminal surface, the endothelial cell is the defining cell type 

of the vascular system. Accordingly, the morphogenesis of the embryonic vasculature 

begins with the appearance of the endothelial precursors (Coffin et al., 1988). At the 

outset of gastrulation, the embryo is composed of two cell layers, the epiblast and the 

primitive endoderm. The formation of the ectoderm, mesoderm, and endoderm is 

accomplished by the recruitment of cells from the epiblast to the primitive streak where 

they undergo ingression and are incorporated into the three new tissue layers (Bellairs, 

1986). 

The first distinguishing molecule known to be expressed in a population of 

mesodermal cells giving rise to future angioblasts is the transmembrane receptor tyrosine 

kinase, vascular endothelial growth factor receptor-2 (VEGFR-2), known as Flk-l in the 

mouse and KDR in the human (Risau W, 1995). Flk-l initially appears in the mesoderm 

that is in contact with underlying endoderm. Research suggests that VEGF secretion by 

the endoderm may support the differentiation of VEGFR-2-expressing mesodermal cells 

to primordial endothelial cells (i.e. angioblasts). In 1995, Flamme demonstrated that 

VEGF is expressed in the embryonic endoderm and can induce expression of the Flk-l 

gene (Flamme et al., 1995). This paracrine relationship between the two germ layers was 

further supported by the observation that no endothelial cells were formed in the 

mesoderm in the absence of the endoderm (Risau W, 1995). In addition, basic fibroblast 



growth factor (bFGF) or an FGF-related factor may also be involved in this induction 

process (Flamme et al., 1992). 

BCnockout studies further demonstrate that mice lacking Flk-1 fimction die 

between E 8.5 and 9.5 as a result of defects in the development of both endothelial and 

hematopoietic cell lineages (Carmeliet et al., 1996), (Beck et al., 1997), (Hanahan, 1997) 

(Shalaby et al., 1997). Thus, mesodermal cells are induced to differentiate into 

angioblasts, and a critical step in this initiation involves the expression of VEGFR-2. Flt-

1 expression remains elevated throughout vascular development. However, once the 

vascular network is established, VEGFR-2 expression regress. 

Soon after endothelial cell induction, VEGF binding to VEGFR-1 (i.e. Flt-1) 

elicits endothelial cell-cell interactions and capillary tube formation. As VEGFR-l is 

activated, angioblasts begin to aggregate and fuse with other angioblasts, forming blood 

islands. The subsequent processes of blood island fusion and lumen formation lead to a 

primordial vascular network (Pardanaud et al., 1987), (Risau et al., 1995). 

Similarly to the Flk-1 null mice, knockout studies confirmed that animals with a 

targeted mutation of the Flt-1 gene also die mid-gestation. These animals have normal 

hematopoietic progenitors and abundant endothelial cells that migrate and proliferate but 

do not assemble into tubes and functional vessels (Beck et al., 1997), (Hanahan, 1997). 

Unlike Flk-1 expression, however, Flt-1 is maintained in the differentiated endothelium 

of adult vascular tissues, suggesting that it has a constitutive function in the qtiiescent 

endothelia of mature vessels. 
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The formation of a luminized tube is a key event in endothelial cell differentiation 

and involves the establishment of polarized and functionally different cell surfaces (Risau 

W, 1995). Although the receptor tyrosine kinases and their ligands are integral to this 

process, they are not solely responsible. Lumen formation may require initial contacts 

mediated by E-selectin and carbohydrate epitopes, and subsequent junctional "tightening" 

by cadherins, platelet-endothelial cell adhesion molecule-1 (PECAM-1), integrins and 

other molecules may also be involved (Breier et al., 1996), (Carmeliet, 2000), (Madri et 

al., 1983), (Madri et al., 1991), (Matsumura et al., 1997), (Risau W, 1995), (Sheibani et 

al., 1997). 

Once in tubular form, the vascular endothelium begins to mature, synthesizing 

multiple extracellular matrix proteins that form a basement membrane. This extracellular 

matrix structure is also believed to help maintain cell polarity as well as to regulate 

endothelial cell proliferation, adhesion, and differentiation (Ausprunk & Folkman, 1977), 

(Grant etal., 1990). 

Vessel Wall Maturation 

About this time, the onset of circulation commences. The resultant mechanical 

and hemodynamic forces that are established may be two of the factors that stimulate the 

primary capillary plexus to remodel many times until a mature vascular system consisting 

of vessels of different diameters and functions is formed (Beck et al., 1997), (Owens, 

1995a), (Risau, 1997). During this process most capillaries in a primitive vascular plexus 
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regress, the direction of blood flow can change many times in a given capillary bed, and 

other vessels are newly formed by the splitting (or fusion) of established vessels via a 

process called non-sprouting angiogenesis or intussusception (Figure 1.2) (Ashton, 1966), 

(Folkman & Kangsbum, 1987), (Risau, 1997). In addition, the vasculature is also 

extended by sprouting of new capillaries from the pre-existing network (i.e. 

angiogenesis), resulting in an elongated, highly branched vascular plexus (Risau W, 

1995), (Risau etal., 1995). 

Following the morphological changes associated with pruning and remodeling of 

the vascular plexus, mesenchymal support cells are recruited to lend mechanical and 

physiological support to the endothelium. Pericytes are recruited to the capillaries, and 

smooth muscle cells and adventitial fibroblasts are added to the vascular walls around 

larger vessels, endowing the blood vessels with visco-elastic and vasomotor properties 

necessary to accommodate the changing needs in tissue perfusion (Carmeliet, 2000), (Le 

Lievreetal., 1975), (Schwartz et al., 1993). 
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Figure 1.2 Schematic representation of the creation of new blood vessels through the 

process of intussusception, or non-sprouting angiogenesis. Initially 

transcapillary pillars or posts create small intervascular spaces (A). These 

spaces subsequently enlarge (B and C), resulting vessels that are 

indistinguishable from those created by sprouting angiogenesis. 

Reprinted with permission (Appendix 2) from p.230, Heart Development. R.P. Harvey & 

N. Rosenthal editors. Academic Press 1999. 
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Activation of the endothelial cell receptor tyrosine kinase, Tie-2, by its 

mesenchymally-secreted ligand, angiopoietin-1 (Ang-1), mediate this vessel maturation 

from simple endothelial tubes into more elaborate vascular structures (Beck et al., 1997). 

Tie-2 and/or Ang-1 knockout mice studies demonstrate that endothelial cells will present 

in normal numbers and will assemble into tubes; however, the vessels that do form lack 

intimate encapsulation by peri-endothelial support ceils. Branching networks and proper 

organi2ation into large and small vessels are also lacking (Beck et al., 1997), (Dumont et 

al., 1992), (Hanahan, 1997), (Sato et al., 1995). Close observation of Tie-2 deficient 

embryos revealed malformation of the vascular network. In the head region at E9.5, 

vessels were uniformly dilated and there was no clear distinction between large vessels 

and smaller vessels as seen in wild-type embryos. Thus, these findings indicate that the 

Tie-2/Ang-l circmt controls the capability of endothelial cells to recruit stromal cells to 

encase the endothelial tubes (Breier et al., 1996;Suri et al., 1996). Without Tie-2 

expression, the vascular organization remains immature. 

Research has established that Ang-1 activation of the Tie-2 receptor stimulates 

endothelial release of platelet-derived growth factor (PDGF). PDGF-BB, in turn, acts to 

recruit nearby mesenchymal cells (Beck et al., 1997), (Holmgren et al., 1991). Once the 

mesenchymal cells have contacted the endothelium, transforming growth factor-p (TGF-

P) release from the support cells is initiated (Antonelli-Orlidge et al., 1989), (Beck et al., 

1997). TGF-P is part of a large family of homodimeric peptides widely implicated in the 

regulation of cellular growth and differentiation (Grainger et al., 1998). The presence of 

TGF-P serves to reduce the proliferation of endothelial cells, induce the differentiation of 



support cells, and stimulate extracellular deposition by these support cells (Basson et al., 

1992), (Beck et al., 1997), (Carmeliet, 2000), (Folkman et al., 1996), (Grainger et al., 

1998), (Heimark et al., 1986) 

Ang-2, a second ligand to Tie-2/Tek, appears to act as an antagonist to the Tie-

2/Ang-l circuit (Maisonpierre et al., 1997), (Kampfer et al., 2001). In blocking Tie-

2/Ang-l function, Ang-2 serves to relax the endothelial/support cell associations 

(Hanahan, 1997). Once the tight vascular structure is loosened, the endothelial cells can 

respond to activating signals from angiogenesis inducers such as VEGF. In the presence 

of VEGF, the endothelial cells migrate and proliferate, producing new capillary sprouts 

and tubes. In contrast, if Ang-2 is present at high levels in the absence of the survival 

signal from VEGF, catastrophic detachment from matrix and support cells will ensue and 

vascular regression will occur (Carmeliet, 2000), (Hanahan, 1997), (Kampfer et al., 

2001), (Maisonpierre et al., 1997). 

Although a flmctionai ligand remains unidentified, studies indicate that a final 

receptor tyrosine kinase, Tie-1, is involved in controlling vascular endothelial cell 

integrity. Embryos deficient in Tie-1 die because of the resulting edema and localized 

hemorrhage (Beck et al., 1997), (Kampfer et al., 2001), (Sato et al., 1995). 

Thus, arterio-venous relationships are eventually formed and fixed, and the adult 

pattern of the vascular tree with successively smaller vessels begins to emerge. 



Smooth Muscle Cell Origins 

As stated above, vasculogenesis and angiogenesis contribute to the early vascular 

plexus formation. In each case, the blood vessel initially consists of a single layer of 

mesenchymally derived endothelial cells embedded in a scaffolding of extracellular 

matrix. Development of arteries, arterioles, venules, and veins involves the recruitment 

of smooth muscle precursor cells into the region surrounding the endothelial cell tubes 

with the subsequent morphogenesis of the appropriate blood vessel. Unfortunately, little 

is known about the recruitment of VSMC progenitors and the subsequent differentiation 

program these cells undergo. The majority of VSMCs are of mesodermal origin, but 

unlike other mesodermal precursor cell populations, a discrete population of SM 

progenitor cells cannot be distinguished in the developing organism (Hungerford et al., 

1996a). 

One reason why confusion remains about the origin of SMCs is that no markers 

have been described that recognize smooth muscle precursor cells that are committed but 

as yet undifferentiated (Owens, 1995a). Morphological studies have shown that during 

vasculogenesis putative smooth muscle precursor cells appear early in development as 

one to two layers of relatively undifferentiated mesenchymal cells that surround the 

endothelial cells of formed vessels (Owens, 1995). While these cells are recognizably 

different from undifferentiated mesenchyme, they are not yet clearly identifiable as 

smooth muscle in that they lack basement membranes, attachment bodies, or pinocytotic 

vessels (Owens, 1995a). Nevertheless, these cells do possess the ability to contract. 



These observations are most compatible with the hypothesis that vascular endothelial 

cells induce the mesodermal cells in their immediate environment to become SMCs. 

A number of investigators have attempted to identify the origins of VSMCs using 

antibodies directed against proteins such as alpha smooth muscle cell actin (aSMC), 

calponin, and myosin heavy chain that are characteristic of differentiated SMCs. The 

appearance of smooth muscle markers occurs in a radial pattern, commencing adjacent to 

the endothelium and proceeding outward (Owens, 1995). These studies further indicate 

that SMCs arise at multiple diffuse sites throughout the embryo, rather than from a 

discrete locus or loci (Gittenberger-de Groot et al., 1999), (Owens, 1995a). 

Gross mapping of the embryonic VSMCs has demonstrated that the VSMCs of 

the great vessels are derived from the neural crest (Le Lievre et al., 1975), whereas those 

of the smaller vessels are derived from the mesoderm-derived mesenchyme of the local 

environment (Hungerford et al., 1996b). By contrast, coronary artery SMCs originate 

from precursors found in the extra cardiac coelomic mesothelium that gives rise to the 

epicardial covering of the heart. In addition, certain epicardial cells undergo an 

epithelial-to-mesenchymal transformation, invade the sub-epicardial matrix, and acquire 

a SMC phenotype (Eisenberg et al., 1995). Finally, the thoracic aorta is composed of 

ectodermal-derived cells. 

In addition to the complexity that derives from differences in embryonic origin 

and lack of precursor markers, VSMCs also exhibit plasticity with regard to phenotype 

(Figure 1.3). Mature VSMCs retain the ability to re-enter the cell cycle in response to 

vascular disease and/or repair (Owens, 1995b). Such "synthetic" SMCs have functional 
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and morphological properties that are distinct from quiescent cells and that are similar to 

those of embryonic VSMCs. Each of these different phenotypic states has somewhat 

different marker proteins that are characteristic of that state (Owens, 1995b). Synthetic 

cells are capable of proliferation, migration, and extracellular matrix production. 

Understandably, this plasticity has confounded efforts to understand the cellular and 

molecular mechanisms that control SMC differentiation. 

With the establishment of the cardiovascular system complete, the vasculature 

remains relatively stable through adulthood. Nevertheless, events such as injury and 

disease can induce alterations. 
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Figure 1.3 Schematic representation of the alternate phenotypic states of vascular 

smooth muscle cells. The contractile state is typified by the presence of 

contractile apparatuses, consisting of thick and thin filaments extending 

between dense bodies. Multiple cells of this nature form a contractile 

network (cell junction schematic), continuous across the gap junctions 

between cells. The synthetic cells, on the other hand, possess extensive 

synthetic organelles. 

Reprinted with permission (Appendix 2) from p.431, Heart Development. R.P. Harvey & 

N. Rosenthal editors. Academic Press 1999. 
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Physiological Vascular Wall Responses to Injury 

Upon vascular injury, the highly ordered arrangement of the vessel wall becomes 

disrupted. As a result, a chain of reactions that attempts to re-establish homeostasis by 

reconstitution an intact vessel wall is initiated. 

Initial Response 

Immediately following vascular trauma, the intrinsic and extrinsic pathways of 

the coagulation cascade are triggered (Davie EW et al., 1991). Platelets are activated and 

adhere to the site of injury where they release several adhesive proteins includmg 

fibronectin and thrombospondin (Clark, 1988). Fibrinogen is converted to fibrin by 

thrombin, and an insoluble fibrin clot that reduces or temporarily stops the loss of blood 

is formed (Davie EW et al., 1991). This newly generated, provisional matrix provides the 

scaffolding by which cells migrate into the wound space to continue the healing process. 

Initially inflanunatory leukocytes infiltrate the wound and are stimulated to produce and 

secrete potent chemoattractants and mitogens, including but not limited to transforming 

growth factor-pn (TGF-pi), interIeukin-1 (IL-1), platelet derived growth factor (PDGF), 

and fibroblast growth factor (FGF) (Clark, 1988), (Miller et al., 1989), (Wewers, 1997). 



Smooth Muscle Cell Response 

All large arterial wall injuries resulting in the disruption of the internal elastic 

lamina involve the migration and proliferation of SMCs into the wounded region. The 

duration of this heightened proliferation continues for approximately three weeks but can 

terminate earlier in regions covered by endothelium (Greisler, 1994). Therefore, under 

physiological conditions this burst of smooth muscle cell proliferation does not leading to 

stenosis. Generally the SMCs re-enter a stage of quiescence where they begin to 

synthesize and secrete extracellular proteins (Bauter at al., 1997),(Davies et al., 1994). 

Endothelial Cell Response 

A loss of contact inhibition by the endothelium adjacent to the zone of injury 

stimulates the proliferation and migration of the adjoining endothelial cells (Heimark et 

al., 1988). In a mass sheet, the endothelial leading edge moves single file to cover the 

denuded region (Clowes et al., 1987a), (Folkman, 1987), (Herman, 1993), (Wilting & 

Christ, 1997). To facilitate migration, endothelial cells growing into the wounded 

regions undergo phenotypic alteration including dissolution of intracellular desmosomes 

and formation of peripheral cytoplasmic actin filaments. They also produce a number of 

bioactive substances such as PDGF and bFGF capable of modulating SMCs as well as the 

endothelial cells themselves (Clark, 1988). 

Unfortunately, the capacity for re-endothelialization of denuded surfaces is 

limited. Following the creation of a large denuded surface, re-endothelialization stops 



prior to complete coverage of that injiured siirface, resulting in areas persistently devoid 

of endothelium (Greisler, 1994). In the zone devoid of endothelium, the blood-contacting 

surface develops a pseudointima in which medial smooth muscle cells take on some 

endothelial-like characteristics, resulting in a relatively non-thrombogenic surface. 

Thus, under ideal conditions an intact vessel wall is re-established. However, 

upon repeated exposure to injury, pathological changes may occur in the vessel wail. 

Pathophysiological Vascular Wall Responses to Injury 

Atherosclerosis 

Atherosclerosis is responsible for 50% of all mortality in the Western world and 

Japan (Kadar et al., 2001), (Ross, 1993a). Characteristically, atherosclerotic plaques are 

not uniformly distributed throughout the vascular system. Instead, they are localized to 

distinct and reproducible areas such as the carotid bifurcation, the coronary arteries, the 

abdominal aorta, and the lower extremity arteries. Plaque initiation and localization in 

these areas is believed to be the result of low, rather than high shear stress, low flow 

velocity, flow separation, and oscillation in wall shear direction (Deng et al., 1995), 

(Asakura et al., 1990). Under such circumstances there is increased residence time for 

circulation particles. That is, local exposure of endothelium and vascular wall to 

atherogenic agents is increased (Kadar et al., 2001). The organized thrombus hypothesis, 

the hypothesis of monoclonal cell growth, and the infection-inflammation hypothesis are 
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several of the etiological theories of atherogenesis (Kadar et al., 2001). The most 

pervasive theory, however, is the response-to-injiiry hypothesis originally introduced by 

Virchow (Virchow, 1856). 

In the response to injury hypothesis, the initiation of atherosclerosis is thought to 

involve penetration of the endothelial layer by circulating monocytes, migration and 

proliferation of intimal SMCs, and accumulation of lipids and matrix elements within the 

sub-endothelial space (Ross, 1986a), (Ross, 1993a). Thus, the arterial intima is the "soil" 

in which atherosclerotic lesions develop (Schwartz, 1999). 

Upon repeated exposure to injury, the endothelium become more permeable and 

begin to express surface adhesion molecules that promote the leukocyte adherence 

(Duplaa et al., 1996). In these diseased areas there is also an increased insudation of low 

density (LDL) and very low density lipoproteins (VLDL) into the vessel wall. T cells 

and macrophages adhere to these areas and migrate across the endothelial cell monolayer 

where they become activated and engulf lipoproteins, generating foam cells (Rong et al., 

1999). These foam cells then secrete mitogens that promote the de-differentiation and 

proliferation of VSMCs (Ross, 1986a), (Ross, 1993a). The SMCs migrate and proliferate 

in the intima where they also digest lipids to become foam cells, thereby perpetuating the 

process. In fact, the cellular participants in atherosclerosis are all capable of secreting a 

number of molecules that cause functional regulation of other cells or even themselves. 

Endothelial cells synthesize PDGF, bFGF, TGF-P, IL-1 TNF-a, VCAM-1. Monocytes 

produce VEGF, IGF-I, bFGF, TGF-ot, PDGF, IL-2, IL-1, TFG-P; whereas SMCs produce 



PDGF, VEGF, bFGF, IGF-I, IL-1, TGF-p, and TNF-a; among others (Kadar et al., 

2001), (Ross, 1993a). 

Aggregates of foam cells macroscopically manifest as fatty streaks, the forerunner 

to atheromas (Ross, 1993a). Proliferation of SMCs about the focus of foam cells 

converts the fatty streak into mature fibro-fatty atheroma. As the lesion develops, 

macrophages and SMCs attempt to digest the disproportionate amount of lipid and can 

die of lipid overload. Once dead, lipids and cellular debris contribute to the generation of 

the lipid core of advanced lesions (Kadar et al., 2001). 

The plaque can be modified fiirther by deposition of collagen, elastin, and 

proteoglycans. This connective tissue is particularly prominent on the intimal aspect, 

where it produces the "fibrous cap". There is a great amount of variability in the relative 

amounts of tissue formed during each of these processes in the lesion. Consequently, 

many lesions of atherosclerosis are dense and fibrous, whereas others may contain large 

amounts of lipid and necrotic debris, with most demonstrating combination and variation 

of each of these characteristics. The distribution of lipid and connective tissue in these 

lesions determines whether they are stable or are at risk of rupture, thrombosis, and 

clinical sequelae (Ross, 1993a). 
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Figure 1.4 Schematic representation of atherosclerotic lesion formation. Leukocytes 

interact, bind, and diapedese across areas of activated endothelial cells. 

The accumulation of lymphocytes in the media of the vessel wall can then 

stimulate the conversion of local vascular smooth muscle cells to a 

proliferative, synthetic phenotype and thereby encourage the formation of 

stenotic lesions. 

Reprinted with permission (Appendix 2) from p.438. Heart Development. R.P. Harvey & 

N. Rosenthal editors. Academic Press 1999. 
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Synthetic Vascular Grafts 

Despite the numerous treatments for diseased vessels, the predominant approach 

remains surgical intervention. Presently clinicians prefer to utilize autologous blood 

vessels as bypass conduits. The reason for this is that studies comparing the use of small 

caliber prosthetic grafts to the use of autologous vein m femoro-distal revascularizations 

show that the prosthetic grafts have significantly lower patency rates than the venous 

grafts. The two-year patency of saphenous vein grafts to the tibial is approximately 70%, 

while that of prosthetic grafts is only 30% (Michaels, 1989). However, a growing portion 

of the population is suffering from advanced systemic vascular disease and/or has 

undergone prior surgical interventions. Consequently, adequate autologous vessels are 

frequently unavailable. In instances such as these, alternative such as synthetic vascular 

implants are utilized. 

The first reported case of using a man-made material in a vascular bypass was in 

1952 when Arthur B. Voorhees and his colleagues employed the use of a plastic cloth 

prosthesis to examine the possibility of bridging arterial defects (Voorhees et al., 1952). 

Little did these first pioneers know that their attempt to avoid the "complicated aspects" 

of arterial graft preservation would open a Pandora's box of scientific questions related to 

the healing of these artificial conduits that remain poorly understood nearly 5 decades 

later. 

A variety of synthetic materials have been investigated for use as blood conduits. 

However, the combined physical characteristics and biocompatibility of ePTFE and 
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polyethylene teraphthalate have allowed these materials to emerge as effective substitutes 

for reconstruction of large arteries (> 6 mm internal diameter) (Martakos et al., 1995). In 

addition, ePTFE is the material of choice for use in medium (6 to 10 mm internal 

diameter) as well as small diameter (< 6 mm intemal diameter) vascular procedures 

(Martakos et al., 1995). 

Although variations in the physical structure are currently available, ePTFE is 

comprised of solid nodes of material connected by small intemodal fibrils. Clinically 

available grafts have an average intemodal distance of 20-30 jim on both the lumen and 

adventitia sides. Depending on the manufacturer, a dense, low porosity, external 

reinforcement warp may be present (Martakos et al., 1995). For the reasons presented in 

the following sections, it is generally agreed that ePTFE is not the ideal conduit because 

the complication rates related to thrombosis and stenosis remain high when used as a 

small caliber substitute. 

Healing Reponses Associated with Interpositional Synthetic Vascular Implants 

Ablumenal-Associated Healing Responses 

Biomaterial placement within the body initiates a wound healing response that is 

very similar to physiological wound healing. Both biomaterial-associated and 

physiological healing can be categorized into six stages; namely the initial injury, acute 

inflammation, chronic inflammation, foreign body reaction, grantilation tissue formation, 

and fibrous encapsulation (Clark, 1988), (Greisler, 1994), (Rendell et al., 1999). Where 
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the two healing processes differ is in the degree to which the homeostatic mechanisms are 

perturbed and the extent to which pathophysiologic conditions may be created (Anderson, 

1988a). 

Injury and Acute Inflammation 

Immediately following implantation of prosthetic vascular conduits, inflammatory 

cells become activated (Swartbol et al., 2001), and the surrounding tissue experiences 

changes in vascular flow, caliber, and permeability. Fluid, proteins, and blood cells leak 

from the vascular system into the injured tissue, and chemical factors including 

histamines, bradykinin, PDGF, and TGF are released (Clark, 1988), (Tang et al., 1996). 

These factors mediate many of the cellular responses of inflammation. 

Inflammation is a protective response intended to eliminate both the initial cause 

of cell injury as well as the necrotic cells /or tissues arising as a consequence of such 

injury (Clark, 1988). It serves to contain, neutralize, dilute or wall off the injurious agent 

or process (Anderson, 1988a). The predominant cell type present in the inflammatory 

response varies with the age of the inflaimnatory infury. Acute inflammation is the 

immediate and early response to mjury and is of relatively short duration, lasting for 

minutes to days. A critical function of this response is to deliver neutrophils to the site of 

injury (Anderson, 1988a). Following localization of leukocytes at the implant site, 

phagocytosis of the foreign entity is attempted. 
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Chronic Inflammation and Foreign Body Reaction 

After the first several days following injury when acute injury cannot be resolved 

because of the persistence of the polymeric implant, monocytes gradually replace by 

neutrophils as the predominant cell (Anderson, 1988a). This change initiates the chronic 

inflammatory phase as monocytes differentiate into larger, phagocytic cells called 

macrophages following emigration firom the vasculature (Zenni et al., 1994), Not only 

are these cells longer-lived than neutrophils, but monocyte emigration may also continue 

for days to years depending on the implanted bioraaterial (Guidoin et al., 1993). 

The foreign body reaction to biomaterials follows chronic inflammation 

(Anderson, 1988a). During this stage, tissue macrophages coalesce to form 

multinucleated foreign body giant cells ui an attempt to increase the surface area over 

which phagocytosis can occur (Sanders et al., 2000). Fibroblasts and capillaries also 

begin to appear during this time, initiating fibrosis around the biomaterial. This response 

will isolate the implant and the associated foreign body reaction firom the local tissue 

environment (Guidoin et al., 1993). Consequently, the forming capsule may persist at the 

tissue/implant interface for the lifetime of the implant. 

Granulation Tissue and Fibrous Encapsulation 

The end-stage of the healmg response associated with the ablumenal surface of 

vascular implants is granulation tissue formation and fibrous encapsulation. Fibroblasts 

and blood vessels at the implant site proliferate and begin to form granulation tissue 



(Anderson, 1988a). Depending on the extent of the injury, granulation tissue may be 

seen as early as three to five days following implantation. In the early stages of this 

process, proteoglycans predominate. Later, collagen makes up the bulk of the 

extracellular matrix. As the granulation tissue progressively accumulates connective 

tissue matrix, fibrosis ensues (Guidoin et al., 1993). 

Luminal-Associated Healing Responses 

Because the luminal surface of synthetic vascular implants is in direct contact 

with the blood, a very different healing environment is established when compared to the 

ablnmenal surface. Synthetic grafts display a markedly thrombogenic surface to the 

flowing blood and firequently fail acutely (< 6 months) because of spontaneous 

thrombosis (Zacharias et al., 1987). Late term failures (> 6 months) are attributed to the 

development of intimal thickening at the distal venous anastomosis. 

Initial Response 

After the vascular prosthesis has been implanted and blood flow has been 

restored, proteins are adsorbed to the luminal smface by mechanisms first described by 

Vroman (Sieminski et al., 2000), (Turbill et al., 1996). The Vroman effect refers to the 

sequential displacement of proteins adsorbed firom plasma to a material surface. Proteins 

are first deposited solely on the basis of concentration (Sieminski et al., 2000), (Turbill et 

al., 1996). Thus, protein in the highest concentration such as fibrin and fibronectin 
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accumulate first. These proteins may then be replaced by proteins with a higher affinity 

to the graft material. Furthermore, once these proteins are adsorbed they can also 

undergo conformational changes, exposing hidden epitopes and effecting subsequent 

cellular interactions (Sieminski et al., 2000), (Turbill et al., 1996). It is generally 

assumed that all subsequent events, uicluding thrombosis and cellular interaction, are 

determined by the composition and structure of the initially adsorbed protein layer. 

Cellular Infiltration 

Three possible sources for cellular coverage have been proposed to be involved in 

the luminal healing associated with interpositional, synthetic vascular grafts: 1) cellular 

migration derived firom the cut edges of the adjacent artery (i.e. pannus ingrowth); 2) 

capillary migration from the peri-graft tissue through the interstices of the graft (i.e., 

transinterstitial migration); and 3) cellular attachment fi'om circulating cells, possibly 

including detached endothelial cells (i.e., fallout endothelialization). 

Pannus Ingrowth 

In clinically available, 30 (im intemodal distance synthetic grafts, cellular 

infiltration occurs primarily from the cut edges of the artery (Clowes et al., 1985a) 

(Guidoin et al., 1993). Endothelial and smooth muscle cells migrate along the luminal 

surface of the graft in an apparent attempt to line the polymeric surface (Clowes et al., 

1987b). Unfortunately, in humans this luminal coverage develops slowly and is restricted 
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to a zone extending approximately 1-2 cm from the heel of each anastomosis (Berger et 

al., 1972). Even after years of implantation, indium-labeled platelet studies suggest that 

aortofemoral Dacron grafts may never develop an endothelialized, non-thrombogenic 

surface (Clowes et al., 1986a), (Clowes et al., 1987b). 

Transinterstitial Migration 

Capillary ingrowth as a means for obtaining graft coverage was first suggested by 

Florey et al in 1962 in their report on endothelial growth in short Dacron grafts inserted 

into baboon aortas (Florey et al., 1962). It appears that in higher porosity grafts, islands 

of endothelial cells away from the anastomosis emerge from capillaries that have 

migrated through the interstices of the graft. Once through the graft material, the cells 

continue to migrate laterally to cover the luminal surface (Florey et al., 1962). The 

laboratory of Alexander Clowes has shown that 60 (xm PTFE grafts inserted into the 

aorto-iliac circulation of baboons were almost completely covered by endothelial cells 

within 2 weeks of implantation (Clowes et al., 1986a), (Zacharias et al., 1987). Such a 

short durations precluded the possibility of pannus ingrowth accounting for the entire 

lining. 

Fallout Endothelialization 

Under certain circumstances pleuripotent and/or endothelial cells may circulate in 

the blood and settie onto the luminal surface of synthetic grafts (Maeda et al., 2000), 
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(Scott et al., 1994), (Shi et al., 1994). By preventing pannus and transmural ingrowth 

through the use of an impervious graft, Shi, et al and Scott, et al demonstrated that 

scattered islands of endothelial cells can appear in both arterial and venous vascular 

grafts after 4-8 weeks of healing in animal models (Scott et al., 1994), (Shi et al., 1994). 

Similarly, in human explants, Shi et al. demonstrated the presence of endothelial cell on 

Dacron arterial graft flow surfaces at points far beyond the zone of possible pannus 

ingrowth (Shi et al., 1997). The 7- and 18-year implants had flow-surface endothelial 

cell despite a lack of transinterstitial tissue ingrowth. 

Regardless of how the cell initially came to be situated on the synthetic conduits, 

the next hurdle encountered in association with the luminal surface of synthetic vascular 

grafts is that of intimal thickening (IT). 

Intimal Thickening 

A certain percentage of all vascular interventions; be they the placement of 

mterpositionai synthetic grafts; balloon angioplasty, endarterectoniies, atherectomies, or 

stent and stent graft deployment; fail as a result of a secondary, IT lesion (Adcock, 1989), 

(Cantelmo NL et al., 1989), (Clowes et al., 1986a), (Clowes et al., 1983a), (Davies et al., 

1994), (Pauly et al., 1994), (Shanahan et al., 1998a), (Sottiurai et al., 1989a), (Tuder et 

al., 1994a). The first description of IT has been attributed to Carrel and Guthrie, who in 

1906 noted that the anastomotic sutures had become covered with a glistening substance 



similar in appearance to endothelium within a few days of a vascular bypass operation 

(Carrel et al., 1906). Many theories have been presented to explain this cellular 

adaptation; however, current dogma suggests that FGF, PDGF, and TGF-p, among 

others, stimulate the abnormal migration and proliferation of VSMCs with an associated 

deposition of an extracellular tissue matrix (Davies et al., 1994), (Schwartz et al., 1995). 

In contrast with atherosclerotic plaques, there restenotic lesions are much more 

cellular in nature (Narayanaswamy et al., 2000a), and these processes of SMC migration 

and proliferation is characterized by extensive alterations in the morphological 

appearance of the SMCs. Intimal SMCs show reduced levels of a variety of proteins 

characteristic of differentiated SMCs including a SMC actin (aSMC), SM-myosin heavy 

chain (SM-MHC), caldesmon, vinculin, and desmin (Beranek, 1993a) (Beranek, 1995a), 

(Beranek, 1993a;Beranek, 1995a;Shanahan et al., l998b;Shimizuetal., 1995a;Tuder et 

al., 1994b). An increase in synthetic cellular organelles such as Golgi apparatuses and 

rough endoplasmic reticulum is also observed. 

Unfortunately, relatively little is ctirrently understood about the molecular 

mechanisms that control SMC lineage,, specification^ differentiatioa and phenotypic 

modulation (Kim et al., 1997). These changes may be a requisite part of the repair 

process. Early decreases may reflect a shift to a less differentiated state with an increased 

growth capacity. This change is often designated a shift from the contractile phenotype 

to the proliferative-synthetic phenotype (Clowes et al., 1985b;Ohno et al., 1994a;Ross, 

1986b;Ross, 1993b). Another likely possibility is that the altered phenotype of intimal 

SMCs is, in part, a consequence of changes in the cellular environment that occur within 



the intima versus the media, including well-demonstrated changes in the extracellular 

matrix (ECM) protein and growth factor expression (Owens, 1995c). 

While animal models have established that injury-induced intimal SMC 

proliferation reaches a maximum after approximately two weeks (Clowes et al., 1983b), 

(Davies et al., 1994), the degree of IT that develops in a vessel has been show to be 

dependent on the length and depth of the damage (Sarembock et al., 1989). In fact, 

arterial wall injury resulting in neointimal formation can range from a classification of 

type I, where there is fxmctional alterations without significant, morphological change, 

through type II, where endothelial denudation occurs without intimal and medial damage, 

to type in, where endothelial denudation takes place with intimal and medial damage 

(Ross, 1986b). In addition, the physical length of the injury also influences the duration 

of the re-endothelialization process. Re-endothelialization occurs from the margins of the 

denuded area. Consequently, the longer there is an incomplete endothelial covering, the 

greater time the VSMCs are without their modulating influence (Clowes et al., 1983b). 

Additional research has confirmed that endothelial cells as well as adventitial 

cells may further contribute to IT. Allen et al. while using an organ culture of human 

saphenous vein to model vein graft demonstrated that the cellular neointima that 

developed in intact veins was significantly thicker than in vein denuded of endothelium 

(Allen et al., 1994). It was also shown that denuded veins in co-culture with intact veins 

developed a thicker neointima than did denuded veins alone but less than that of intact 

veins. In addition, in contrast to an injured artery alone, in which smooth muscle cells 

proliferate only until endothelial integrity is restored, the smooth muscle cells of intimal 
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lesions overlying synthetic grafts can continue to proliferate despite endothelial coverage 

(Cantelmo NL et al., 1989), (Sottiurai et al., 1989b), (Clowes et al., 1986b), (Clowes et 

al., 1983c). These results clearly demonstrate at least a paracrine action of the 

endothelium in the promotion of IT. 

Direct adventitial injury has also been shown to produce neointimal lesion even 

without endothelial denudation (Booth et al., 1989). In a study of porcine coronary 

arteries subjected to injury, Shi, et al. demonstrated a hypercellular response in the 

adventitia 3 days after balloon-induced medial injury (Shi et al., 1996). These adventitial 

changes were associated with a significant intimal thickening at 3, 7,14, and 28 days 

after injury (Shi et al., 1996). De Leon showed similar responses (De Leon et al., 1997). 

Endovascular Grafts 

In a search for less invasive, more efficacious altematives that might overcome 

many of the problems described in association with interpositional grafts, endovascular 

stents and stent grafts were developed. The concept of an endoluminal mechanical 

device to hold open an artery in order to prevent arterial remodeling and/or restenosis, 

was first presented by Dotter in 1969 (Dotter, 1969). In this groundbreaking study, 

Dotter specdated that the endoluminal placement of a graft would avoid any additional 

trauma to an already diseased vessel. Due to technical limitations at that time, however, 

further research was not revived until the early 1980's when Maass started to experiment 

with a self-expanding spring coil (Zollikofer et al., 1992). 



The new generation of low-profile endovascular grafts is currently implemented 

m the treatments for atherosclerosis, peripheral occlusive disease, aneurysms, and 

pseudoaneurysms. These less invasive treatments offer the potential for bypassing the 

diseased tissue without the need to cross-clamp the aorta, to perform a major laporatomy, 

or to use cardiopulmonary bypass (Mitchell, 1997a). This, in turn, may decrease 

morbidity and mortality (Zarins et al., 1999) and ultimately result ui lower total health 

care costs (Criado et al., 1997), (Patel et al., 1999), (Zarins et al., 1999). 

Not surprisingly, these technologies have undergone many recent changes. For 

example, early endovascular grafts adapted clinically available vascular conduits in 

combination with balloon-expandable metallic stents. Little emphasis was placed on the 

biological responses other than patency. Furthermore, these initial device designs and 

their introducer sheaths put limits on which patients were technically eligible for 

treatment, excluding individuals with small caliber, highly tortuous, or highly 

atherosclerotic vessels (Mitchell, 1997a). The need to develop low-profile EVGs that are 

more biocompatible with the native vessel has stimulated the use of thin-walled, porous 

fabrics that are conducive to both immediate hemostasis and rapid tissue incorporation 

(White etal., 1997). 

Balloon expandable as well as self-expanding stent variations are presently 

available. Balloon catheter mounted stents such as the Palmaz stent are fairly rigid along 

the longitudinal axis and, therefore, cannot be applied to very tortuous vessels. Self-

expanding stents such as the Wallstent, on the other hand, consist of filaments of stainless 

steel woven in a criss-cross tubular pattern. The crosspoints of the filaments are not 



soldered, rendering the endoprostheses self-expanding and highly flexible in its 

longitudinal axis (Zollikofer et al., 1992). 

Research has demonstrated that endovascular stenting is effective in the treatment 

of single, focal, stenotic lesions involving large-caliber, high-flow arteries. The common 

iliac is the best example. Longer lesions, multiple stenosis, and total occlusions do not 

fare as well (Criado et al., 1994). The creation of endovascular stent grafts by blending 

of stent and prosthetic vascular graft technologies was hoped to improve implant 

performance in these longer lesions. The graft material separates the blood flow form the 

native luminal surface that may be atherosclerotic, aneurismal, and/or injured from 

angioplasty. In addition, the graft material was thought to provide a physical barrier that 

would prevent neointimal ingrowth. 

Healing Reponses Associated with Endovascular Implants 

The placement of endoluminal prostheses elicits many of the wound healing 

responses observed in association with interpositional conduits. However, 

histopathological studies on the early generation stent and stent grafts have demonstrated 

that the endolumenal environment surroimding endovascular stents and stent grafts is 

quite unique when compared to that of open stirgical procedures (Bull et al., 1995), 

(Weatherford et al., 1997). The deplojmient of new low-profile prostheses within the 

vessel lumen in combination with the high ratio of open space to material results in 

preservation of viable patches of endothelium, giving the best chance for rapid 



multicentric endothelialization and rapid tissue incorporation over the devices (Schatz et 

al., 1987), (White et al., 1997). 

Past research has also shown that vascular healing is dependent on both material 

and stent-grafl design (Krohg-Sorensen et al., 1999). Consequently, the significance of 

these new constructs on short and long-term implant success remains unclear. In 

addition, the burgeoning use and possible reduction in restenosis rates associated with 

endovascular stents and stent grafts mandate a better understanding of the effects of 

endovascular implants on vascular wall homeostasis (Rogers et al., 1996a). Only with an 

accurate understanding of the vessel response to an implant can further design 

improvements be realized. Intimal, medial, and even adventitial alterations that occur as 

a result of EVG placement can stimulate a cascade of events that influence the long-term 

healing and/or the possible degradation of the endovascular prostheses itself. The 

ingrowth of new tissue (i.e. intimal thickening) within the lumen of the grafts may also be 

affected by this evolving environment. Consequently, a main objective of this 

dissertation was to better characterize the cellular remodeling that occurs following 

placement of these prostheses. 



Research Plan 

Significance 

The National Institutes of Health (NIH) define a medical implant as any device 

that penetrates living tissue, has a physiological interaction, and can be retrieved from the 

body. Synthetic implants have been widely used since the 1960s to treat problems 

involving virtually every organ system in the body. Examples include: sutures, 

pacemakers, vascular grafts, intraocular lenses, and orthopedic pins; among others. With 

such a wide range of applications it is not surprising that approximately 8 - 10% of the 

American population currently has a permanent medical implant (NIH Technology 

Assessment Conference: Improving medial implant performance through retrieval 

information: Challenges and opportunities. January 10-12, 2000, Natcher Conference 

Center. NIH, Bethesda, Maryland). Ideally biomedical implants are designed to equal 

nature, and while the majority of implants flmction well, significant challenges remain 

associated with their long-term use. Nowhere is this more evident than in the use of 

synthetic materials in the fight against cardiovascular disease (CVD). 

CVD afflicts millions of individuals worldwide. In the United States, 

approximately one out of every three Americans will be diagnosed with some form of 

CVD over the course of their lifetime. Furthermore, as the average age of the American 

population rises, the incidence of CVD is also escalating. Many approaches aimed at 

inhibiting and/or reversing CVD are continually being elucidated. Nevertheless, the most 

common medical treatment of diseased vessels remains surgical intervention. Currently, 
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greater than 600,000 bypass procedxires are performed in the United States aimually 

(Schmidt et al., 1999). 

Clinicians prefer to utilize a patient's own (i.e. autologous) saphenous vein or 

mammary artery as replacement conduits in these procedures. Unfortunately a growing 

segment of the population is suffering from advanced systemic vascular disease and/or 

has undergone prior surgical interventions. Moreover, CVD is a systemic disease, 

potentially effecting all regions of the body, including the harvested vessel. In fact, it is 

estimated that 30% of the saphenous veins that are currently used are of insufficient 

quality (Huynh et al., 1999). For these reasons, the availability of autologous vessels is 

limited and alternatives must be sought. 

Synthetic vascular grafts are a means or re-establishing adequate blood flow in 

diseased tissues. Unfortunately the long-term prognosis for these artificial conduits is not 

promising. Thrombosis, inflammatory cell recruitment, and intimal thickening all 

compromise long-term patency. However, several approaches are currently being 

investigated to counter these problems. For example, the development of non-arcuate 

clips allows vascular surgeons to create intimal/prosthesis anastomoses that may improve 

healing. 

Another emerging area of CVD treatment is the use of endovascularly placed 

bypass grafts. It is hoped that a transluminal approach can overcome many of the 

shortcomings of interpositional grafts. Not surprisingly, the majority of research studies 

to date in the EVG area have concentrated on the early and late complications associated 

with implantation. Comprehensive histological evaluations of the next generation, low 
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profile devices are rare. The newer implants appear to support rapid and extensive 

cellular incorporation. In fact, there is compelling research that the envirormient 

surrounding endovascular grafts is quite unique. The endovascular delivery process can 

preserve viable endothelium, reduce the surgical dissection of an artery, eliminate the 

placement of a foreign body deep within the arterial wall, and negate flow disturbances 

with straight inline arterial reconstruction (Ohki et al., 1997). 

Finally, tissue engineering can be used to create a pre-formed intimal lining that 

may more rapidly integrate with the native tissue. 

To better characterize the cellular remodeling that occurs in association with 

intimal/prosthesis and tissue engineered interfaces, four specific aims have been 

proposed. The overall driving hypothesis behind these specific aims was that 

interventions involving intimal/implant interfaces will stimulate the formation of a 

highly-ordered cellular lining that approximates the organization of the native tissue. 

Specific Aims 

Specific Aim #1 r Evaluate the vascular wall responses followmg adventitial or 

intimal approximation of a biomedical prosthesis to the native vessel wall. Hypotiiesis 

1: Neointimal responses differ in the implant healing associated with luminal versus 

ablumenal implant placement. Corollary hypothesis: Luminal endothelial cells 

directly contribute to the formation of a neo-artery within a luminally situated 

biomedical device. Differences in healing responses associated with clipped and sutured 
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anastomoses demonstrate the need for a more thorough evaluation of the cellular and 

angiogenic responses associated with prosthetic devices in close approximation with 

vascular tissue. Early responses elicited by EVG deplojmient include sub-monolayer 

localization and phenotypic modulation of endothelial cells (i.e. transdifferentiation). 

Long-term alterations demonstrate the re-establishment of neo-intimal, neo-medial, and 

neo-adventitial layers within a low profile device. 

Specific Aim #2: Evaluate the temporal sequence of events during neo-artery 

formation following placement of a metallic implant in an animal model of 

atherosclerosis and restenosis. Hypothesis 2: A diseased biood vessel will exhibit an 

accelerated formation of neo-intimal, neo-medial, and neo-adventitial layers due to 

the "priming" of endothelial and smooth muscle cells by the atherogenic state. Past 

research has demonstrated that the presence of an atherosclerotic plaque influences the 

degree of restenosis. These data characterize the acute through chronic cellular responses 

associated with wallstent placement in a porcine diseased vessel model. 

Specific Aim #3: Characterize the vascular network that is established within the 

neo-artery following placement of an endoluminal implant. Hypothesis 3: A subset of 

endothelial cells that respond to the placement of metallic and synthetic implants 

will reside within a provisional matrix and form vascular tubes. These data indicate 

that localized aggregates of sub-monolayer endothelial cells will coalesce into a primitive 

vascular network that does not appear to connect with native vasculature. 
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Specific Aim #4: Construct a tissue engineered interpositional vascular substitute 

and evaluate the in vivo responses associated with this pre-formed intimal lining. 

Hypothesis 4: Cuituring of endothelial and smooth muscle cells onto polymeric 

materials under in vitro flow conditions will elicit the formation of neo-intimal and 

neo-medial linings prior to implantation. Smooth muscle cells will be seeded onto two 

different polymeric scaffolds. These constructs will be cultured for several weeks under 

flow at which time endothelial cells will be sodded onto the luminal surface. Post-culture 

evaluation will be compared to devices placed in vivo for up to 12 weeks. 
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2. VASCULAR WALL RESPONSES ASSOCLMED WITH LUMENAL VERSUS 

ADVENTITIAL APPROXIMATIONS 

Portions of the chapter have been published in the Journal of Vascular Surgery: 

Dal Ponte, DB, SS Herman, VB Patula, LB Kleinert, and SK Williams. 

Anastomotic tissue response associated with ePTFE access grafts constructed using non

penetrating clips. 

J Vase Surg. 30 (2): 325-333,1999. 

Introduction 

Each year approximately 90,000 new patients with end-stage renal disease 

present to vascular surgeons for access-related surgeries (Schmidt et al., 1999). In the 

absence of suitable autogenous tissue, synthetic vascular grafts comprise the primary 

alternative for use in the construction of access grafts for hemodialysis. Unfortunately, 

the poor patency of prosthetic arterio-venous (AV) grafts and the subsequent treatment of 

graft thrombosis contribirte to significant morbidity and mortality in the growing number 

of patients worldwide (Feldman et al., 1993;Painter, 1991;Sottiurai et al., 1989c;Windus, 

1993). Specifically, stenosis at the venous anastomosis accounts for the majority of all 

AV access complications (Clowes et al., 1985c), (Feldman et al., 1993), (Painter, 1991), 

(Rekhter et al., 1993). 
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Presently, polypropylene suture is used to approximate prosthetic grafts to native 

vessel. In addition to being time consuming, sutured anastomoses can subject the vessel 

to factors associated with increased risk of intimal thickening. For example, perforations 

of the native vessel wall expose thrombogenic extracellular matrix components to the 

turbulent flow observed in AV access grafts (Longa et al., 1984;Pagnanelli et al., 

1980;Zhu et al., 1992). In addition, the sutures themselves project into the lumen, 

potentially irritating the inside of the vessel. Closely spaced sutures may further cause 

mural ischemia with resultant necrosis of the vessel margins (Leppaniemi et al., 

1997;Padubidri et al., 1996). Finally, needle hole bleeding and blood seepage allow for 

localized platelet deposition, hematoma formation, and secondary edema. Such 

irregularities may all contribute to an envirorunent that is conducive to abnormal and/or 

excessive healing. 

Past research has demonstrated that the healing at anastomoses performed with 

Vascular Closure System (VCS) clips are equivalent, if not superior, when compared to 

conventional, sutured anastomoses (Kirsch et al., 1992;Leppaniemi et al., 1997;Pikoulis 

et al., 1998). The rapid hemostasis and anti-thrombogenic anastomotic construction 

attained using VCS clips may account, at least in part, for these findings. By design, the 

anastomoses generate an everted vessel/graft junction, allowing for an intimal/material 

approximation. In contrast, a commonly attained result in sutured anastomoses 

encompasses the vessel overlapping the graft, resulting in an adventitia/material 

approximation. 



The current study was designed to compare the healing associated with vascular 

anastomoses made with VCS clips to that associated with conventional polypropylene 

suture in a canine model of AV access. It was hypothesized that the exclusive 

intimal/materiai interface achieved with clip application would cause less trauma to the 

approximated vessel and improve healing. 
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Materials and Methods 

All animal studies describe herein were performed in accordance with the 

protocols approved by the University of Arizona Institutional Animal Care and Use 

Committee (lACUC) in compliance with guidelines established by the National Institutes 

of Health's (NIH) Guide for the Care and Use of Laboratory Animals (NTH publication 

#85-23 REV. 1985). All surgeries were carried out and all animals were housed in 

American Association for Accreditation of Laboratory Animal Care (AALAC) approved 

facilities. 

Graft implantation 

Five mongrel dogs (20 to 32 kg) were orally medicated with 325 mg of aspirin 1 

day prior to surgery and maintained on this dosage for the 5 week duration of the study. 

On the day of surgery, animals were intramuscularly sedated with a mixture of ketamine 

(100 mg), acepromazine (7.5 mg) and atropine (0.75 mg). General anesthesia was 

induced using intravenous sodiirai pentothal (to effect), and the animals were intubated. 

Anesthesia was maintained with a mixture of inhaled halothane (0-3%) and oxygen 

(100%). Intravenous cephalexin (500 mg) was given prior to the initial incision and 

another 500 mg was delivered approximately one hour later. No analysis was performed 

to determine inter-animal variability with respect to platelet or coagulant reactivity. 

Femoral arterio-venoxis (AV) grafts were constructed using 25 cm segments of 4 

mm internal diameter, standard-walled ePTFE (W. L. Gore and Associates, Flagstaff, 



AZ). Bilateral incisions parallel to the ingiiinal ligament were made to expose the 

femoral arteries and veins. Heparin (3000 units) was administered intravenously 5 

minutes prior to vessel clamping. The femoral vein and artery were then occluded with 

vascular loops, and an AV shunt was constructed using end-to-side anastomoses made 

with 6-0 polypropylene (U.S. Surgical Corp., Norwalk, CT) in one leg and VCS clips 

(U.S. Surgical Corp., Norwalk, CT) in the contralateral leg. 

In all animals the venous/prosthetic anastomoses were performed first, followed 

by the arterial/prosthetic construction. The sutured anastomoses were hand-sewn in a 

continuous stitch. 6-0 polypropylene stay sutures were used to fix the "heel" and "toe" 

of the clipped anastomoses in order to facilitate clip application. Vessel and graft edges 

were then everted at 90° using specially designed approximation forceps and placed 

against each other. Medium-sized clips were placed perpendicular to the suture line as 

close to each other as possible. If a clip was mis-set, a clip remover was available to 

expedite replacement. The VCS clip applier delivers the clips mechanically through a 

distributing cartridge of 25 titanium clips. Following completion of the anastomoses; 

flow was restored, the skin lateral to the incision was separated firom the muscle, and the 

grafts were tacked to the muscle layer at the most distal point of the fistula with a single 

suture. The skin was then closed in two layers, and the animals recovered with direct 

observation for 6 hours. In this layout, the outline of the AV fistula could readily be seen 

and palpated through the skin. 
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Two additional AV fistulas were implanted, immediately perflised-fixed, and 

explanted for the express purpose of gross anastomotic examination at the time of 

implantation. 

Patency evaluation 

Graft patency was assessed using a flow probe (Transonic Systems, Inc., Ithaca, 

NY) placed on the distal vessel immediately after graft implantations were complete and 

flow was restored. Patency was further evaluated at 2,3 and 4 weeks by hand-held 

Doppler ultrasound (Meda Sonics, Mountain View, CA). Finally, at explant the flow 

probe was used once again. 

Graft explantation 

After 5 weeks, the animals were anesthetized and prepared for surgery as 

described above. The grafts were exposed and assessed for patency by direct needle 

puncture. Heparin (3000 Units) was given, vessels were clamped, and graft explantations 

were performed. Removed samples were immediately flushed with warm (37°C) 

Dulbecco's cation free phosphate buffered saline (DCF-PBS) containing 0.1% bovine 

serum albumin. Subsequently, the grafts were sectioned into segments and prepared for 

light histology, scanning electron microscopy (SEM), and immunocytochemistry. The 

animals were then euthanized using intravenous P-euthanasia-0®solution (1 cc/IO lbs; 

Delmarva Laboratories, Inc.; Midlothian, VA). 
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Light microscopy 

Representative samples of graft, surrounding tissue, and native vessels were fixed 

in Histochoice™ (Amresco, Solon, OH), dehydrated and brought to paraffin. Clips were 

removed (clip group only) firom the anastomoses, and all samples were embedded into 

blocks and sectioned perpendicular to the suture line. The sections were then 

deparaffinized and stained with both hematoxylin/eosin (H&E) and a modified Masson's 

trichrome stain. The slides were examined and photomicrographs obtained using a Sony 

Digital Photo Camera DKC-5000 (Sony Corp.; New York, NY) attached to a Nikon 

Optiphot microscope (Nikon, Inc.; Melville, NY). 

Immunochemistry 

Paraffin embedded sections were obtained, fixed on slides, and rehydrated. 

Sections were then reacted with primary antibodies to proliferating cell nuclear antigen 

(PCNA) (Dako; Dermiark, Sweden), von Willebrand factor (vWf) (Dako; Demark, 

Sweden), alpha smooth muscle cell actin (aSMC) (Sigma Chemical Co.; St. Louis, MO), 

vimentin (VIM) (Innogenex; San Ramon, CA), calponin (CAL) (Sigma Chemical Co.; St. 

Louis, MO), or myosin heavy chain (MHC) (Innogenex; San Ramon, CA). Antibodies 

were visualized by means of peroxidase conjugated secondary antibody, and nuclei were 

lightly coimterstained with methyl green. Digital images were then imported into Adobe 

Photoshop (Adobe Systems Inc.; San Jose, CA) using a Sony Digital Photo Camera 

DKC-5000 (Sony Corp.; New York, NY) attached to a Nikon Optiphot microscope 

(Nikon, Inc.; Melville, NY). 
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Scanning electron microscopy 

Samples for electron microscopic evaluation were fixed overnight in 3% 

glutaraldehyde diluted in PIPES buffer (pH 7.4), rinsed 3 times for 5 minutes each in 0.05 

M PIPES buffer, dehydrated through 25%, 50%, 75%, 95%, 100% and 100% alcohols for 

10 minutes per wash, and critical point dried. Dry samples were mounted to posts, 

sputter coated using a gold target, and evaluated using a JOEL 820 scanning electron 

microscope (JEOL USA, Inc.; Peabody, MA). 

PCNA staining quantitation 

The quantity of PCNA positive cells located within the neointima was determined 

by counting the number of positively reacted cells in 5 random 54 x 54 ^m^high powered 

magnifications in the neointima firom each sample. Results are expressed as mean 

number of positive cells per square mm ± standard error of the mean and are compared to 

control iliac artery values. 

SMC protein quantitation 

Percent positive SMC protein reactivity was established by capturing digital 

images from aSMC-, VIM-, CAL-, and MHC-stained slides using a 40x water immersion 

lens. These images were then opened in the Metamorph™ Image Analysis program 

(Universal Imaging Corp.; West Chester, PA), and a total of 6 neointimal 54 x 54 ^m^ 
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high-powered magnifications from each sample for each stain were thresholded. Next, 

the imaging software was used to calculate the thresholded (positively reacted) area. This 

value,was then presented as a percentage of control iliac (n = 3) protein expression. 

Results are displayed as mean percent cytoskeletal expression ± standard error of the 

mean. 

Microvascular density 

Neointimal vascular density was determined using a 40x objective and 

quantitating the number of vWf-positive microvascular profiles present in 5 high-

powered 54 X 54 magnifications per sample. Criteria for a positive profile included 

1) an identifiable lumen and 2) the presence of vWf reactivity. Data is expressed as mean 

vessel profiles per square mm ± standard error of the mean. 

Microvessel type analysis 

Digital images of the microvasculature were captured using a 40x objective and 

imported, into Adobe Photoshop (Adobe Systems Inc4 San Jose,. CA) using a Sony 

Digital Photo Camera DKC-5000 (Sony Corp.; New York, NY) attached to a Nikon 

Optiphot microscope (Nikon, Inc.; Melville, NY). These images were then opened in the 

*r\yf 
Metamorph Image Analysis program (Universal Imaging Corp.; West Chester, PA), 

and cross sectional microvasculatxire measurements were made using the software's 

digital caliper. Microvessels were classified using standard histological features (Rendell 

et al., 1999). Arterioles were identified by the presence of endothelial, medial, and 



adventitial layers as well as an internal diameter >10 (im. Venules were also 

characterized as having an internal diameter >10 |im; however, they were distinguished 

from arterioles by their thinner or absent smooth muscle layer and a less significant 

tunica adventitia. Finally, capillaries were identified by their single layer of attenuated 

endothelial cells (Rendell et al., 1999). 

Data analysis 

Statistically significant differences between groups were determined through the 

use of a one-way analysis of variance (ANOVA) followed by a Bonferroni post-hoc test. 

All data are expressed as means ± standard error, and significance was set at P < 0.05. 
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Results 

Following graft implantation, all of the animals recovered rapidly with no 

indication of congestive heart failure or other post-operative complications related to the 

presence of two high flow AV grafts. The average procedure duration from application 

of the venous vessel loops to the release of all (venous and arterial) vessel loops 

subsequent to the completion of the AV fistulas was approximately 20 minutes for both 

the sutured and the clipped groups. The range for the sutured groups was 18-22 minutes, 

whereas the range for the clipped group was 19-30 minutes. A trend toward shorter 

procedure times was noted when using the clips, and the authors feel that had more 

fistulas been constructed, significantly reduced procedure durations such as those 

observed in other studies could have been achieved (Leppaniemi et al., 1997;Pikoulis et 

al., 1998). Regardless, no significant effect of anastomosis approximation was observed 

on immediate or long-term graft patency and/or thrombogenesis; All grafts (n = 5 

sutured, n = 5 clipped) remained patent and were subjected to further histological and 

immunocytochemical evaluation following explantation. 

Throughout the paper, no differentiation between the healing of venous and 

arterial junctions was made because the approximations to the artery or vein were similar 

enough that to describe them both seemed superfluous. Any distinguishing differences 

are noted in the text. 

Pre-flow findings 
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Representative AV fistulas joined to the native vessel using suture (A) or VCS 

clips (B) are displayed in figure 2.1 prior to the release of the vascular loops. The 

continuous stitch used in the sutured anastomoses resulted in vessel wall overlap and 

"purse stringing" in certain areas along the suture line. This observation was more noted 

at the venous unions. Furthermore, vessel wall distention was present in other areas. 

Such imperfections lead to an irregular anastomotic line (figure. 2.2 A and C). 

Penetration of the vessel wall and protrusion of the suture material into the vessel lumen 

was also observed. 

A representative anastomosis constructed using the VCS clips, on the other hand, 

shows neither perforation of the vessel wall nor obstruction of the lumen due to a foreign 

body (figure 2.2 B and D). Application of the clips resulted in focal compression of the 

media between the clip tips. Furthermore, the luminal contours of the clipped 

anastomoses were smooth without endothelial disruption in contrast to the luminal 

compromise and endothelial disturbances associated with the sutured anastomoses. 
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Figure 2.1 Light micrographs of AV fistulas joined to the native vessel using sutxire 

(A) or VCS clips (B) shown at the time of implantation (T=0) prior to the 

release of the vascular loops. The suture holes associated with the 

conventional anastomoses allowed blood to flow freely for the first several 

minutes following release of loops (C), whereas hemostasis was achieved 

almost instantaneously upon release of vessel loops in the anastomoses 

constructed with the clips (D). 
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Figure 2.2 En face light (A and B; mag. = 2.5x) and scanning electron micrographs 

(C and D; bar = 100 (im) of the graft/vessel interface of sutured (A and C) 

and clipped (B and D) anastomoses (T=0). g = vascular graft; v = native 

vessel. 
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Post-Flow Findings 

Hemostasis was achieved almost instantaneously upon release of vessel loops in 

the anastomoses constructed with the VCS clips (figure 2.ID), whereas the suture holes 

associated with the conventional anastomoses allowed blood to flow freely for the first 

several minutes following release of loops (figure 2.1C). No statistically significant 

differences between the two groups were observed between the arterial flow rates prior to 

the placement of the access grafts. As expected, flow rates did significantly rise (P = 

0.003) relative to pre-hnplant values following AV graft construction in both the sutured 

and clipped groups. Nevertheless, no significant differences were observed between the 

two. At explantation, flow rates remained elevated when compared to pre-implant values 

(P = 0.001) but were not statistically different from the flow rates recorded immediately 

following implantation (table 2.1). 

Table 2.1. Arterial flow rate comparisons between sutured and clipped groups prior to 

AV access graft implantation, immediately following graft placement, and at 

explantation. 

Pre Post Explant 

Sutured Clipped Sutured Clipped Sutured Clipped 
Flow rate 109.8 ± 109.0 ± 800.8 ± 602.0 ± 763.8 ± 739.2 ± 
(ml/min) 50.1 39.1 130.3* 253.9* 251.7* 223.9* 
* Significantly greater than pre-AV access flow rates. 
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Similar to the findings of past studies, gross evaluation at explant showed no 

gross differences between the sutured and the clipped groups in lumen diameter 

(Leppaniemi et al., 1996;Pikoulis et al., 1998). By 5 weeks a glistening white cellular 

surface was evident at the anastomotic clefl of both the sutured and clipped anastomoses 

(figure 2.3 A-D). Scaiming electron microscopy revealed a cellular lining that was 

morphologically consistent with endothelial cells (figure 2.3F). No fibrin or platelet 

deposits were noted on this lining, suggesting a non-thrombogenic tissue/blood interface. 

This neointimal tissue was further characterized using antibodies against vWf 

(figure 2.3E and 2.3G) and PCNA (figure 2.3H). In addition to occasional vWf-positive 

sub-monolayer cells (figure 2.3G), the luminal surface stained positive for vWf, 

suggesting an endothelial cell origin. PCNA analysis revealed positive cells sparsely 

located throughout the neointima. The number of PCNA positive cells from both the 

clipped and sutured anastomosis showed no statistically significant differences from 

control iliac values (table 2.2). 

Table 2.2. PCNA positive ceil comparisons among control iliac, clipped, and sutured 

groups. Values are expressed as mean number of PCNA positive cells ± 

standard error of the mean. 

Average (cells/mm^) Range (Cells/mm^) 
Iliac 
Clips 
Suture 

68.6 ±45.7 
325.8 ±94.7 
308.6 ± 89.4 

0-343 
0-1372 
0-1372 
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Figure 2.3 Lateral-view scanning electron micrographs of sutured (A and C) and 

clipped (B and D) approximations following explantation (T=5wk). 

Parmus ingrowth (C and D) was observed at all anastomoses. 

Immunohistochemical evaluation of this neointima with von Wiilebrand 

Factor (light micrographs E; mag. = 25x) revealed a luminal layer of 

positively stained cells with occasional sub-monolayer positive cells 

(arrows, G). Scanning electron microscopy confirmed a luminal lining 

that was morphologically consistent with endothelial cells (F). PCNA 

positive cells were sparsely distributed throughout the neointima (arrows, 

H). Bars = 100 /m; g = vascular graft; v = native vessel; c = clip. 
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Figure 2.4 Light micrographs of the tissue approximations routinely observed with 

sutured (A, C, and D) and clipped (B) anastomoses (mag. = 25x) at 

T=5wk. Ideally the sutured vessel media abuts the edge of the prosthetic 

material (A) thereby excluding thrombogenic matrix components of the 

media and adventitia from the flow surface. More commonly, sutured 

vessels overlap the graft material or vice versa (C and D). A desirable 

result, that of an everted vessel/graft jimction, is easily attained using clips 

(B). g = vascular graft; v = native vessel. 
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Figure 2.4 compares the variations in tissue approximation observed with sutured 

anastomoses to that of a clipped anastomosis. Ideally the vessel media abuts the edge of 

the prosthetic material thereby excluding thrombogenic matrix components of the media 

and adventitia from the flow surface (figure 2.4A) (Kirsch et al., 1993), (Zhu et al., 

1992). Because of the drastic difference in compliance between native vessel - whether 

artery or vein - and the prosthetic grafts, this configuration is almost impossible to 

achieve, even with end-to-end anastomoses. Moreover, most anastomoses performed for 

AV access grafts involve an end-to-side constmct. In this circumstance the commonly 

attained result is the vessel overlapping the graft material or vice versa, (figure 2.4C and 

2.4D) However, a more desirable result, that of an everted vessel/graft junction, is easily 

attained using metallic clips (figure 2.4 B). 

In order to evaluate whether or not the type of approximation influenced the 

phenotypic makeup of the neointimal tissue, the clipped and sutured groups were 

evaluated for the expression of the smooth muscle cell indicative proteins aSMC (figure 

2.5 A and B), VIM (figure 2.5 C and D), CAL (figure 2.5 E and F), and MHC (figure 2.5 

G and H). There were no statistical differences between the clipped and sutured groups 

for any of the proteins examined (figure 2.6). 

Finally, no difference in microvascular density was observed between the clip and 

suture groups (figure 2.7). Characterization of the neovasculature demonstrated equal 

distributions of venules and capillaries (figure 2.8). 
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Figure 2.5 Representative light micrographs of alpha smooth muscle cell actin (A and 

B), vimentin (C and D), calponin (E and F), and myosin heavy chain (G 

and H) reactivity in the neointimal tissue associated with clipped and 

sutured anastomoses. 





Figure 2.6 Morphometric quantification of alpha smooth muscle cell actin, vimentin, 

calponin, and myosin heavy chain expression in the clipped- and sutured-

approximated neouitima. Tissue values are expressed as a percent of 

control iliac expression. 
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Figure 2.7 Microvascular density established within the peri-anastomotic neointimal 

lining of arterio-venous access graft constructed using conventional suture 

or non-penetrating arcuate clips. 
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Figure 2.8 Characterization of the microvasculature established within the peri

anastomotic neointimal lining of arterio-venous access graft constructed 

using conventional suture or non-penetrating arcuate clips. 
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Discussion 

The experimental use of metal clips to perform blood vessel anastomoses was first 

introduced over 40 years ago (Leppaniemi et al., 1997;Leppaniemi et al., 1996;Pikoulis et 

al., 1998). At that time the procedure did not gain wide acceptance and fell into disfavor. 

More recently, however, the dissatisfaction with suturing as the method for anastomosing 

the superficial temporal artery to the middle cerebral artery has spurred the development 

of a non-penetrating, arcuate clip design (Leppaniemi et al., 1997;Pikoulis et al., 1998). 

To date, vessel clips have been successfully used in both the laboratory and operating 

room settings (Zhu et al., 1992). Endoscopic tissue reconstruction, firee-flap transfer, and 

skin grafting are just a few of the procedures in which clips have been utilized (Mital et 

al., 1996). This particular study was performed to evaluate the efficacy of using vascular 

clips to approximate synthetic vascular grafts to native blood vessels in the construction 

of AV fistulas for use ui chronic hemodialysis. 

Suture 

Approximation of the vessel wall to the vascular graft material with suture 

resulted in imperfections in the flow surface (figure 2.2 A & C; figure 2.4 A, C, &D). In 

addition, the sutures themselves projected into the lumen of the anastomosis, causing 

vessel wall damage. Such damage can result in an inherently thrombogenic surface 

(Leppaniemi et al., 1997;Longa et al., 1984;Padubidri et al., 1996;Pagnanelli et al., 

1980;Zhu et al., 1992). Although immediate AV graft thrombosis is an imusual clinical 



event, suture projections may serve as a nidus for chronic build-up of fibrin and may 

establish a scaffold for matrix deposition and the subsequent stenosis often observed at 

the venous anastomosis. What's more, research has suggested that these processes may 

be accelerated in adventitial approximations as well as in a diseased vessels (Heijmen et 

al., 1998b), and the turbulent blood flow characteristic of arteriovenous grafts can only 

further exacerbate the activation of the thrombus formation (Merino et al., 1994). While 

the role these factors play in intimal thickening is still being defined, they certainly must 

be considered when mechanisms of anastomotic stenosis are studied. 

The sutured anastomosis also had a baseline level of needle hole leakage that 

could result in the formation of hematomas (figtire 2.1 C). Though most hematomas are 

of no clinical consequence in regard to blood loss or surgical wound complications, they 

are accompanied by significant edema formation and are pro-inflammatory in this 

respect. Recruitment of inflammatory cells induced by peri-anastomotic hematomas may 

contribute to anastomotic stenosis by providing a plethora of growth-promoting factors 

such as platelet derived growth factor, basic fibroblast growth factor, and vascular 

endothelial cell growth factor which promote prolific rather than controlled healing of the 

flow surface (Anderson, 1988a), (Diegelmann et al., 1981), (Jansen et al., 1994). Though 

the current study did not specifically address this issue, the striking difference between 

the anastomotic blood loss between the sutured anastomoses and the virtual absence of 

anastomotic bleeding seen with the VCS anastomoses will need to be assessed in the 

context of graft failure. 



Clips 

The use of VCS clips bypassed many of the shortcomings observed with the 

sutured anastomoses. Since no vessel wall perforation occurred, the only area where 

medial and/or adventitial matrix components could have been exposed to blood flow was 

at the vessel edge. By necessity, this edge was excluded from contact with flowing blood 

since it was everted to accomplish a clipped anastomosis (figure 2.3 B). The resultant 

anastomotic ring was comprised solely of an intima/graft interface. This positioning 

alone may reduce the risk of intimal proliferation and thereby promote wound healing 

(Heijmen et al., 1998a). 

Aside from the morphologic differences in flow surface offered by using the VCS 

clips for vascular anastomoses, other advantages may be realized. Clip application is 

discontinuous; therefore, the opportunity does exist for vessel growth both in the 

longitudinal and transverse planes (Bairaigartner et al., 1996) (figure 2.1 B). This may 

not be immediately critical in the AV graft application; however, this advantage may 

prove useful when anastomosing vessels that have not yet completed their growth such as 

in children. This ability for anastomotic growth may also be a useful characteristic in 

light of the popularity of catheter based balloon interventions to treat AV access failure. 

When coupled with a compliant graft material, the clipped anastomosis may prove to be a 

more intervention-friendly configuration for subsequent balloon angioplasty of 

anastomotic stenosis. 

Neointimal responses 
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Many similarities were observed in the neointimal tissue generated in association 

with the two experimental groups. Apparently, the proliferative response peaked early 

and was resolving by the 5-week time point in both experimental groups (table 2.2). This 

finding agrees with those of other animal models that suggest that proliferation reaches a 

maximum between 2 and 3 weeks and declines thereafter following injury (Clowes et al., 

1983d;Clowes etal., 1985a;Davies etal., 1994). This lack of proliferation could account 

for the similarities observed not only in the gross appearance of lumen diameters but also 

in the flow rates. 

The raicrovasculature as well as the cellular constituents of the neo-lining were 

also comparable. Vascular profiles were present under an endothelial cell lining. 

However, certain findings indicate that this endothelial response may not be as simple as 

a continuous sheet of cells migrating over the synthetic material (Clowes et al., 1987b). 

Of particular interest is the observation of sub-monolayer vWf-positive cells (figure 2.3 

G). Such cells that express endothelial surface antigens but are not localized to the 

endothelial cell monolayer have been observed in alternate studies and have been 

explained as abluminal endothelial cell secretion and adsorption onto the surface of 

closely apposed SMCs (DeRuiter et al., 1997). An alternate explanation is that these 

cells are, in fact, activated endothelial ceils that have migrated into the sub-monolayer 

region. Under this new environment, the sub-endothelial cells may alter their cellular 

characteristics in a manner that befits their surroundings. Indeed, while phenotypic 

profile of the neointimal cells (figure 2.6) can suggest that the neointima is composed of 

phenotypically modified SMC, it caimot negate the possibility of endothelial cell 
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cytoskeletal re-organization. Consequently, the sub-monolayer endothelial cells may 

directly contribute to the neointimal formation through a process of cellular modulation 

and/or transdifferentiation (a more detailed discussion of this topic is presented in the 

following chapter). 

Notedly, a significantly greater cytoskeletal expression of calponin was present in 

the sutured group. This data may support the hypothesis that modulated SMCs respond 

to vascular injury in a sutured anastomosis where an adventitial approximation can occur. 

If this were the only explaination, however, a actin expression might also be expected to 

be elevated above the clipped groups as it is an embryologically earlier marker of SMCs. 

Nevertheless, no statistically significant difference is observed between the two groups. 

Perhaps if multiple implantation durations had been evaluated, a more clear picture of the 

cellular response could have been established. 

In summary, this study has demonstrated the efficacy of constructing vascular 

anastomosis using the VCS clip in a canine model of AV access grafts. Compared with 

conventional continuous polypropylene sutured vascular anastomoses; the VCS clipped 

approximations were more hemostatic, resulted in a smoother luminal flow profile, and 

presented a flush endothelial cell/graft interface. Moreover, peri-anastomotic hematoma 

and subsequent edema were nonexistent with the VCS anastomoses. Finally, data 

described herein indicate that endothelial cells may undergo modulation and directly 

contribute to the intimal thickening process. However, additional studies will be 

necessary to confirm these early results. 
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3. VASCULAR WALL RESPONSES ASSOCLMED WITH ENDOLUMINAL 

WALLSTENT PLACEMENT IN THE CANINE ILIAC ARTERY 

Introduction 

Synthetic replacements for diseased cardiovascular tissue have been investigated 

for nearly 5 decades (Schmidt et al., 2000). The first artificial vascular graft was 

introduced in 1952 by Voorhees who employed the use of plastic cloth prostheses to 

bridge arterial defects in dogs (Voorhees et al., 1952). While this was an encouraging 

first step that was effective in large diameter vessels, substantial risk of thrombosis and 

stenosis remain associated with the use of synthetic materials in small diameter vessels to 

this day (Schmidt et al., 2000). 

In a search for less invasive, more efficacious alternatives to open surgical bypass 

as treatment for occlusive arterial disease, endovascular approaches such as balloon 

angioplasty and atherectomy catheters were developed. The main mechanism of lumen 

enlargement by balloon angioplasty is vessel expansion or stretching with only limited 

enlargement caused by plaque reduction (Narayanaswamy et al., 2000a). Atherectomy, 

on the other hand, increases lumen dimensions through tissue removal. While these 

techniques are successful in the short term, between 30-50% fail due to neointimal 

thickening at the site of intervention (Kadar et al., 2001), (Schatz et al., 1987). This 

secondary stenosis has mainly been attributed to SMC proliferation at the intervention 
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site; however inward vascular remodeling may also contribute to restenosis in some cases 

(Kadar et al., 2001), (Pasterkamp et al., 2000). 

The concept of an endoluminal mechanical device to hold open an artery to 

possibly prevent arterial remodeling and/or restenosis, was first presented by Dotter in 

1969 (Dotter, 1969). Recendy the implantation of endovascular stents has become 

routine in conjimction with revascularization procedures. It is currently estimated that as 

many as 60% of all percutaneous revascularization procedures utilize stent implantation. 

Not only does stent placement prevent elastic recoil by providing irmer support to the 

remodeled vessel wall, but restilts of randomized clinical trials also indicate that their use 

reduces the incidence of restenosis (Gordon et al., 2001), (Kadar et al., 2001), (Saito et 

al., 1999). 

Histopathological studies have demonstrated that the endolumenal environment 

surrounding endovascular stents is quite imique when compared to that of open surgical 

procedures (Bull et al., 1995), (Weatherford et al., 1997). The deployment of these 

prostheses within the vessel lumen and the high ratio of open space to metal residts in 

preservation of viable patches of endothelium between struts, giving the best chance for 

rapid multicentric endothelialization over the stents (Schatz et al., 1987). The goal of this 

project was to develop a temporal and spatial model of the early cellular responses 

following wallstent implantation in order to determine if cells other than SMCs contribute 

to neointimal formation. It was hypothesized that the endothelial cell 

modulation/transdifferentiation similar to that observed in the previous study would also 

occur following stent deployment. 
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Materials and Methods 

All animal studies describe herein were performed in accordance with the 

protocols approved by the University of Arizona Institutional Animal Care and Use 

Committee (lACUC) in compliance with guidelines established by the National Institutes 

of Health's (NIH) Guide for the Care and Use of Laboratory Animals (NIH publication 

#85-23 REV. 1985). All surgeries were carried out and all animals were housed in 

American Association for Accreditation of Laboratory Animal Care (AALAC) approved 

facilities. 

Wallstent deployment 

Three mongrel dogs were orally medicated with 325 mg of aspirin 1 day prior to 

surgery and maintained on this dosage for the 3-week duration of the study. On the day 

of surgery, animals were intramuscularly sedated with a mixture of ketamine (100 mg), 

acepromazine (7.5 mg) and atropine (0.75 mg). General anesthesia was induced using 

intravenous sodium pentothal (to effect), and the animals were intubated. Anesthesia was 

maintained with a mixture of inhaled isofluorane (0-3%) and oxygen (100%). 

Intravenous cephalexin (500 mg) was given prior to the initial incision and another 500 

mg was delivered approximately one hour later. 

With the dog in a dorsal recumbent position, the neck was shaved and sterilely 

prepped. The left common carotid artery was isolated for vascular access and was 

cannulated with a 9F arterial sheath following heparin (3000 U) administration. An 

arteriogram of the iliac vasculature was performed using a 5F-pigtail catheter placed in 
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the distal abdominal aorta. After completion of the arteriogram, a 0.035 inch guidewire 

was inserted into the vessel in preparation for stent deployment. A total of 6 Schneider 

Wallstents, two per animal, were positioned. Under fluoroscopy, the Unistep Plus 

delivery system (Schneider AG, Bulach, Switzerland) was inserted and advanced into 

position. The iliac stent was deployed and the catheter withdrawn. The guidewire was 

partially withdrawn and placed down the contralateral limb. The contralateral iliac stent 

was deployed, and the catheter was withdrawn leaving the guidewire in place. A follow-

up ateriogram was performed, all catheters were removed, the carotid artery was ligated, 

and the neck incision was closed in three layers. 

Wallstent explantation 

At the 1,2, or 3-week time points, the animals were anesthetized as described 

above and prepped for explantation. A midline laparotomy was performed, and prior to 

device removal, a pelvic arteriogram to evaluate patency and document luminal 

narrowing was performed through an aortic puncture. The distal aorta and iliac vessels 

were isolated, 37°C DCF-PBS containing 0.1% bovine serum albumin was rinsed through 

the devices, and the samples were excised. The samples were immediately divided into 

segments, grossly examined for thrombus and/or neointima formation along the luminal 

surface, and placed in Histochoice™ (Amresco, Solon, OH) for immunocytochemical 

evaluation or 3% glutaraldehyde for SEM analysis. The animals were then euthanized 

using intravenous p-euthanasia-D®solution (1 cc/10 lbs; Dehnarva Laboratories, Inc.; 

Midlothian, VA). 
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Light microscopy 

The representative samples fixed in Histochoice™ (Amresco, Solon, OH) were 

dehydrated and brought to paraffin. Histological examination of mid-graft portions was 

performed following sectioning and staining with H&E and modified Masson trichrome 

stains. Photomicrographs were obtained using a Sony Digital Photo Camera DKC-5000 

(Sony Corp.; New York, NY) attached to a Nikon Optiphot microscope (Nikon, Inc.; 

Melville, NY). 

Immunochemistry 

Paraffin embedded sections were obtained, fixed on slides, and rehydrated. 

Sections were then reacted with primary antibodies to proliferating cell nuclear antigen 

(PCNA) (Dako; Derunark, Sweden), von Willebrand Factor (vWf) (Dako; Demark, 

Sweden), alpha smooth muscle cell actin (aSMC) (Sigma Chemical Co.; St. Louis, MO), 

vimentin (VIM) (Irmogenex; San Ramon, CA), calponin (CAL) (Sigma Chemical Co.; St. 

Louis, MO), or myosin heavy chain (MHC) (Innogenex; San Ramon, CA). Antibodies 

were visualized by means of peroxidase conjugated secondary antibody, and nuclei were 

lightly counterstained with methyl green. Digital images were then imported into Adobe 

Photoshop (Adobe Systems Inc.; San Jose, CA) using a Sony Digital Photo Camera 

DKC-5000 (Sony Corp.; New York, NY) attached to a Nikon Optiphot microscope 

(Nikon, Inc.; Melville, NY). 
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Scanning electron tnicroscopy 

Samples for electron microscopic evaluation were fixed overnight in 3% 

glutaraldehyde diluted in PIPES buffer (pH 7.4), rinsed 3 times for 5 minutes each in 0.05 

M PIPES buffer, dehydrated through 25%, 50%, 75%, 95%, 100% and 100% alcohols for 

10 minutes per wash, and critical point dried. Dry samples were mounted to posts, 

sputter coated using a gold target, and evaluated using a JOEL 820 scaiming electron 

microscope (JEOL USA, Inc.; Peabody, MA). 

Microvascular density 

Neointimal vascular density was determined using a 40x objective and 

quantitating the number of vWf-positive microvascular profiles in 10 high powered 54 x 

54 fom^ magnifications. Criteria for a positive profile included 1) an identifiable lumen 

and 2) the presence of vWf reactivity. Data is expressed as mean vessel profiles per 

square mm ± standard error of the mean. 

Microvessel type analysis 

Digital images of the microvasculature firom each of the previously described 

studies were captured using a 40x objective and imported into Adobe Photoshop (Adobe 

Systems Inc.; San Jose, CA) using a Sony Digital Photo Camera DKC-5000 (Sony Corp.; 

New York, NY) attached to a Nikon Optiphot microscope (Nikon, Inc.; Melville, NY). 

These images were then opened in the Metamorph™ Image Analysis program (Universal 

Imaging Corp.; West Chester, PA), and cross sectional microvasculature measurements 
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were made using the software's digital caliper. Microvessels were classified using 

standard histological features (Rendell et al., 1999). Arterioles were identified by the 

presence of endothelial, medial, and adventitial layers as well as an internal diameter >10 

{om. Venules were also characterized as having an internal diameter > 10 |am; however, 

they were distinguished fi*om arterioles by their thumer or absent smooth muscle layer 

and a less significant tunica adventitia. Finally, capillaries were identified by their single 

layer of attenuated endothelial cells (Rendell et al., 1999). 

PCNA staining quantitation 

The quantity of PCNA positive cells located within the neointima was determined 

by counting the number of positively reacted cells in 10 random 54 x 54 |im^ high 

powered magnifications from each of the neointima, the media between the metallic 

tynes, the media immediately below the metallic tynes, as well as the adventitia from 

each sample. Results are expressed as mean number of positive cells per square mm ± 

standard error of the mean and are compared to control iliac artery values. 

SMC protein quantitation 

Percent positive SMC protein reactivity was established by capturing digital 

images from aSMC-, VIM-, CAL-, and MHC-stained slides using a 40x water immersion 

lens. These images were then opened in the Metamorph™ Image Analysis program 

(Universal Imaging Corp.; West Chester, PA), and a total of 10 neointimal, 10 medial 
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(between tyne) and 10 medial (below tyne) 54 x 54 |am^ high-powered magnifications 

from each sample for each stain were thresholded. Next, the imaging software was used 

to calculate the number of thresholded (positively reacted) pixels, and this value was 

presented as a percentage of control iliac (n = 3) protein expression. Results are 

displayed as mean percent cytoskeletal expression ± standard error of the mean. 

Data analysis 

Statistically significant differences between groups were determined through the 

use of a one-way analysis of variance (ANOVA) followed by a Bonferroni post-hoc test. 

All data are expressed as means ± standard error, and significance was set at P < 0.05. 
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Figure 3.1 Representative pelvic arteriograms taken pre-implantation (A) and at the 

time of explantation (B). No evidence of gross luminal encroachment was 

noted in any implant at any of the 1-, 2-, or 3-week time points. 
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Results 

Comparisons of pre-implant and explant angiograms displayed no evidence of 

gross neointimal encroachment on the vessel lumen (figure 3.1). Similar angiographic 

result was observed in association with all wallstents at all explant periods. 

Gross images taken at the 1-week explantation reveal that the wallstent tynes are a 

nidus for provisional matrix accumulation. This fibrin rich coagulum appears to be 

initiated on the downstream side of the individual struts and then gradually fills in the 

regions between the metal rods (figure 3.2 A and B). 

Scanning electron micrographs of the bare region located between the tynes but 

still untouched by the provisional matrix, indicate that while some endothelial cells may 

delaminate, many are still present after wallstent deployment (figure 3.2 C). Cells are 

also observed within and on top of the interim scaffolding (figure 3.2 D). By two weeks 

the luminal surface is almost completely covered by cells that have the morphological 

characteristics of endothelium (figure 3.2 E). By three weeks this cellular covering is 

complete. 

Consistent with platelet activation and degranulation within the provisional 

matrix, vWf reactivity at one week was very diffuse (figure 3.3 A). Consequently, it is 

difficult to determine if individual cells that stain positive for vWf localized within the 

intimal fibrin scaffolding. By two weeks, however, it was evident that in addition to a 

patchy luminal lining, there were sub-monolayer endothelial cells present within the 
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developing neointimai tissue. VWf-positive sub-liuninal cells were still present at the 3-

week time point. 

There was no difference in the density of the microvasculature between the 2- and 

3-week; periods (figure 3.4). It did appear as though there might be a difference in the 

distribution of capillary and venules between the two groups (figure 3.5). However, the 

deviation was too high in the 2-week group, and statistical significance was not reached. 

Interestingly, the vessels that were present in developing neointima appeared to originate 

from two foci, the interface between the native vessel and the neointima (figure 3.6 A) as 

well as the luminal surface (figure 3.6 B, C, and D). Apparently, luminal endothelial 

cells form invaginations and eventually pinch away from the surface (figxire 3.6 B, C, and 

D). 

Vascular wall responses to stent implantation were further characterized using 

antibodies against PCNA (table 3.1). The number of PCNA-positive cell in control iliac 

media and adventitia were compared to the number of positive cells within the neointimai 

tissue above the wallstent tynes, in the media between the tynes, in the media 

immediately below the metallic tynes, and in the adventitia at the site of implantation. 

Although trends toward greater quantities of proliferating cells were found in the media 

between the tynes as well as in the adventitia, a statistically significant greater number of 

PCNA-positive cells was present only in the neointimai tissue at the 2-week time point 

when compared to both control media as well as to the 1-, 2-, and 3-week media below 

the metallic tyne values. By three weeks, however, proliferation within the neointima 

had fallen back to control levels. 
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Table 3.1. PCNA positive cells found in the tissue surrounding endoluminal wallstents 

implanted for 1,2, or 3 weeks. Control iliac values are provided for 

comparison. Values are expressed as mean number of PCNA positive cells ± 

standard error of the mean. 

Average (Cells/mm^) 

Iliac 1 Week 2 Weeks 3 Weeks 

Neointima Not 257 ±78 532 ±91* 377 ± 89 
applicable 

Media (between 69 ±46 240 ±61 206 ± 68 223 ± 67 
tynes) 
Media (below Not 34 ±34 137 ±46 86 ±34 
tynes) applicable 
Adventitia 137 ±56 360 ±104 377 ± 74 360 ± 77 
* Significantly greater than iliac media as well as 1,2, and 3 week media (below tynes) 

values. 

Differences in the phenotypic expression of aSMC, VIM, CALF, and MHC were 

also evaluated in the neointima generated above the vascular implant, in the media 

between the metallic tynes, and in the media in the region immediately below the 

wallstent tynes for each sample (figure 3.7). In the neointimal tissue, aSMC, CALF, and 

SMC were all depressed at the 1-, 2-, and 3-week time points (figure 3.8 A). VIM 

reactivity in this area was unaltered. There were also no statistically significant 

differences observed in the media between the tynes for any of the proteins evaluated at 

any of the time points examined (figvire 3.8 B). Similarly, the expression of aSMC in the 

region below the tynes did not significantly alter from native values over the dxiration of 

this study. VIM expression below the tynes, however, was significantly depressed 



relative to the native iliac at the 1- and 2-week time points (figure 3.8 C). Nevertheless, 

by three weeks the percent positive VIM area had re-attained control values. Finally, 

both CAL and MHC expression in the area below the tynes was significantly less in 

relation to control values for the enture three week duration. 



Figure 3.2 Gross photography (A; arrow indicates direction of flow) and low 

magnification SEM (B) display the provisional matrix that is generated on 

the downstream side of the wallstent tynes. Higher magnification of the 

area between the tynes indicates that while some endothelial cells may 

delaminate (arrows indicate delamination edge), many are still present 

after implant deployment (C). Cells, presumably endothelial in nature, are 

sparsely dispersed on top of the provisional matrix that has generated 

beside a metal tyne (D). By two weeks a monolayer with the 

morphological characteristics of endothelial cells resided over the majority 

of the prosthesis' lumen (E). Endothelialization was complete by three 

weeks. 
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Figure 3.3 Von Willebrand factor reactivity is diffiisely observed within the 

neointima at the 1-week time point (A). By the 2- (B) and 3-week periods 

(C), vWf-positive cells are situated on the luminal surface as well as 

within (arrows) the neointimal tissue. 
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Figure 3.4 Microvascular density established within the neointimal lining above 

wallstents implanted for 2 or 3 weeks. 
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Figure 3.5 Characterization of the microvasculature established within the neointimal 

lining above wallstents implanted for 2 or 3 weeks. 
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Figure 3.6 Light micrographs of the microvasculature estabhshed within the 

neointimal lining above wallstents implanted for 2 or 3 weeks. Vessels 

appear to be generated at the interface (arrow) between the native vessel 

and the neointimai tissue (A) as well as at the luminal surface. At the 

surface tissue, endothelial cell invaginations (B &C) pinch away from the 

surface to form tubular structures (D). 
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Figure 3.7 Representative light micrographs of alpha smooth muscle cell actin, 

vimentin, calponin, and myosin heavy chain reactivity in the neointimal 

tissue above the tynes, in the media located immediately underneath the 

tynes and in control media. The media located between the metallic tynes 

appeared identical to control media and is, therefore, not shown. 

Similarly, because the reactivity among the various stains in the three 

regions at the 1-, 2-, and 3-week time points were not significantly 

different, only the 3-week example is displayed. 
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Figure 3.8 Morphometric quantification of the relative expression of alpha smooth 

muscle cell actin, vimentin, calponin, and myosin heavy chain proteins in 

the neointimal tissue above the tynes (A), in the media between the tynes 

(B), and in the media immediately below the tynes (C). Values are 

presented as a percentage of control iliac artery expression. 
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Discussion 

The use of endoiuminal stents, alone and in conjunction with other catheter-based 

revascularization procedures, is becoming increasing more common in the treatment of 

cardiovascular disease. While significant drops in restenosis rates have been realized in 

clinical trials (Gordon et al., 2001), (Kadar et al., 2001), (Saito et al., 1999); secondary 

in-stent intimal thickening remains a significant complication for a large proportion of the 

patients receiving these devices (Clowes et £il., 1991). Traditionally, the placement of a 

vascular prosthesis is thought to stimulate the proliferation and migration of medial 

SMCs into the intima where production of extracellular matrix molecules can result in 

restenosis lesions (Bauter et al., 1997), (Clowes et al., 1985a), (Davies et al., 1994), 

(Ohno et al., 1994b), (Ross, 1993a). Eventually endothelial cells migrate in mass over 

the SMCs and help to prevent further intimal development. The goal of this study was to 

develop a temporal and spatial model of the early vascular wall responses following 

wallstent implantation to determine if cells other than SMCs contribute to neointimal 

formation. Data from this study indicate that the early cellular healing responses may be 

a more intricately orchestrated than previously imagined. 

Traditional responses 

As expected at such early evaluation periods, excessive neointimal tissue 

formation was not observed (figure 3.1). Initial events associated with wallstent 

implantation included the deposition of a provisional matrix aroimd the metallic tynes 



(figure 3.2 A and B), endothelial delamination (figure 3.2 C), and cellular proliferation 

and migration onto and within the provision matrix (figures 3.2 D & 3.4). 

Morphological evaluation after coronary stenting in humans demonstrates similar 

thrombus formation followed by neointimal growth (Farb et al., 1999). Fibrin, platelets, 

and neutrophils were associated with stent struts < 11 days after deployment. Medial 

injury and lipid core penetration by struts resulted in increased inflammation and 

resultant increase in neointimal thickness around struts associated v^th medial damage 

when compared to struts in contact with plaque or intact media (Farb et al., 1999). 

Comparable findings have also been described in association v^dth stainless steel 

stents expanded in normal or previously denuded iliac arteries of New Zealand White 

rabbits (Rogers et al., 1996a). After just 15 minutes of implantation, histological 

abnormal endothelium was apparent within the areas bordered by stent struts. By 1 hour 

post-expansion, endothelial cell loss had progressed to a point at which a rim of intact 

cells remained adjacent to the stent wires. However, this remnant endothelium provided 

the foundation for complete endothelial regeneration of the stented segment within 3 

days. (Rogers et al., 1996a). In contrast, I hour after stent expansion in previously 

balloon angioplastied arteries, there was ahnost complete endothelial ablation. Monocyte 

adhesion and intimal macrophage accumulation were significantly greater (> 80%) in the 

denuded arteries when compared to the non-denuded group. This elevation in cellular 

infiltration effected a twofold increase in intimal thickening after 14 days (Rogers et al., 

1996a). 
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Taken together, these findings suggest that the degree of endothelial injury may 

be an unportant component of vascular repair after stenting. It appears that preservation 

of intact endothelium allows for multi-centered restoration of an endothelial cell 

monolayer with resultant decreases in intimal thickening. Therefore, stent oversi2dng 

relative to the reference lumen and balloon angioplasty prior to stent implantation would 

appear to be clinically undesirable. 

At 2 and 3 weeks, numerous vascular profiles were present in the neointimal 

tissue (figure 3.6), and a confluent endothelial cell monolayer was observed lining the 

implanted stents (figure 3.2 E). Below this endothelium, several layers of cells with low 

expression of aSMC, CALP, and MHC and unaltered expression of VIM were present, 

suggesting a "synthetic" and therefore proliferative SMC phenotype (figures 3.7 & 3.8). 

Yee et al. have demonstrated similar cellular coverage of the luminal surface of 

stents implanted in uninjured porcine iliac arteries after 5 weeks of implantation (Yee et 

al., 1998). SMC neointimal thickening under this intact endothelial cell layer had 

progressed by 12 weeks, and a more homogenous surface was observed (Yee et al., 

1998). 

Similarly, in a canine model Schatz et al. demonstrated that the stents were 

initially covered by a thin layer of thrombus that was later replaced by neointimal 

muscular proliferation that reached a maximtrai by 8 weeks despite the earlier presence of 

endothelial cells (Schatz et al., 1987). Such continued SMC proliferation and intimal 

thickening under an intact endothelimn and in the absence of platelet accumulation has 

been previously illustrated in association with the neointimal linings on interpositional. 
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synthetic vascular grafts (Clowes et al., 1986a), (Sapienza et al., 1998), (Zacharias et al., 

1987). Apparently stent placement can elicit similar sustained non-denuding endothelial 

cell injury that would allow for SMC proliferation. 

SMC heterogeneity in restenosis and atherosclerosis is a well-known phenomenon 

(Frid et al., 1997),(Gittenberger-de Groot et al., 1999). However, the interpretation of the 

morphologic phenotype as well as the functional implications of the expression of 

differentiation markers is subject to much debate. Without question, intimal SMCs show 

different protein expression patterns than medial SMCs. Tai, et al. describes 47 genes 

that are either induced or repressed following arterial injury (Tai et al., 2000). Schwartz 

describes more than 80 genes that show differential expression between intimal SM 

compared with normal medial cells (Schwartz et al., 1995). Surely a large part of these 

differences represent differential expression by cells in a healing wound. However, given 

the unique finding in this study that vWf-positive cells reside within forming neointima 

(figure 3.3), the possibility that some of the sub-endothelial cells that express as a group 

high VIM and low aSMC, CALP, and MHC are endothelial derived cannot be excluded. 

Transdifferentiation 

The idea that endothelial cells can undergo mesenchymal conversion is well 

accepted in the area of embryonic cardiac cushion formation (Eisenberg et al., 1995). 

Outside of this localized event, however, the concept is less conventional. Nevertheless, 

discussion of endothelial transdifferentiation has surfaced now and again over many 

years. 
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In 1944, Altschul observed endothelial cells that appeared to leave the surface 

lining of the vessel, underwent a mesenchymal change, and became embedded in the sub-

endothelial extracellular matrix (Altschul, 1944). This observation was frequent enough 

to produce "distinct thickening" in the sub-endothelial space (Altschul, 1944). 

In 1966, French noted that SMCs share ultrastructural features such as basement 

membrane and sub plasma membrane vesicles similar to endothelial cells, suggesting a 

possible common origin (French, 1966). In that same year, Ashton noted that when the 

endothelial cell of retracting retinal capillaries migrated toward adjacent capillaries, the 

cells came to lie on the outer side of the intact vasculature (Ashton, 1966). This finding 

suggests an endothelial cell origin for intramural pericytes. 

More recently, Tuder reported the endothelial cells can convert to myofibroblasts 

and SMCs in intimal thickening associated with pulmonary hypertension (Tuder et al., 

1994a). Modulated endothelial cells have also been described in atherosclerotic lesions 

(Beranek, 1993a), (Beranek, 1995a), (Schwartz et al., 1992), and in vivo experiments 

have shown that the first layers of aSMC-expressing cells around the endothelial cell-

lined tubes transdifferentiate from the endothelium (DeRuiter et al., 1997). 

DeRuiter report that liuninal QHl-positive quail endothelium that had been 

labeled with wheat germ aglutanin (WGA) at the onset of SMC differentiation, 

embryonic day 2.5 (stage 14-15), were found in a new sub-endothelial position when 

examined 19 hours later (DeRuiter et al., 1997). Many of these cells showed co-

expression of the QHl endothelial cell marker and the mesenchymal marker, aSMC. 

These cells have even been shown to migrate into the adventitia where they co-express 
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the reporter gene and the SMC markers caldesmon and calponin (Gittenberger-de Groot 

et al., 1999). In later stages, all cells in the sub-endothelial layer stained actin-positive 

but QHl -negative. Endothelial cells lining the liunen did not express aSMC at any stage 

(DeRuiter et al., 1997). Although it remains possible that QHl antigen released from the 

abluminal surface of the endothelium could have traversed the sub-endothelial space and 

become adsorbed onto the surface of closely apposed SMCs, the authors conclude that 

the most likely interpretation of these data is that QHl-expressing endothelial cells 

endocytose WGA at the luminal surface, undergo a mesenchymal transformation, 

delaminate from the endothelial monolayer, invade the sub-endothelial extracellular 

matrix, lose expression of endothelial-specific markers, turn on expression of aSMC, and 

acquire a SMC phenotype (DeRuiter et al., 1997). 

Given that the majority of mammalian somatic cells contain a complete set of 

genetic material but express only a small percentage of the genes, it is intuitive that 

differentiation involves continuous regulation rather than permanent activation or 

inactivation of genes (Owens, 1995a). One of the important determinants of endothelial 

cell differentiation is the local environment. Specifically, the interaction with 

surrounding cells may occur through the release of soluble cytokines, cell-to-cell 

adhesion and communication, and the synthesis of matrix proteins on which the 

endothelium adheres and grows (Garlanda et al., 1997) ,(Risau W, 1995). The 

environment that is generated following prosthetic implantation may possess the right 

combination of factors (cytokine, extracellular matrix proteins, growth factors, etc.) that 
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could transform isolated endothelial cell located within a provisional matrix into SMC-

like cells. 

One soluble factor that has been associated with the process of transdifferentiation 

is TGF-P. Arciniegas reported that greater than 90% of bovine aortic endothelial cells 

treated with TGF-P 1 in vitro convert to spindle-shaped cells that coordinately gain 

aSMC and lose factor Vlll-related antigen expression (Arciniegas et al., 1992). This 

phenotypic change became "irreversible" after 20 days of incubation in TGF-pl-

containing media. 

Research has shown that TGF-P enhanced binding of a serum response factor to 

the CArG A and CArG B elements of the aSMC promoter (Hautmann et al., 1999), 

(Shimizu et al., 1995b). It also improved the binding of an as yet unidentified factor to 

the TGF-P control element in endothelial cells and fibroblasts. In domg this, TGF-p 

stimulated the expression of aSMC and SM22a in non-SMCs. However, TGF-P did not 

induce expression of hi calponin or SM-MHC in non-SMCs (Hautmann et al., 1999). 

The observations that TGF-P stimulated expression of several early but not late 

differentiation markers in non-SMCs indicate that TGF-P alone is not sufBcient to induce 

transdifferentiation of non-SMCs into SMCs. 

The presence of histamine has also been demonstrated to have an effect on the 

phenotype of endothelial cells. Mature dermal microvascular endothelial cells rapidly 

lost their original phenotypes and expressed fibroblastic phenotypes when cultured in the 

presence of histamine (Lipton BH et al., 1992). In a state of chronic inflammation, as is 
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often associated with implanted biomaterials, complete disruption and reorganization of 

the intimal lining occurred. In fact, under these conditions certain microvascular 

endothelial cells acquired mesenchymal traits including alterations in both the 

cytoskeletal matrix as well as cellular junctions (Lipton BH et al., 1992). The authors 

concluded that histamine, acting through H-1 receptors, produces an elevation of free 

calcium. Interactions among the cytoplasmic free calcium, protein kinase C, and the 

vimentin matrix initiate signal transduction and gene regulation processes, effecting 

microvascular endothelial cell transdifferentiation. 

A differentiative role for basement membrane is also clear in the conversion of 

embryonic cardiac endothelivmi of the atrio-ventricular canal to the mesenchymal cells 

that will form the cardiac cushions (Mjaatvedt et al., 1989). This myocardial-endothelial 

interaction is mediated in vivo by aggregated of particles in the myocardial basement 

membrane. These myocardial basement membrane extracts contain fibronectin and other 

low molecular weight proteins and can initiate an epithelial-mesenchymal transition in 

the atrioventricular canal endothelium of embryonic chick heart in collagen gel culture 

(Mjaatvedt et al., 1989). Although purified fibronectin was shown to be incapable of 

causing endothelial cell transition in vitro. These results support the hypothesis that the 

myocardial signal for endothelial cell di£ferentiation is regionally confined to the 

atrioventricular myocardial basement membrane within fibronectin-containing 

multimclecular complexes (adherons). Coincidentally, the provisional matrix that is 

initially established in association with the wallstent tynes is fibronectin-rich. 



These findings arouse new interpretations of the origin and differentiation of the 

cells of the vascular wall in normal and diseased vessels. It seems that complex 

topographical, mechanical, and soluble cues can induce morphological alterations of 

endothelial cells into a primitive mesenchymal cells capable of subsequent myocyte 

differentiation. The next logical step is that these cells may contribute to the pathology of 

IT. 

In closing, these data support the beneficial effects of resident endothelial 

preservation for the rapid restoration of an endothelial cell monolayer. While 

interpretation of the presented data must be made with consideration that it involves the 

evaluation of implanted prostheses within normal canine iliac arteries, similar processes 

may take place in association with biomedical implants placed in humans. Accordingly, 

clmicians should take into account factors such balloon pressure and compliance, strut 

thickness and configuration, speed of inflation, and vessel oversizing during the 

placement of stents and stent grafts. A particularly interesting finding in the current 

study was the observation of vWf-positive cells within the developing neointima. It is 

said that the first prerequisite to establish whether transdifferentiation occurs or not is that 

the differentiation state before and after the transdifferentiation can be reliably described 

and distinguished (Eguchi et al., 1993). Morphological criteria can be used, but 

preferably should be accompanied by biochemical or molecular biological evidence, to 

enable an objective decision to be made. The second prerequisite is that a direct 

ancestor-descendent relationship between cells before and after the switch can be clearly 



confirmed at the cell level (Eguchi et al., 1993). Although the preceding study may not 

conclusively show that transdififerentiation, as defined above, occurs; they do provide 

empirical evidence that endothelial cells may alter their phenotype to smooth muscle-like 

cells. However, in such extreme grades of phenotypic alteration, cellular lineage is 

difficult to determined positively. 
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4. VASCULAR WALL RESPONSES ASSOCIATED WITH THIN-WALLED, 

POLYETHYLENE TEREPTHALATE-COVERED ENDOVASCLTLAR GRAFTS 

IMPLANTED IN THE CANINE ABDOMINAL AORTA 

Portions of the chapter have been accepted for publication the Journal of Endovascular 

Therapy: 

Dal Ponte, DB, SS Berman, VB Patula, LB Kleinert, and SK Williams. 

Abdominal aortic healing associated with a thin-walled, polyethylene terephthalate-

covered endovascular graft in a canine model 

J Enodovasc Ther. (in press). 

Introduction 

The incidence of abdominal aortic aneurysms has been on the rise for the past 

several decades (Bengtsson et al., 1992). While open surgical repair can be effective in 

the prevention of aneurysmal rupture, morbidity and mortality rates associated with these 

procedures ranges between 15-30% and 2-5%, respectively (Zarins et al., 1999). Less 

invasive treatments such as endovascular grafting offer the potential for accomplishing 

aneurysmal exclusion without the need to cross-clamp the aorta, perform a major 

laporatomy, or use cardiopuhnonary bypass (Mitchell, 1997a). This may, in tum. 
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decrease morbidity and mortality (Zarins et al., 1999) and may ultimately result in lower 

total health care costs (Criado et al., 1997),(Patel et al., 1999), (Zarins et al., 1999). 

Not surprisingly, endovascular technologies used for the treatment of vascular 

disease have undergone many changes over the years. Early prostheses adapted clinically 

available vascular grafts in combination with balloon-expandable metallic stents. Little 

emphasis was placed on the biological responses other than patency. Furthermore, these 

initial device designs and their introducer sheaths put limits on which patients were 

technically eligible for treatment, excluding individuals with small caliber, highly 

tortuous, or highly atherosclerotic vessels (Mitchell, 1997a). The need to develop low-

profile EVGs that are more biocompatible with the native vessel has stimulated the use of 

thin-walled, porous fabrics that are conducive to immediate hemostasis and rapid tissue 

incorporation (White et al., 1997). 

The Talent® endovascular graft (World Medical Manufacturing Corporation) used 

in this study was constructed from bookless, nitinol (nickel-titanium alloy) springs 

covered by a thin weave of polyethylene terephthalate (Dacron). This highly porous 

fabric provides a smaller profile, while the use of nitinol tynes allows for expansion to 

ensure adequate anchorage. The significance of this new model on short and long-term 

implant success, however, remains unclear. In addition, scarce information is available 

regarding the long-term effect of endolumenal stent graft placement on the native aortic 

wall. 

Past studies have demonstrated that vasctilar healing is dependent on both 

material and stent-graft design (Krohg-Sorensen et al., 1999). Only with an accurate 



understanding of the vessel response to an implant can further design improvements be 

realized. Intimal, medial, and even adventitial alterations that occur as a result of EVG 

placement can stimulate a cascade of events that influence the long-term healing and/or 

the possible degradation of the endovascular prostheses itself The growth of new tissue 

(i.e. intimal thickening) on the lumen of the grafts may also be affected by this evolving 

envirorunent. Furthermore, it might be expected that the implant architecture could 

influence important additional factors such as resistance to migration and kinking. 

The purpose of this study was to evaluate the healing responses associated with a 

Dacron-covered endovascular graft in the canine abdominal aorta. Intimal, medial, and 

adventitial responses to implantation were all considered. In this model, we were able to 

note changes in the aortic wall elicited by the wallstents without the influence of 

potentially confounding variables such as atherosclerotic plaques or aortic thrombosis 

(White et al., 1998a). Results from this study also have particular relevance to the 

proximal and distal anchorage necks where graft material borders relatively healthy 

tissue. 
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Materials and Methods 

Eight adult mongrel dogs (26-39 kg) were cared for in accordance with the 

protocols approved by the University of Arizona Animal Review Committee in 

compliance with guidelines established by the National Institutes of Health's "Guide for 

the Care and Use of Laboratory Animals" (NIH publication #85-23, revised 1985). All 

surgeries were performed in conformity with, and all animals were housed in facilities 

approved by the American Association for Accreditation of Laboratory Animal Care. In 

addition, this study was subject to applicable regulation of the Food and Drug 

Administration and was conducted as specified in Good Laboratory Practice Regulations 

21 CFRPartSS. 

Graft design 

As stated above, the Talent® endovascular graft (World Medical Manufacturing 

Corporation) used in this study was constructed from bookless, nitinol (nickel-titanium 

alloy) springs covered by a thin weave of polyethylene teraphthalate (Dacron). Wall 

thickness ranged from approximately 50 fom where the Dacron fibrils spaimed the springs 

to several hundred microns (roughly 600 — 700 fim) where the fabric material was 

sutured to the metallic struts (Figure 1 A). A total of eight, 10 mm internal diameter 

grafts were placed distal to the renal arteries and proximal to the aortic bifurcation. Five 

of these devices were 70 mm in length, and three of them were 80mm long. 
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Graft deployment 

On the day of surgery, animals were sedated with a mixture of intramuscular 

ketamine (100 mg), acepromazine (7.5 mg) and atropine (0.75 mg). Intravenous 

hydration with normal saline was initiated and maintained during surgery, and general 

anesthesia was induced using pentothal (to effect). Anesthesia was continued with a 

mixture of inhaled isofluorane and oxygen. The femoral arteries were exposed and 

isolated, and heparin (3,000 units) was administered prior to catheter insertion. A pre-

deployment angiogram was recorded to assess the diameter of the aorta and to determuie 

the location of the renal arteries. A guide wire was then inserted into the artery and the 

angiography catheter removed. Under fluoroscopy the endolumenal graft introducer (16 

F) was advanced to a position below the renal arteries. The grafts were deployed, and a 

second angiogram was performed to insure proper placement and appropriate 

deployment. The arteriotomy was repaired, the incision was closed, and the dog was 

recovered. 

Graft explant 

At 12 weeks the dogs were anesthetized, and the grafts were exposed through a 

midline abdominal laparotomy. Heparin was administered, angiography was performed, 

and the grafts were excised with at least 2 cm of the aorta beyond each anastomosis. 

Animals were then euthanized with intravenous P-euthanasia-D®solution (1 cc/10 lbs; 

Delmarva Laboratories, Inc.; Midlothian, VA). The explanted samples were cut in half 

along the longitudinal axis for gross photography, after which half of each sample was 



placed in Histochoice® (Amresco; Solon, OH) for histological evaluation and half was 

fixed in 3.0% buffered glutaraldehyde in phosphate buffered saline for scanning electron 

microscopy assessment. 

Scanning electron microscopy 

Samples fixed in glutaraldehyde were dehydrated using a graded series of 

acetones, critical point dried, sputter coated with a gold target and examined using a 

JEOL 820 scanning electron microscope (JEOL USA, Inc.; Peabody, MA). 

Light microscopy 

The nitinol tynes firom the samples fixed in Histochoice® were gently removed. 

These sample portions were then dehydrated using a graded series of alcohols; paraffin 

embedded; sectioned at 6 microns; and stained with hematoxylin and eosin (H&E) and 

Masson's trichrome or reacted with primary antibodies to von Willebrand Factor (vWf) 

(DAKO; Demark, Sweden), alpha smooth muscle cell actin (aSMC) (Sigma Chemical 

Co.; St. Louis, MO),, and proliferating cell nuclear antigen (PCNA) (DAKO; Denmark, 

Sweden). Antibodies were visualized by means of peroxidase conjugated secondary 

antibody, and nuclei were lightly counterstained with methyl green. Digital images were 

then imported into Adobe Photoshop (Adobe Systems Inc.; San Jose, CA) using a Sony 

Digital Photo Camera DKC-5000 (Sony Corp.; New York, NY) attached to a Nikon 

Optiphot microscope (Nikon, Inc.; Melville, NY). 
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Intimal thickening 

H&E-stained sections from all animals were evaluated for luminal encroachment 

by capturing images using a CCD camera (MTI; Albany, NY) mounted on a Nikon 

Optiphot microscope that was connected to a personal computer containing 

TK/f 
Metamorph Image Analysis software (Universal Imaging Corp.; West Chester, PA). 

Four separate peak and valley sites from around the curcumference of each sample (n =8) 

were measured between the graft material and the blood flow surface using a digital 

caliper (see Light Microscopy Results and Figure 4). 

Microvascular density 

Neointimal vascular density was determined using a 20x objective and 

quantitating the number of vWf-positive microvascular profiles. A total of 15 (5 peak, 5 

valley, and 5 liuninal surface above valley) 216x216 (om^ high-powered fields were 

evaluated for each sample (n = 8). These values were placed in a spreadsheet, and 

density was expressed as vessel profiles per square mm. 

Microvascular architecture 

In order to determine whether the neointimeil vasculature was patent and to 

evaluate the degree of convolution, one random Histochoice®-fixed sample (n = 1) was 

chosen and serially sectioned (30 sections at 10 microns), resulting in a 300 micron 

thickness of sample for continuous evaluation. These sections were reacted with vWf 

and digital images were taken as described above. 
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Data analysis 

All data analysis was performed using Stata statistical analysis software, version 

5.0 (Stata Corp.; College Station, TX). Comparisons between peak and valley intimal 

thickness were performed using a paired t-test. A one-way analysis of variance with a 

Bonferroni post-hoc test was used to determine significant differences in microvascular 

density. 
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Figure 4.1 A thin woven sheet of Dacron used in the construction of the endovascular 

prostheses evaluated m this study (A) allows for a low profile design and 

rapid cellular ingrowth. Gross photographs taken at explantation depict a 

thrombus-firee luminal surface. The visibility of suture and the Z-shaped 

tynes allude to the thinness of the tissue lining (B). Both the integration as 

well as the smooth transition between the native vessel wall and the graft 

material are evident under scanning electron microscopy (C). Higher 

magnification confirms the absence of thrombus formation and suggests 

the presence of endothelial cells (D). 
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Results 

All of the tubular, low-profile endoprostheses were successfully deployed and 

retrieved after 12 weeks. Explantation angiograms revealed unimpeded flow to the renal 

arteries. In addition, there was no evidence of obvious luminal infiingement or device 

migration. Gross examination established the absence of hematoma between the graft 

and arterial wall. In addition, the blood-tissue interface was firee of clot (figures 4.1 B & 

D). The cellular neointima was consistently thin throughout the length of each device as 

evidenced by the clearly visible surface structures, including suture material and nitinol 

tynes (figure 4.1 B). 

Scanning electron microscopic evaluation of the anastomotic regions fi:om each 

EVG revealed extensive incorporation of the devices into the vessel wall; A smooth 

transition between the native vessel and the graft surface was observed in all samples 

(figure 4.1 C). Furthermore, the absence of any thrombus formation along the length of 

the implants was confirmed. Finally, the presence of a cellular lining with morphological 

characteristics that were consistent with the presence of endothelial cells was evident 

(figure 4.11 D). 

H&E-stained sections revealed a cellular intima on all samples. This lining was 

of variable thickness depending on the geometry of the graft surface. The presence of the 

nitinol stents resulted in areas of raised zind lowered structures, analogous to peaks and 

valleys in the luminal profile (figures 4.2 A & B). The healing associated with these hills 

and valleys progressed to create a concentric liuninal flow surface; Areas of the thickest 
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neointima were directly associated with valleys in the graft while the thinnest neointimal 

areas conformed to the peaks of the graft material. Neointimal measurements of the 

thick, valley areas ranged from 301 - 1293 nm, while the thin, peak areas ranged from 20 

- 620 (om (table 4.1). There were no differences in the native vessel medial thicknesses 

measured at the peak and valley areas. 

Table 4.1. Measurements of neointimal thickness overlying the endovascular prostheses 

following 12 weeks of implantation. 

Range (jam) Average (|am) Standard Error (|im) 
Peak 301 -1293 592 40 
Valley 20-620 192^ 23 
* Significantly less than Peak value. P < 0.0001 

Extracellular matrix accounted for greater than 50% of the neointimal lining. The 

arrangement of the newly formed abluminal tissue, the area between the native vessel and 

the graft material, was randomly organized (not shown). The collagen on the luminal 

aspect of the grafts, however, was more densely packed and was organized more 

circumferentially. At the blood interface, the tissue became much more cellular and even 

more tightly bunched (figure 4.2 C). The aortic wall underlying the stents showed only 

slight evidence of cellular compression with no medial fibrosis (figure 4.2 B), while the 

adventitial surface of the aorta in the area of device placement was unremarkable and 

appeared identical in structure to the adjacent aortic segments. 
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Immunocytochemistry demonstrated the presence of vWf-positive endothelial 

cells on the luminal surface (figure 4.2 D). In addition, numerous vWf-positive 

microvascular profiles were also present throughout the neointima. The sub-endothelial 

cell layers were composed predominantly of aSMC actin-positive cells (figure 4.2 E) 

which also stained positively for myosin heavy chain, suggesting the predominance of 

smooth muscle cells. The most dramatic result of this histologic evaluation, however, 

was the determination that all of the EVGs exhibited minimal chronic inflammation; 

There was a noticeable paucity of foreign body giant cells in association with the graft 

material (figure 4.2 F). While occasional macrophages and giant cells were observed in 

association with the Dacron material, their relative number was surprisingly low. In 

addition, few PCNA-positive cells were present in the tissue associated with the devices 

(figure 4.2 G). 

Microvessel density was quantitated for three distinct areas from each graft: 1) in 

the tissue above the graft material peaks (Peak), 2) in the tissue at the base of the valleys, 

at the interface between the graft fabric and the luminal tissue (Valley (graft)), and 3) in 

the tissue at the blood/tissue interface above the valleys (Valley (lumen)). The Peak 

tissue had the fewest nimiber of microvessel profiles (7.5 ±1.5 profiles/mm^). The 

Valley (lumen) tissue followed with 21.6 ± 3.4 profiles/mm^. The greatest number of 

microvessels (33.6 ± 4.0 profiles/mm^) populated the Valley (graft) areas (table 2). 
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Table 4.2. Measvirements of the microvascular density established within the neointimal 

lining. Values are expressed as profiles per square millimeter. 

Range Average Standard Error 
(profiles/mm^) (profiles/mm^) (profiles/mm^) 

Peak 0-22.9 71* L5 
Valley (lumen) 0-61.4 21.6 3.4 
Valley (graft) 8.6-61.4 33^6 4^0 
* Significantly less than Valley (graft) value. P<0.05 

Lastly, an assessment of vessel structure was performed using serial sections. A 

single sample (n =1) was randomly chosen from all of the endovascular implants, and 

Valley (graft) areas firom this animal were evaluated to determine the tortuosity of the 

neovasculature in this region. Figure 3 displays a representative vessel that appears part 

way through the 300 fim serial section block (figure 4.3 A-B). This vessel travels 

through the neomedia (figure 4.3 C-D), tapers off (figure 4.3 E), and then disappears 

altogether (figure 4.3 F). In the same tissue, additional vessels travel in parallel (figure 

4.3 A-B), anastomose with each other (figure 4.3 C-D), and once again bifiircate (figure 

4.3 E-F). Other neovasculature, ranging in both size and shape, took apparently 

indiscriminate paths through the intimal thickening. Some of these neo-vessels abruptly 

commenced and terminated. All the while, red blood cells were never observed within 

the lumen of these endothelial cell-lined spaces. In addition, no vessel was ever observed 

directly passing through the graft material at any point along the 300 [im stretch. 
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Figure 4.2 Representative light microscopy of H&E-stained sections revealed an 

intimal lining of variable thickness that accommodated for the nitinol 

tynes and suture material (A Sc B). The collagenous and circumferential 

makeup of the luminal lining was made evident through Masson's 

trichrome staining (C). vWf-positive cells lined the tissue-blood interface 

(D), and a SMC actin-positive cells were present in the sub-endothelial 

cell lining (E). At the graft-tissue border, few foreign body giant cells (F) 

and PCNA-positive cells (G; inset: canine small intestine) were apparent. 
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Figure 4.3 Representative images of serially sectioned sample. The area within the 

circle displays a vessel profile (circle) that is non-existent at a depth of 

170-180 |im, appears by 180-190 ^mi, and disappears again by 290-300 

|im. Alternate vessels (*) are also observed traveling in parallel, 

coalescing, and bifurcating. 
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Discussion 

As the use of endovascular prostheses becomes more widespread, accurate 

characterization of the healing responses associated with these devices becomes 

imperative as new devices emerge. The information we gain from current studies builds 

upon the base of knowledge that has been established examining the conventional 

implantation of synthetic vasciUar grafts. Common to traditional grafting, we expect a 

neointimal reaction that arises through pannus ingrowth, transinterstitial migration, 

and/or fallout endothelialization. 

Nevertheless, endovascular grafts are unique in that their surrounding 

environment can be quite different from that observed in association with open bypass 

procedures. The endovascular delivery process should preserve viable endothelium, 

reduce the surgical dissection of an artery, eliminate the placement of a foreign body 

deep in the arterial wall, and negate flow disturbances with straight inline arterial 

reconstruction (Ohki et al., 1997). The differences in these as well as other parameters 

such as fabric material and structural design may ultimately affect vascular healing. 

Unfortunately there are currently no adequate large-animal atherosclerotic and 

aneurismal disease aortic models because no model completely mimics the human 

response to disease (Carrell et al., 1999), (Narayanaswamy et al., 2000a), (White et al., 

1998a). Be that as it may, animal testing of EVGs and of the techniques employed in 

their deployment is an essential step for the successful clinical application of these 

devices. In addition, the burgeoning use and possible reduction in restenosis rates 
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associated with endovascular stents and stent grafts mandate a better understanding of the 

effects of endovascular implants on vascular wall homeostasis (Rogers et al., 1996b). 

Consequently, the goal of this study was to evaluate and characterize native aortic 

changes associated with the experimental endovascular graft. The placement of an EVG 

and the subsequent tissue responses result in several layers of tissue that have been 

individually characterized. The terms used to identify these anatomic layers are 

diagrammatically presented in figure 4. 
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Figure 4.4 Schematic representation of the placement of an endovascular graft within 

the native arterial wall. The resident adventitial, medial, and intimal 

layers remain intact following graft deployment. The neo-media and neo-

intima cover the luminal surface of the endoprosthesis by 12 weeks. 
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Intimal & neointimal responses 

Results from this study suggest that the thin-walled Dacron weave present in the 

Talent® endovascular grafts readily allows for cellular integration of the device into the 

vessel wall. Scanning electron micrographs of the anastomotic sites exhibited a smooth 

transition between vessel luminal surface and graft luminal surface. As has been 

observed in animal and human specimens, some degree of tissue ingrowth is necessary if 

adequate anchorage of the proximal and distal aneurysmal necks is to be achieved 

(Jacobowitz et al., 1999), (Marin et al., 1995a). 

In a study examining the immediate and late explantation of Endovascular 

Technologies devices placed in humans for the repair of abdominal aortic aneurysms; 

Jacobowitz, Lee, and Riles found that in 56% of the late explant patients, endografts were 

"easily removable". In 37% of the cases the implants were "difficult to remove" 

(Jacobowitz et al., 1999). Among the difficult to remove cases, there was evidence of 

pannus ingrowth extending over the attachment system, an external fibrotic reaction, or 

both. Thus, at these anchorage sites where two to three centimeters of relatively healthy 

vessel can abut agamst endolumenal implants (Parodi et al., 1991), rapid activation and 

migration of cells onto the implant would prevent possible slippage. Continued cellular 

activation and migration, however, might be detrimental to blood flow, especially in 

smaller caliber vessels. 

Past research in both animals and humans has demonstrated that the endovascular 

location of a graft increases the chances of the endothelial cells to penetrate through the 

graft. Weatherford et al. (1997) revealed that in the absence of endothelial cell injury. 
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intra-arterial polytetrafluoroethylene (PTFE) stent grafts exhibited greater EC repaying 

than PTFE interposition grafts (Weatherford et al., 1997). Similarly, in a study analyzing 

of pathologic specimens obtained at postmortem examination or at the time of surgical 

correction of failing endovascular grafts, Marin et al. found that 2 grafts demonstrated 

evidence of endothelialization at sites 2 to 8 cm from the graft-to-artery interface (Marin 

etal., 1995a). 

Not only does this accelerated endothelialization appear to be occurring through 

paimus ingrowth but also through transinterstitial migration. Using modified 

endoprostheses entirely enveloped with tetrafluorethlyene-co-hexafluoropropylene, 

Vermani et al. elicited endothelialization from only the proximal and distal ends. 

Conversely, devices wrapped proximally and distally showed nearly complete 

endothelialization (Virmani et al., 1999). Ohki ftuther demonstrated that the percentage 

of area of endothelialization in the mid-portion of endovascular grafts was significantly 

higher when compared with conventional grafts (Ohki et al., 1997). These findings may 

be related to the proximity of the partially porous graft to the underlying arterial wall. 

The presence of arterial wall cells in close apposition to the extemal graft surface could 

mediate local events necessary for endothelial migration or proliferation (Jacobowitz et 

al., 1999). 

Because the graft material used in the construction of the EVG evaluated in this 

study is so porous, because the intimal lining throughout the ftill length of the devices 

was relatively uniform, and because the graft lengths preclude the possibility that the 



neointima formed solely from pamius ingrowth, we conclude that transinterstitial 

migration must have occurred in association with the current implants. 

In theory, this intact neointima (Figure 4) should be functional and continue to 

secrete anti-thrombogenic proteins. The absence of adherent platelets and/or 

inflammatory cells in association with the implanted devices supports this suggestion. 

Moreover, since conventional grafts are known for their inability to fully endothelialize, 

the ability of endovascular grafts to be covered more efficiently by endothelial cells may 

be a major advantage of these devices over conventional prosthetic bypass grafts (Ohki et 

al., 1997). Incompletely endothelialized vascular prostheses can profoundly stimulate 

growth factor release through platelet activation and may enhance SMC growth. 

Although this may not be detrimental in large caliber vessels such as the aorta, this point 

may become critical in smedler caliber conduits. In small diameter grafts, late failure has 

been shown to be a function of anastomotic intimal hyperplasia and is influenced by 

activation of platelets and smooth muscle cells occurring at unhealed mid-graft regions 

(Weatherford et al., 1997). 

Coinciding with the rapid cellular restoration, no evidence of gaps at the proximal 

and distal necks were observed (Figure IC). Consequently, the occurrence of blood loss 

external to the device, a phenomenon known as endo-leak, would not be expected at these 

sites. This is a significant finding because endoleaks have been reported in 14-44% of 

hiunan patients with a variety of stent graft devices (Zarins et al., 1999). While the true 

significance of short anchorage necks and endoleaks and their course of treatment remain 

controversial, continued blood flow in the aneurysm sac may expose the patient to an 
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ongoing risk of aneurysm rupture (Matsumura et al., 1998). Furthermore, changes in 

aortic endografl configuration have been noted as the aneurysm diameter and length 

change as a result of aneurysmal shrinkage (Krohg-Sorensen et al., 1999). For these 

reasons, a well incorporated, well anchored endovascular graft that can adapt to structural 

changes while at the same time maintain fixation is desirable. 

Thus, data from this study suggests that the intimal endothelial cells are the first 

cells in contact with endovascular devices and are the first to respond. These cells, in 

txim, maintain and/or re-attain a less activated state when compared to migrating cells 

associated with interpositional grafts. Similar processes appear to be occurring in human 

patients, albeit at a much slower rate. 

Neomedial responses 

Two goals of endovascular grafting are to increase luminal diameter beyond that 

achieved with balloon angioplasty and to reduce late complications such as restenosis 

(Rogers et al., 1995). This can only be achieved, however, if the immigrating cells 

achieve quiescence. Recent studies have demonstrated that vascular healing after 

endovascular stent-graft deployment is dependent on both material and stent-graft design. 

For example, in 1995 Rogers et al. found that by altering stent configuration to reduce 

strut-strut intersections by 29% without affecting mass or surface area, one could reduce 

vascular injury by 42%, thrombosis by 69% and neointima hyperplasia by 38% (Rogers 

et al., 1995). The authors concluded that modifications in configuration affected vascular 

injury and neointimal hyperplasia, while surface material played a greater role in 
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thrombosis. Previous research has further demonstrated that biomedical polymers in 

contact with living tissue typically stimulate a chronic inflammatory response 

characterized by activated macrophages and foreign body giant cells (Anderson, 1988b), 

(Clowes et al., 1983a). 

However, neither stent design nor polymeric-induced inflammatory responses 

appear to have hindered the healing associated with the grafts evaluated in this study. 

Cellular reactivity in direct association with the nitinol tynes and Dacron material was 

limited to a neomedial (Figure 2) layer consisting of loosely packed smooth muscle cells 

in an extracellular matrix. The foreign body response was relatively mild as compared to 

other Dacron graft materials previously evaluated in this and other laboratories (Clowes 

et al., 1983a). In addition, inflammation is often associated with the expression of 

cytokines and chemokines that stimulate cellular proliferation. Not surprisingly, there 

was a paucity of PCNA-positive cells in all samples at the 12 week time point. 

The presence of vzisculature within the neomedia also suggests that a very active 

angiogenic process occurred in association with these implants. The induction of 

microvasculature in the perigraft region is fairly common and is often thought to be 

secondary to inflammatory mediators. Vermani et al. suggests that capillaries found in 

the neomedia of endovascular grafts are possibly formed by transgraft migration of 

endothelium (Virmani et al., 1999). These authors speculate that the proximity of the 

graft and native artery may restilt in higher localized concentrations of growth factors, 

cytokines, or other intercellular messengers that can di£^use through the porous graft. A 

gradient of diffusible factors may support the ingrowth of endothelial cells from the 
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lateral margins of the device. By comparison, the neovasculature displayed in the current 

study was never observed passing through the graft material. 

The presence of significantly higher microvascular densities within the valleys of 

the graft material also seems intuitive since diffusion would be limiting in these areas. 

Nevertheless, vessels abruptly terminated and commenced. All the while, red blood cells 

were never observed within the lumen of these conduits. This suggests that the new vaso 

vasorum-like plexus was blind-ended. 

A comparable finding has been observed in the histopathologic analysis of 

explanted human endovascular stented grafts firom patients treated for occlusive disease. 

Marin, et al found that three weeks after endolumenal placement, organizing thrombus 

was present on the Ixmiinal surface of the expanded polytetrafluoroethylene grafts. 

Mononuclear cell infiltration with neovascularization of the thrombus was readily 

apparent in these samples. However, regardless of whether the endoprostheses were 

placed within a peri-adventitial plane, within the media, or within an atherosclerotic 

plaque; few capillaries were seen traversing the prosthetic graft wall towards the lumen 

(Marin et al., 1995a). The implications of the presence of these blind-ended tubes can 

only be speculated upon. Nevertheless, they appear to be a common characteristic of the 

healing related to endoprosthesis implantation. 

The cellular response elicited by the Talent® grafts can be classified as a "typical" 

neointimal response that has been observed in association with many prosthetic implants 

including those implanted in himians; however, it differs in that it exhibits minimal 
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evidence of continued cellular proliferation and the nearly complete lack of an 

inflammatory response. 

Medial and adventitial responses 

There was surprisingly little medial or adventitial damage observed in association 

with the endovascular graft implantation. As stated above, there was only evidence of 

mild cellular compression of the aortic wall underlying the stents. The adventitial 

surface of the aorta in the area of device placement was unremarkable and appeared 

identical in structure to adjacent aortic segments. Neither area demonstrated signs of 

fibrosis. The absence of damage in these areas may be a contributing factor to the 

stability of the neointimal lining, as medial and/or adventitial injury alone have been 

established to produce neointima lesions even without endothelial denudation (Shi et al., 

1996). 

In summary, this study verifies the ability to deploy a Dacron-reinforced 

endovascular graft in the canine abdominal aorta and maintain unobstructed blood flow. 

The neointima formed in these devices appears extremely stable and is well 

endothelialized. Furthermore, the rapid incorporation of the graft material into the native 

vessel wall combined with the mild inflammatory response indicates a lack of prolonged 

vessel traimia. 
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5. VASCULAR WALL RESPONSES ASSOCIATED WITH THE IMPLANTATION 

OF A LOW-PROFILE ENDOVASCULAR PROSTHESIS IN THE PORCINE 

DESCENDING THORACIC AORTA 

Introduction 

Aneurysms can occur anywhere along the aortic length, from the aortic valve 

annulus to the aorto-iliac bifurcation (Coselli et al., 1999). Currently, the incidence of 

thoracic aortic aneurysms is estimated at over six cases per 100,000 person-years 

(Mitchell, 1997b). Involvement of the descending thoracic aorta is found in roughly 40% 

of these cases (Mitchell, 1997b). Unfortunately, if left untreated the prognosis in these 

cases is not promising. The 1-, 3-, and 5-year survival rates are estimated at 65%, 36%, 

and 20%, respectively. Rupture will occur in 32-68% of these patients (Fuster et al., 

1999), (Mitchell etal., 1996) (Bickerstaff, 1982; Crawford, 1986; Pressler, 1980). 

Because of this high mortality rate, the conventional approach for patients with 

aneurysms of the descending thoracic aorta has been elective, open surgical repair and 

replacement of the damaged vessel with a synthetic graft (Mitchell, 1997b). For elderly 

patients and those with previous operations, obesity, respiratory insufficiency, and/or 

other comorbidities; this procedure entails signiiicant morbidity and mortality (Coselli et 

al., 1999;Fusteretal., 1999;Mitchelletal., 1996;Murgo etal., 1998). 

Transliiminal stent graft placement offers an alternative approach with potentially 

fewer complications and quicker recovery. Presently, there is a growing body of research 
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regarding the healing associated with endovascular grafts (EVGs) positioned in the 

abdominal aorta. Large introducer sizes and relatively limited angulation capability, 

however, have restricted the use of stent graft technology in the thoracic aorta (Mitchell, 

1997b). Nevertheless, recent advances are rapidly progressing endolumenal treatment 

modalities in this area. 

The thoracic aorta is a highly dynamic blood vessel that acts as a buffer system, 

modulating the intermittent pulsatile output from the heart to provide steady flow to the 

capillary beds. This environment may dramatically effect implant associated healing. 

Unfortunately, the majority of the research studies in this area have concentrated on early 

and late complications associated with implantation. Histological evaluations of 

explanted grafts are rare. Such studies are needed if further improvements in prosthetic 

design and procedural methodologies are to be realized. Therefore, the goal of this study 

was to characterize the native vessel responses elicited by the placement of an 

endovascular stent graft within the descending thoracic aorta. It was hypothesized that 

the low-profile construction of this experimental graft would ensure rapid cellular 

integration and differentiation, thereby preventing device slippage as well as progressive 

intimal diickening. 
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Materials and Methods 

All animal studies describe herein were performed in accordance with the 

protocols approved by the University of Arizona Institutional Animal Care and Use 

Committee (lACUC) in compliance with guidelines established by the National Institutes 

of Health's (NIH) Guide for the Care and Use of Laboratory Animals (NIH publication 

#85-23 REV. 1985). All surgeries were carried out and all animals were housed in 

American Association for Accreditation of Laboratory Animal Care (AALAC) approved 

facilities. 

Graft design 

The EVGs used in this study were constructed from self-expanding, nitinol 

(nickel-titanium alloy) springs covered by a thin Dacron weave. The outermost portion 

of the distal and proximal springs were not covered by fabric and extended approximately 

one centimeter past the Dacron material. Each graft was 70 mm in length by 24 mm (n = 

2) or 28 mm (n = 2) in internal diameter. 

Graft implantation 

On the day of surgery, four domestic swine were pre-medicated with a mixture of 

intramuscular ketamine (20 mg/Kg), xylazine (2 mg of 100 mg/ml) and atropine (0.05 

mg/Kg). General anesthesia was induced using intravenous pentothal (to efTect), and the 
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airway was maintained via orotracheal intubation. Anesthesia was continued with a 

mixture of inhaled halothane (0-3%) and oxygen (100%). 

With the animal lying on its right side, the left lateral flank was prepped for sterile 

surgery. An incision was made just distal to the last rib, the aorta was isolated, and 

heparin was administered (100 units/kg i.v.) five minutes prior to catheter insertion. A 

catheter was introduced, and the vasculature of the thoracic aorta as well as any arterial 

branches was visualized fluoroscopically following contrast agent injection. Next, a 20 

MHz intravascular ultrasound (IVUS) catheter was introduced to measure the diameter of 

the thoracic aorta The IVUS catheter was removed, leaving the guidewire in place, and 

EVGs were then inserted and advanced distal to the aortic arch and proximal to the celiac 

artery for deployment. A balloon catheter was next inflated along the entire length of the 

device to assure graft expansion and anchorage. Final angiography and IVUS exams 

were performed, and the arteriotomy was repaired with 6-0 prolene. The incision was 

closed, and the pigs were recovered. 

Graft explantation 

After 12 weeks, the pigs were anesthetized as described above and prepped for 

explantation. The implants were exposed through a left lateral thoracotomy, and heparin 

was administered five minutes prior to angiographic and FVUS evaluation. Following the 

catheter-based assessments, the aorta was clamped and the EVGs were excised with at 

least two cm of the aorta at the proximal and distal anastomoses. Next, the excised graft 

was gently flushed with 2TC Ehilbecco's Cation Free phosphate buffered saline (DCF-
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PBS; pH = 7.4) containing 0.1% bovine serum albumin. The samples were immediately 

divided into segments, gross digital images were taken, and the animals were euthanized 

intravenous P-euthanasia-D®solution (1 cc/10 lbs; Dehnarva Laboratories, Inc.; 

Midlothian, VA). 

Sample processing 

The grafts were cut in half longitudinally and placed overnight in either 

Histochoice® fixative (Amresco; Solon, OH) for light microscopy or 3% glutaraldehyde 

diluted in PIPES buffer (pH 7.4) for scanning electron microscopy examination. Samples 

fixed in glutaraldehyde were rinsed 3 times for 5 minutes each in 0.05 M PIPES buffer, 

dehydrated through 25%, 50%, 75%, 95%, 100% and 100% alcohols for 10 minutes per 

wash, and critical point dried. Dry samples were mounted to posts, sputter coated using a 

gold target, and evaluated using a JOEL 820 scanning electron microscope (JEOL USA, 

Inc.; Peabody, MA). 

The nitinol tynes firom the samples fixed in Histochoice® were gently removed. 

These sample portions were then dehydrated using a graded series of alcohols; paraffin 

embedded; sectioned at 6 microns; and stained with hematoxylin and eosin (H&E) or 

reacted with primary antibodies to von Willebrand Factor (vWf) (DAKO; Demark, 

Sweden), alpha smooth muscle cell actin (aSMC) (Sigma Chemical Co.; St. Louis, MO), 

vimentin (VIM) (Innogenex; San Ramon, CA), calponin (CAL) (Sigma Chemical Co.; St. 

Louis, MO), or myosin heavy chain (MHC) (Innogenex; San Ramon, CA). Antibodies 
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were visualized by means of peroxidase conjugated secondary antibody, and nuclei were 

lightly counterstained with methyl green. Digital images of the slides were then imported 

into Adobe Photoshop (Adobe Systems Inc.; San Jose, CA) using a Sony Digital Photo 

Camera DKC-5000 (Sony Corp.; New York, NY) attached to a Nikon Optiphot 

microscope (Nikon, Inc.; Melville, NY). 

Staining quantitation 

Percent positive SMC protein reactivity was established by capturing digital 

images from aSMC-, VIM-, CAL-, and MHC-stained slides using a 20x lens. These 

images were then opened in the Metamorph™ Image Analysis program (Universal 

Imaging Corp.; West Chester, PA), and a total of 10 control media, 10 neo-medial, 10 

neo-adventitial, and 10 medial (below tyne) 108 x 108 |am^ high-powered magnifications 

from each sample for each stain were thresholded. Next, the imaging software was used 

to calculate the number of thresholded (positively reacted) pixels, and this value was 

divided by the total number of pixels in the 108 x 108 |im^ field. Results are expressed as 

mean percent positively reacted area ± standard error of the mean. 

Medial/adventitial thickness measurements 

Control medial and adventitial as well as neo-medial and neo-adventitial 

measvirements were performed by capturing digital images from H&E-stained slides 

using a Ix objective. These images were then opened in the Metamorph™ Image 
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Analysis program (Universal Imaging Corp.; West Chester, PA), and a total of 10 medial 

and 10 adventitial thickness meastirements were taken from each sample using the 

software's digital caliper. 

Microvascular density 

Neointimal vascular density was determined using either a 20x objective and 

quantitating the number of vWf-positive microvascular profiles in 10 high powered 54 x 

54 |am^ magnifications. Criteria for a positive profile included 1) an identifiable lumen 

and 2) the presence of vWf reactivity. Data is expressed as mean number of vessel 

profiles per square mm ± standard error of the mean. 

Microvessel type analysis 

Digital images of the microvasculature firom each of the previously described 

studies were captured using a 40x objective and imported into Adobe Photoshop (Adobe 

Systems Inc.; San Jose, CA) using a Sony Digital Photo Camera DKC-5000 (Sony Corp.; 

New York,. NY) attached to a Nikon. Optiphot microscope (Nikoru Inc.; Melville. NY). 

TTLf 
These images were then opened in the Metamorph Image Analysis program (Universal 

Imaging Corp.; West Chester, PA), and cross sectional microvasculature measurements 

were made using the software's digital caliper. Microvessels were classified using 

standard histological features (Rendell et al., 1999). Arterioles were identified by the 

presence of endothelial, medial, and adventitial layers as well as an internal diameter >10 

{im. Venules were also characterized as having an internal diameter >10 {un; however. 
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they were distmguished from arterioles by their thinner or absent smooth muscle layer 

and a less significant tunica adventitia. Finally, capillaries were identified by their single 

layer of attenuated endothelial cells (Rendell et al., 1999). 

Data analysis 

Statistically significant differences between groups were determined through the 

use of a one-way analysis of variance (ANOVA) followed by a Bonferroni post-hoc test. 

All data are expressed as means ± standard error, and significance was set at P < 0.05. 
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Results 

The general health of all the animals remained excellent throughout the duration 

of the study. All grafts were patent at the time of explant. No evidence of observable 

luminal infringement or device migration was apparent on the explant angiograms. IVUS 

assessment demonstrated a relatively symmetric and concentric interface between the 

neointima and the blood (figure 5.1). The mean mid-graft diameters measured at the time 

of explant (18.5 ± 0.9 mm) were significantly smaller than that measured at the time of 

implant (22.0 ± 0.3 mm) (table 5.1). 

Table 5.1. Intravascular ultrasound measurements taken mid-graft pre-implantation, 

immediately following endovascular graft implantation, and at the time graft 

explantation. 

Native Vessel Pre-implantation 
Implantation Mid-graft 
Explantation Mid-graft 

Range (mm) 
19.3-21.7 
20.7-22.8 
15.4-22.5 

Mean ± Standard Error (mm) 
20.5 ± 0.4 
22.0 ± 0.3 
18.5 ±0.9* 

* Significantly less than Implantation Mid-graft value. 

Following graft explantation, gross evaluation illustrated a neointima that spaimed 

the entire length of the prostheses (figure 5.2 A). Overall, the graft material-vessel 

interface did not appear well developed. During sample manipulation prior to paraffin 

embedding for histological evaluation, the graft material-vessel interface could be 
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disrupted using a minimal force. Nevertheless, the bare proximal and distal nitinol 

extensions appeared well incorporated with the native vessel. 

Scanning electron microscopy confirmed the integration of the nitinol springs 

with the aortic wall (figure 5.2 B). The interface between the vessel wall and the Dacron 

material was less uniform (figure 5.2 C). Still, the presence of a cellular lining with the 

morphological characteristics that were consistent with endothelial cells covered the 

majority of the luminal surface from each sample (figure 5.2 D). 

Light microscopic examination of H&E-stained sections further revealed a multi-

layered cellular intima covering all samples. The cellular lining that had evolved directly 

surrounding the bare nitinol extensions did not extend into the areas between the springs 

(figure 5.3 A, arrow); These areas were identical to the aorta away from the site of 

implant. A more extensive neointima was generated above the portion of the aorta that 

was cover by the Dacron weave (figure 5.3 A, arrowhead). In addition, the aortic wall 

underlying the stents showed only slight evidence of cellular compression with no medial 

fibrosis (figxire 5.3 A, *). 
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Figure 5.1 Intravascular ultrasound measurements of the mid-grafl region. 

Dimensions were taken of the native vessel prior to graft implantation, 

immediately following implantation, and at explantation. 
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Figure 5.2 Gross images at the time of explantation display a neointimal lining that 

spanned the entire length of the endovascular graft (A). Scarming electron 

micrographs demonstrated the integration of the nitinol extensions (B) as 

well as of the Dacron weave (C) with the native tissue. Higher 

magnification of the neointimal lining revealed the presence of endothelial 

cells (D). 
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Figure 5.3 Light micrograph of a hematoxylin and eosin-stained sample sectioned 

through the long axis of the endovascular graft demonstrates the cellular 

overgrowth that occurs above the bare nitinol extensions (arrow) as well 

as over the Dacron weave (arrowhead) (A). Medial compression was 

observed in die areas underlying the metallic springs (*). Von Willebrand 

factor-positive reactivity confirmed the presence of endothelial cells 

covering the luminal surface (B). 
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Figure 5.4 Schematic representation of the placement of an endovascular graft within 

an arterial wall. The implant is deployed against the native intima, media 

and adventitia. A neo-intima consisting of an endothelial cell monolayer, 

a neo-media that reacts robustly with alpha smooth muscle cell actin, 

vimentin, calponin, and myosin heavy chain, and a neo-adventitia that 

displays significantly less reactivity with alpha smooth muscle cell actin, 

vimentin and calponin and virtually no reactivity with myosin heavy chain 

all cover the luminal surface of the endoprosthesis by 12 weeks. DW = 

Dacron weave which covers the nitinol springs. 
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The long-term placement of the EVGs and the subsequent tissue responses 

resulted in several distinct layers that had characteristic reactivity with the aSMC, VIM, 

CALP, and MHC. To avoid confusion and to individually differentiate these regions, the 

terms, "neo intima", "neo media", and "neo-adventitia" will be used to identify these 

anatomic layers (figure 5.4). 

A "neo intima", verified through positive vWf reactivity, was observed sparming 

the majority of the limiinal siu^ace of all devices (figure 5.3 B). 

As expected the native media displays a highly ordered lamellar organization and 

reacts very robustly with the antibodies against aSMC, VIM, CALP, and MHC (figure 

5.5 & 5.6). Similarly, the neo-media shows strong reactivity to all four of the smooth 

muscle specific protein antibodies (figure 5.5 & 5.6). While the cells in this layer do 

appear more aligned as compared to those in the neo-adventitial layer, a lamellar 

structure is not attained. Extracellular matrix predominates in the neo-adventitial region. 

Accordingly, the expression of aSMC, VIM, and CALP is significantly lower in 

comparison to the native and neo-media. In addition, MHC reactivity in the area is 

virtually absent. Thus, the neo-adventitial cells have characteristics more of fibroblasts 

than of contractile SMCs. A fourth region, that of the native media immediately below 

the nitinol tynes, was also evjduated. Statistically significant lower aSMC, VIM, CALP, 

and MHC reactivity was observed in this area (figure 5.6) 

In order to determine the relative distributions of the neo-medial and neo-

adventitial layers, layer thicknesses were next measmed. Figure 4.7 demonstrates that in 



the native thoracic aorta, medial thickness predominates, ranging from 1504 to 2330 (om 

in dimension while the native adventitia ranged from 114 to 476 |mi. In the neo tissue 

that formed around the EVGs, on the other hand, the neo-media ranged from 46 to 573 

(im, whereas the neo-adventitia ranged from 1292 to 2868 |am. Percentage-wise, the 

native media comprised 89.6% of the thoracic aorta area, with the adventitia making up 

the additional 10.4%. In the neointimal tissue, the opposite was true. The neo-media 

comprised 9.8% of the intimal tissue while the neo-adventitia made up 90.2% (table 5.2) 

Table 5.2. Percent distribution of the intimal, medial, and adventitial layers. 

Intima Media Adventitia 
Native Thoracic < 1 % 89.6 ± 3.8 % 10.4 ± 1.1 % 
Aorta 
Neointimal <1% 9.8 ±1.2%* 90.2 ±6.0%* 
Tissue 
* Significantly different from respective Native Thoracic Aorta values. 

Finally, vascular profiles were present throughout the distinct layers of the 

neointimal lining. There were comparatively few vessels in the neo-medial layer, while 

microvessel density increased as the interface between the neointimal tissue and the 

native vessel was approached (figure 5.8). These vessels were characterized exclusively 

as either venules or capillaries (figure 5.9). 
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Figure 5.5 Ligiit micrographs of alpha smooth muscle cell actin, vimentin, calponin, 

and myosin heavy chain reactivity in the neo-medial, neo-adventitial and 

native medial layers of the peri-implant thoracic aorta. 
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Figure 5.6 Morphometric quantification of the relative expression of alpha smooth 

muscle cell actin, vimentin, calponin, and myosin heavy chain proteins in 

the native thoracic aorta media, neo-media, neo-adventitia, and native 

media below in the region below the nitinol tynes. Values are displayed as 

a percentage of control thoracic aorta expression. 
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Figure 5.7 Medial and adventitial thickness measurements of the native vessel wall as 

well as of the neointimal tissue layer. 
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Figiire 5.8 Microvascular density established within the neointimal lining overlying a 

low-profile endovascular graft implanted in the thoracic aorta for 12 

weeks. Native thoracic aorta microvascular density is displayed for 

comparison. 
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Figure 5.9 Characterization of the microvasculature established within the neointimal 

lining above a low-profile endovascular graft implanted in the thoracic 

aorta for 12 weeks. Native thoracic aorta values are displayed for 

comparison. 
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Discussion 

Transluminally placed endovascular stent grafts represent a blending of 

intravascular stent and prosthetic vascular graft technologies. EVGs were first 

envisioned by Dotter in 1969 as intraluminal devices that would ultimately be useful for 

treating aneurysms, pseudoaneurysms, and arteriovenous fistulas (Dotter, 1969). As the 

management of aortic diseases continues to evolve, clinicians and researchers are 

examining the placement of endovascular stent grafts (EVGs) for the treatment of 

thoracic aortic aneurysms. Although the feasibility of this type of repair has been 

documented (Mitchell et al., 1996), (Bruninx et al., 1999), there is little information 

available regarding the cellular adaptations elicited by the long-term placement of EVGs 

in the aortic wall. Moreover, new prosthetic designs that may have an effect on healing 

characteristics associated with these implants are rapidly emerging. 

The porcine model was chosen for this evaluation because it has been widely used 

to evaluate the in vivo performance of cardiac and vascular devices in the past (Yee et al., 

1998). Moreover, the arterial morphology of the pig is similar to himians, they exhibit a 

tendency toward hypercoagulability, and their fibrinolytic system is not as active as the 

canine (Narayanaswamy et al., 2000b). 

The native thoracic aorta was utilized because no single ideal model that mimics 

the human response to disease currently exists (Carrell et al., 1999), (Narayanaswamy et 

al., 2000b), (Veith et al., 1995). Furthermore, alterations such as aneurysm retraction can 

be observed following stent graft implantation in a diseased vessel (Boudghene et al.. 
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1998). In such cases, the vessel wall will directly appose the synthetic implant thereby 

stimulating vascular wall responses that may be similar to those described herein. 

Finally, the burgeoning use and possible reduction in restenosis rates associated with 

endovascular stents and stent grafts mandate a better understanding of the effects of 

endovascular implants on native vascular wall homeostasis (Rogers et al., 1996a). The 

main goal of this study was to examine the cellular responses induced by 12 week EVG 

placement in the native thoracic aorta. Patterns of aSMC, VIM, CAL, and MHC 

reactivity were specifically assessed. 

rVUS measurements of lumen diameters 

Three of the four grafts examined in this study exhibited no appreciable change in 

liuninal dimensions as determined by FVUS measurements taken at the time of 

implantation and explant. While showing no signs of gross neointimal thickening, the 

fourth graft still exhibited a reduced luminal diameter that accounted for the significant 

difference observed between mean implant and explant IVUS recordings. 

Evidently, the native vessel caused mtemally directed device compression. Such 

medial compression has been noted in other experiments. In a study examining the 

placement of multiple Palmaz stents in the femoropopliteal artery, van Lankeren et al. 

demonstrated stent recoil of 11% within the stent and 26% at the stent junctions (van 

Lankeren et al., 1997). Theoretically, such remodeling might result in EVG slippage. 

Nevertheless, endovascular stents and stent grafts are commonly oversized by 10-15% to 
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over come this vessel recoil, and this fourth device remained closely associated with the 

siuTounding native vessel. 

Tissue incorporation of the EVGs 

A cellular neointima was present over the Dacron weave that was integrated with 

the EVG itself but that was not well incorporated into the thoracic aorta. This fmding is 

quite different from what has been observed in association with the placement of EVGs 

in the abdominal aorta (chapter 4), (Mitchell, 1997a), (White et al., 1998a), which 

become well connected with the surrounding vessel wall. This lack of integration may 

stem from the fact that the aorta, especially the thoracic aorta, functions as a buffering 

system, modulating the intermittent pulsatile output from the heart to provide steady flow 

the capillary beds (the Windkessel function) (Belz, 1995), (Toutouzas, 1999). 

Research has shown that the hemodynamic events of each cardiac cycle have the 

greatest impact on the wall of the ascending aorta and progressively decrease from there 

(Fuster et al., 1999). In a healthy aorta, during systole the ventricle ejects the stroke 

volume into the aorta. Approximately 50% of the volume is directly forwarded into the 

peripheral circulation, and the other 50% leads to an extension of the aortic wall. During 

diastole, the aorta passively contracts due to its elastic properties; Utilizing the energy 

stored during systole, the other 50% of the stroke volume is forwarded into the peripheral 

circulation (Belz, 1995). Thus, the rhythmic pulsations of the intravascular volume 

induced by the rhythmic actions of the heart are buffered and converted into an almost 

continuous peripheral blood flow by the elastic properties of the aorta. 
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Identical hemodynamic forces may not be present in atherosclerotic and/or 

aneurysmal vessels or when a comparatively non-compliant bypass conduit conjoins the 

more healthy portions of the aorta. Nevertheless, one would expect that EVGs placed in 

the descending thoracic aorta might experience substantial perturbations. Moreover, such 

repetitive pulsations would take place up to 40 million times per year over a period of 

many years (Toutouzas, 1999). Consequently, the mechanical and hemodynamic forces 

could clearly account for the lack of EVG/vessel integration in the thoracic aorta in 

comparison to that observed in the abdominal aorta. 

Despite the constant mechanical forces exerted on the implants, the nitinol spring 

extensions appeared well anchored to the aortic wall. Such tissue overgrowth is 

necessary to prevent EVG slippage (Parodi et al., 1991). In a study examining the 

inunediate and late explantation of Endovascular Technologies devices placed in humans 

for the repair of abdominal aortic aneurysms; Jacobowitz, Lee, and Riles found that in 

56% of the late explant patients, endografts were "easily removable". In 37% of the 

cases the implants were "difficult to remove".(Jacobowitz et al., 1999) Among the 

difficult to remove cases, there was evidence of pannus ingrowth extending over the 

attachment system, an external fibrotic reaction, or both. 

The fact that the friction seal held with only slight medial compression and no 

signs of necrosis of the aortic wall under the metallic tynes is an important finding 

because the creation and progression of aortic aneurysms involves the interplay of an 

underlying medial layer as well as the dynamic circulatory forces (Fuster et al., 1999). A 
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biomedical implant design that further contributed to the deterioration of the medial wall 

might ultimately lead to aneurysm enlargement and possible rupture. 

Neointimal formation 

The primary intent of EVGs is obviously to exclude diseased portions of the 

native vessel, thereby reducing interaneurysmal pressure and preventing rupture. A 

secondary objective, however, should be to re-establish, or induce, an intact vessel lining. 

For vascular substitutes this lining consists of the intima, a monolayer of endothelial 

cells; a media, circumferentially-arranged, "contractile" smooth muscle cells; and an 

adventitia, connective tissue, fibroblasts, and blood vessels. 

An endothelial cell monolayer was observed in all samples evaluated in the 

current study. This rapid and extensive endothelialization appears to be typical of porous 

implants placed in the endovascular position (Ohki et al., 1997), (Rogers et al., 1996a). 

Weatherford et al. (1997) revealed that following endothelial cell injury, intra-arterial 

expanded polytetrafluoroethylene (ePTFE) stent grafts exhibited greater 

endothelialization than ePTFE interposition grafts (Weatherford et al., 1997). Not only 

was this accelerated endothelialization associated with a lower inflammatory response, 

but a significant decrease in proximal and distal anastomotic intimal thickening was also 

observed (Weatherford et al., 1997). 

Similarly, in a study analyzing pathologic specimens obtained at postmortem 

examination or at the time of surgical correction of failing endovascular grafts, Marin et 

al. found that 2 grafts implanted in humans demonstrated evidence of endothelialization 
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at sites 2 to 8 cm from the graft-to-artery interface (Marin et al., 1995a). These findings 

suggest that the presence of arterial wall cells in close apposition to the external graft 

surface could mediate local events necessary for endothelial migration or proliferation 

(Jacobowitz et al., 1999), (Virmani et al., 1999). 

In theory, this intact neo-intima should be ftinctional and continue to secrete anti-

thrombogenic proteins. Since conventional grafts are known for their inability to fully 

endothelialize, the ability of endovascular grafts to be covered more efficiently by 

endothelial cells may be a major advantage of these devices over conventional prosthetic 

bypass grafts (Ohki et al., 1997). Incompletely endothelialized vascular prostheses can 

profoundly stimulate growth factor release through platelet activation and may enhance 

SMC growth (Weatherford et al., 1997). Although this may not be detrimental in large 

caliber vessels such as the aorta, this point may become critical in smaller caliber 

conduits where late failure has been shown to be a function of anastomotic intimal 

hyperplasia. 

Thus, a neo-intima was generated over the endolumenal implants examined in this 

study. To determine whether a neo media and a neo-adventitia were, in fact, also 

generated in association with EVG placement, a panel of smooth muscle cell markers was 

used. A brief rationale for the choice of these markers is provided below. 

Smooth muscle cell marker selection 

a SMC actin: Alpha SMC actin was used because it is the most widely utilized 

immimocytochemical marker for the labeling of SMCs. This is the case because a SMC 
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actin is the first known marker of differentiated SMCs that is expressed during 

vasculogenesis. It is first detected in the presumptive SMCs that initially envelope the 

dorsal aortas at stage 12 in chicken and quail embryos (Owens, 1995a). In mature, fully 

differentiated SMCs, it is the single most abundant protein, making up 40% of total cell 

protein and over 70% of total actin (Owens, 1995a). The high actin content of VSMCs is 

required for their force-generating capability. Unfortunately, aSMC is known to be 

transiently expressed by a variety of mesodermally derived cells during development, 

tissue repair, and neoplastic growth (Beranek, 1993a) (Beranek, 1993b) (Beranek, 

1993c) (Arciniegas etal., 1992;Beranek, 1993d;Beranek, 1995b;Beranek, 1995a). 

Therefore, a SMC actin expression alone does not provide definitive evidence for SMC 

lineage. 

VIM; Vimentin is one of the principle intermediate filament proteins expressed 

by vascular smooth muscle in the aorta and other large conduit vessels (Owens, 1995a). 

It is also, however, the major intermediate filament in a variety of mesenchymal or 

mesenchymally derived non-muscle cell types, including endothelial cells, and 

fibroblastic cells, macrophages, Sertoli cells» lymphocytes and ovarian granulosa cells. 

CALP: Calpcnin is a component of the contractile system. It interacts with F-

actin and tropomyosin in a Ca^^-independent manner and with calmodulin in a Ca^^-

dependent manner. Multiple isoforms of czdponin have been identified. Mammalian 

homologues have been designated hi-calponin, for high molecular weight, and 1-calponin 

for low molecular weight. A 22-kDa protein, designated SM-22a has also been 

identified in SMCs that contains sequence motifs that are homologous to calponin. In the 
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adult organism, the expression of the 1-and SM-22a isofonns appear to be restricted 

almost exclusively to SMCs. Moreover, calponin expression is first detectable in the 

dorsal aortas of the chick on days 4-6 of embryonic development, making it one of the 

earliest markers of differentiating SMCs (Owens, 1995a). 

MHC: Myosin heavy chain is an essential component of the contractile system 

that is present in all muscle cells. Expression of smooth muscle MHC isoforms SM-I 

and SM-2 has been extensively scrutinized and shows a high degree of SMC specificity 

in both mature and developing organisms {Miano, Cseijesi, et al. 1994}. SM-1 and SM-

2 may be the most rigorous markers for identification of differentiated smooth muscle 

cells because they show the highest degree of cell specificity of any of the known 

markers of differentiated smooth muscle cells (Loukianov et al., 1997), (Owens, 1995a), 

(Miano et al., 1994), (White et al., 1998b). 

The principle function of mature, fully differentiated SMCs is contraction; 

tiierefore, genes encoding proteins involved in SM contraction, such as aSMC, myosin 

heavy chain, calponin are candidates to study the differentiation states of SMCs (Owens, 

1995a). The degree to which each of these markers is expressed can help to distinguish 

contractile SMC from synthetic SMCs and/or fibroblasts and provide the basis for 

differentiating neo-media from neo-adventitia. 

Neo-medial / neo-adventitial formation 

Figures 5.5 and 5.6 demonstrate that at least 3 different cellular phenotypes were 

present within the intimal lining. An attenuated cellular lining, the neo-intima, interfaced 
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with the blood. Immediately below this monolayer, cells that expressed proteins that are 

typical of contractile SMCs were present. Hence, this mid region was designated the 

neo-media. Finally, the tissue layer between the neo-media and the native vessel, 

hereafter referred to as the neo-adventitia, contained cells that were consistent with 

myofibroblasts. The proportions of the tissue distribution, however, is the opposite of 

that found in the native thoracic aorta. That is, the EVG neo-adventitia, as opposed to the 

neo-media, made up the bulk of the new tissue lining. In addition the tissue did not have 

the lamellar arrangement found in the native vessel. Nevertheless, the distribution of the 

microvasculature did mimic that observed in the native artery (figure 5.8). 

The creation of a neo-cellular lining, or "neo-artery," that exhibits histological 

features similar to a native artery has been described previously in association with 

endothelial cell sodding of polyurethane vascular grafts (Williams SK et al., 1992). In 

1992, Williams et al. demonstrated the formation of a multi-layered cellular lining within, 

yet distinct from, a polyurethane graft. At least three layers were present in this lining. 

The luminal surface was covered with a thin attenuated layer of cells. The midportion of 

the cellular lining contained cells with morphological characteristics of myofibroblasts. 

Finally, the layer closest to the luminal surface of the polyurethane graft was very 

heterogeneous, ranging from a dense layer of cells to an amorphoiis layer that appeared to 

represent necrotic tissue. In non-cell-treated grafts, platelets, white cells and fibrin 

formed a thrombogenic surface on the polyurethane grafts (Williams SK et al., 1992). 

Similarly, in the evaluation of a vascular graft seeded with endothelial cells and 

implanted in a himian patient for 3.5 years; Deutsch, Meinhart, and Zilla found that not 
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only did the endothelial lining remain intact, but a neo-tnedia had also developed between 

the prosthesis and the endothelium throughout the entire length of the graft (Deutsch et 

al., 1997), (Deutsch et al., 1999b). The cells of this neo-media contained actin filaments 

and were separated from the intima by a true intemal elastic membrane that distinguished 

them from a neo-intima. 

Given the current inability to control the sequence of events following vascular 

injury, restitution of normal tissue structures and function is a rare occurrence. 

Simingly,there is an ordered structure that the vasculature cells attempt to attain. The 

findings from this and other studies demonstrate that at least partial tissue induction can 

be evoked in association with different implants. In the future, the complexity of the 

vascular wall responses should be evaluated in the context of optimizing neo-artery 

formation, creating implants that fully replace the function of the tissue being replaced. 

In summary, EVG deployment within the descending thoracic aorta can maintain 

appropriate proximal and distal fixation. The loose integration of the mid-graft region, 

however, may be unique to the dynamic environment of the thoracic aorta. A vascular 

wall response that elicits the formation of a neo-artery consisting of a neo-intima, neo-

media, and a neo-adventitia was observed. Future alterations in implant engineering may 

be able to augment the formation of fully differentiated cells, allowing for more 

appropriate neo-medial and neo-adventitial proportions and possibly leading to improved 

integration into the native vessel wall as well as reductions in intimal thickening. 
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6. TEMPORAL EVALUAHON OF THE VASCULAR WALL RESPONSES 

ASSOCIATED WITH ENDOLUMINAL WALLSTENT PLACEMENT IN THE ILIAC 

ARTERY OF A PORCINE MODEL OF ATHEROSCLEROSIS AND RESTENOSIS 

Introduction 

Despite the complexity of peripheral occlusive disease, a gradual decrease in the 

incidence of amputations for patients with limb-threatening ischemia has been realized 

over the past several decades (Marin et al., 1994). The improved outcome in these 

patients has occurred largely as a result of new techniques for arterial reconstruction 

(Marin etal., 1994). Angioplasty and atherectomy are two endovascular interventions 

that have become popular because of the associated reduction in perioperative morbidity 

and mortality when compared to open surgical repair (Criado et al., 1997), (Mitchell, 

1997a),(Patel et al., 1999), (Zarins et al., 1999). While these treatments are successful in 

the short-term, between 30 and 50 % eventually fail due to smooth muscle cell 

proliferation at the intervention site (Kadar et al., 2001), (Narayanaswamy et al., 2000b). 

Elastic recoil may also contribute to failure rates in some cases (Currier et al., 1995) 

(Lafont et al., 1998). 

Endovascular stents are currentiy being utilized alone and in conjunction with 

percutaneous revascularization procedures because they prevent vessel wall recoil 

(Hehrlein et al., 1995), (Rogers et al., 1995) and have been demonstrated to reduce the 

incidence of restenosis (De Servi et al., 1999), (Gordon et al., 2001), (Jordan et al., 1997), 
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(Kadar et al., 2001), (Marin et al., 1994). Despite these advantages, research has 

demonstrated that cell proliferation can be prolonged in stented arteries when compared 

to balloon angioplastied arteries (Rogers et al., 1995). As a consequence of this cellular 

activation, 20 to 40% of patients who receive endovascular stents develop significant 

restenosis (Rogers et al., 1995). 

Unfortunately, a great deal of the research that has evaluated the healing of stents 

has been performed in the non-atherosclerotic models that do not mimic the human 

diseased state in terms of thrombus, atheroma, and neointimal formation (Schwartz 

1994). Moreover, the presence of atherosclerotic disease has been shown to play an 

important role in the neointimal thickening observed in association with stenting (Mehta 

et al., 1996). The goal of this study was to develop a temporal model of the healing 

associated with wallstent implantation in the iliac artery of an atherosclerotic porcine 

model. 
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Materials and Methods 

All animal studies describe herein were performed in accordance with the 

protocols approved by the University of Arizona Institutional Animal Care and Use 

Committee (lACUC) in compliance with guidelines established by the National Institutes 

of Health's (NIH) Guide for the Care and Use of Laboratory Animals (NIH publication 

#85-23 REV. 1985). All siurgeries were carried out and all animals were housed in 

American Association for Accreditation of Laboratory Animal Care (AALAC) approved 

facilities. 

Twelve (12) Yucatan microswine (Longhom, Texas) were each housed in pig 

runs at a dedicated animal facility run by the VA Medial Center in Tucson, Arizona and 

were placed on an atherogenic diet consisting of 17.5% casein, 19.5% lard, 1.5% 

cholesterol, 0.5% bile salts, and 6% peanut oil. To encourage earlier and further 

atherogenesis, these animals underwent balloon denudation of the endothelium of the 

external iliac arteries two weeks after starting the specialized die. Implantation of the 

self-expanding 6 mm x 64mm Schneider wallstents (Schneider AG, Bulach, Switzerland) 

occurred 3.5 months later. The size of the devices were deliberately oversized by 10-

20% in order to induce vessel injury that mimics that which is typically observed during 

stent placement. 

Balloon denudation 
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On the day of surgery, the animals were sedated with a mixture of intramuscular 

ketamine (20 mg/Kg), xylazine (2 mg of 100 mg/ml) and atropine (0.05 mg/Kg). General 

anesthesia was induced using intravenous pentothal (to effect), and the airway was 

maintained via orotracheal intubation. Anesthesia was continued with a mixture of 

inhaled halothane (0-3%) and oxygen (100%). 

With the swine in a dorsal recumbent position, the neck was shaved and sterilely 

prepped. The left common carotid artery was isolated for vascular access and then 

carmulated with a 6F arterial sheath. Prior to balloon denudation, an arteriogram of the 

iliac vasculature was performed using a SF-pigtail catheter placed in the distal abdominal 

aorta. After completion of the arteriogram, a 4F Fogarty balloon was positioned under 

fluoroscopy, inflated, and traversed three times across the extemal iliac artery surface 

starting approximately 1 cm proximal to the common femoral origin and concluding 1 cm 

distal to the aortic bifiircation. The catheter and guidewire were removed, the carotid 

artery was then surgically repaired, and the neck incision Avas closed in three layers. 

Device deployment 

Anesthesia was established as described above, and the neck was once again 

shaved and sterilely prepped. The left carotid artery was once isolated, heparin (5000 U) 

was administered, and the artery was caimulated. Prior to device deployment, a pelvic 

arteriogram was performed to confirm the level of the aortic bifurcation. FVUS 

measurements were also taken at this time. Each device was deployed approximately 1 

cm below the aortic bifurcation, and after deployment, the devices were angioplastied 
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with a 6 mm x 4 cm balloon, using no more than 12 atmospheres of pressure. A final 

arteriogram and IVUS examination were performed to verify patency and adequate 

deployment of the devices. The carotid was then ligated, the neck was closed, and the 

animals were recovered. 

Device explantation 

Three stents were explanted at each of the 1, 5,12, and 26-week time periods. 

Anesthesia was induced and the animals were prepped for explantation in the same 

manner described above. A midline laparotomy was performed, and a pelvic arteriogram 

to evaluate patency and document luminal narrowing was performed through an aortic 

pimcture. IVUS examination was also performed. The distal aorta and iliac vessels were 

then isolated, 37°C Dulbecco's Cation Free phosphate buffered saline (pH = 7.4) (DCF-

PBS) containing 0.1% bovine serum albumin was flushed through the devices, and the 

specimens were then perfused fixed with 3% glutaraldehyde diluted in PIPES buffer (pH 

7.4) at 120 mmHg. The samples were excised, divided, and placed in Histochoice® 

(Amresco; Solon, OH) fixative for immunocytochemical evaluation or 3% glutaraldehyde 

for SEM analysis. 

Sample processing 

The grafts were cut, grossly examined, photographed to document thrombus 

and/or neointima formation along the luminal surface, and placed overnight in either 

Histochoice® (Amresco; Solon, OH) fixative for light microscopy or 3% glutaraldehyde 
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diluted in PIPES buffer (pH 7.4) for scanning electron microscopy examination. Samples 

fixed in glutaraldehyde were rinsed 3 times for 5 minutes each in 0.05 M PIPES buffer, 

dehydrated through 25%, 50%, 75%, 95%, 100% and 100% alcohols for 10 minutes per 

wash, and critical point dried. Dry samples were mounted to posts, sputter coated using a 

gold target, and evaluated using a JOEL 820 scanning electron microscope (JEOL USA, 

Inc.; Peabody, MA). 

The metal tynes from the samples fixed in Histochoice® were gently removed. 

These sample portions were then dehydrated using a graded series of alcohols; paraffin 

embedded; sectioned at 6 microns; and stained with hematoxylin and eosin (H&E) as 

well as Masson's trichrome or reacted with primary antibodies to von Willebrand Factor 

(vWf) (DAKO; Demark, Sweden), alpha smooth muscle cell actin (aSMC) (Sigma 

Chemicjd Co.; St. Louis, MO), vimentin (VIM) (Innogenex; San Ramon, CA), calponin 

(CAL) (Sigma Chemical Co.; St. Louis, MO), or myosin heavy chain (MHC) (Innogenex; 

San Ramon, CA). Antibodies were visualized by means of peroxidase conjugated 

secondary antibody, and nuclei were lightiy counterstained with methyl green. Digital 

images of the slides were then imported into Adobe Photoshop (Adobe Systems Inc.; 

San Jose, CA) using a Sony Digital Photo Camera DKC-5000 (Sony Corp.; New York, 

NY) attached to a Nikon Optiphot microscope (Nikon, Inc.; Melville, NY). 

Plastic embedding and sectioning 

Separate samples that were not de-tyned were dehydrated in a graded series of 

alcohols and embedded in poljonethymethacrylate (Technovit® 9100, Energy Ream 
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Sciences, Inc.; Agawam, MA). Approximately 50 micron thick sections were cut using a 

Buehler isomet™ low speed saw (Buehler; Lake BlufiF, Illinois, USA). These sections 

were then attached to glass slides with 3M Scotch-Weld 1838-L B/A Translucent Epoxy 

Adhesive (B (W5347R266); A (W5347R238)) (3M; St. Paul, MN), ground to a desired 

thickness of 10-15 microns, and polished on a Leco grinder/polisher (Leco Corporation, 

Greenwood Village, CO) (appendix B). 

Plastic H«&E staining 

The plastic embedded sample slides were placed directly into hematoxylin and 

stained until adequate stain uptake occurred as determined by visual evaluation (3—12 

hours). Next, the samples were rinsed in distilled water three times and then place in 

Scott's tap water substitute to blue the nuclei. Again the slides were rinsed in water and 

then placed in eosin-phyloxine until adequate uptake had occurred. Two rinses in 95% 

ethanol and one rinse in 100% ethanol followed. The slides were then cleared in xylene 

and mounted in Pennount (Fisher Scientific; Fair Lawn, NJ). Digital images of the slides 

were then imported into Adobe Photoshop (Adobe Systems Inc.; San Jose, CA) using a 

Sony Digital Photo Camera DKC-5000 (Sony Corp.; New York, NY) attached to a 

Nikon Optiphot microscope (Nikon, Inc.; Melville, NY). 

Staining quantitation 

Morphometric analysis of SMC protein reactivity was established by capturing 

digital images from aSMC-, VIM-, CAL-, and MHC-stained slides using a 20x lens. 
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These images were then opened in the Metamorph Image Analysis program (Universal 

Imaging Corp.; West Chester, PA), and a total of 10 neointimal, 10 medial between the 

tynes, and 10 medial below the tynes 108 x 108 |im^ high-powered magnifications from 

each sample for each stain were thresholded. Next, the imaging software was used to 

calculate the thresholded (positively reacted) area, and this value was presented as a 

percentage of control iliac artery expression. Results are displayed as mean percent 

cytoskeletal expression ± standard error of the mean. 

Neointimal: Medial ration measurements 

Neointimal-to-medial ratio measurements were performed by capturing digital 

images firom H&E-stained slides using a lOx objective. These images were then opened 

in the Metamorph™ Image Analysis program (Universal Imaging Corp.; West Chester, 

PA), and a total of 15 neointima and 15 medial thickness measurements were taken at 

random intervals from each sample using the software's digital caliper. The data was 

then averaged for each of the 1-, 5-, 12-, and 26-week time points and expressed as mean 

± standard error of the mean. 

Microvascular density 

Neointimal vascular density was determined using a 20x objective and 

quantitating the number of vWf-positive microvascular profiles in 10 high powered 108 x 

108 magnifications for each sample. Criteria for a positive profile included 1) an 
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identifiable lumen and 2) the presence of vWf reactivity. Data is expressed as mean 

vessel profiles per square mm ± standard error of the mean. 

Microvessei type analysis 

Digital images of the microvasculature from each of the previously described 

studies were captured using a 40x objective and imported into Adobe Photoshop (Adobe 

Systems Inc.; San Jose, CA) using a Sony Digital Photo Camera DKC-5000 (Sony Corp.; 

New York, NY) attached to a Nikon Optiphot microscope (Nikon, Inc.; Melville, NY). 

These images were then opened in the Metamorph™ Image Analysis program (Universal 

Imaging Corp.; West Chester, PA), and cross sectional microvasculature measurements 

were made using the software's digital caliper. Microvessels were classified using 

standard histological features (Rendell et al., 1999). Arterioles were identified by the 

presence of endothelial, medial, and adventitial layers as well as an internal diameter > 10 

jim. Venules were also characterized as having an intemal diameter >10 ^m; however, 

they were distinguished from arterioles by their thiimer or absent smooth muscle layer 

and a less significant tunica adventitia. Finally,, capillaries were identified, by their single 

layer of attenuated endothelial cells (Rendell et al., 1999). 

Data analysis 

Statistically significant differences between groups were determined through the 

use of a one-way analysis of variance (ANOVA) followed by a Bonferroni post-hoc test. 

All data are expressed as means ± standard error, and significance was set at P < 0.05. 



Representative arteriogram of the pelvic vasculature demonstrating 

unimpeded flow through a wallstent implant. Arrows indicate the 

proximal and distal segments of the prosthesis. 
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Results 

The general health of all the animals remained excellent throughout the duration 

of the study. All stents were patent at the time of explant, and explantation angiograms 

revealed unimpeded flow all devices (figure 6.1). In addition, there was no evidence of 

obvious luminal infringement or device migration. 

Gross examination of the 1-week explants established that the wallstent tynes are 

a nidus for provisional matrix accumulation (figure 6.2). Scarming electron micrographs 

of the bare region located between the struts but still untouched by the provisional matrix, 

indicated that while some endothelial cells may delaminate, many are still present after 

stent deployment. By S weeks, neointimal tissue had filled in the areas between the 

metallic tynes, and the luminal surface was almost completely covered by cells that have 

the morphological characteristics of endothelium. Accordingly, the blood-tissue 

interfaces firom all groups were firee of clot. Evaluation of the 12 and 26-week specimens 

demonstrated slight increases in neointimal thickness. Nevertheless, the outlines of the 

struts were generally visible through this cellular overgrowth. 
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Figiire 6.2 Light and scanning electron micrographs of stents after 1, 5, 12, and 26 

weeks of implantation. The 1-week specimen demonstrates that the stent 

struts are the sites where neointimai tissue formation commences. Despite 

some cellular delamination (arrows indicate delamination edges), intact 

endothelial cells (inset) can be preserved following implant deployment. 

By 5 weeks, tissue has developed in the regions between the metallic 

tynes. In addition, cells with the morphological characteristics of 

endothelium line the luminal surface. 12 and 26-week explants show a 

slight increase in the neointimai lining; nevertheless, the strut outlines are 

still evident. 



1 Week 

5 Weeks 

12 Weeks 

26 Weeks 
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Figure 6.3 Light micrographs of hematoxylin and eosin- (A, B, & C) as well as 

Masson's trichrome-stained sections. A fibrocellular mass had 

accumulated immediately around the metallic wallstent struts by 1 week of 

implantation (A & B). The regions between the tynes, however, remained 

largely unaffected (C). In die samples evaluated at 5,12, and 26 weeks; a 

highly cellular tissue lining was generated above the prosthetic implant 

(D). 
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Histological evaluation supported the gross observations. Hematoxylin and eosin-

stained sections indicated that a fibrocellular coagulum was present in the areas directly 

surrounding the wallstent struts, whereas the area between the tynes was largely 

unaffected (figure 6.3 A, B, & C). By 5 weeks and thereafter, a highly cellular 

neointimal lining was generated above the prosthetic implant (figure 6.3 D). 

Morphometric evaluation of this neointimal formation indicated that neointimal-to-

medial ratio significantly increased between the first and fifth week post-implantation 

(figures 6.4 & 6.5). However, no statistically significant changes were noted thereafter, 

suggesting that neointimal lining was relatively stable by 5 weeks. 

Vascular wall responses to stent implantation were further characterized using 

antibodies against aSMC, VIM, CALP, and MHC. Three separate areas were evaluated: 

the neointima generated above the vascular implant, the media between the metallic 

tynes, and the media in the region immediately below the wallstent tynes. The 1-week 

neointimal tissue was largely acellular, and, therefore, was excluded from analysis. 

Neointimal aSMC and MHC reactivity at the 5- and 12-week time points were 

si^iificantly depressed (figure 6.5 A). By 26-weeks, however^ expression equivalent to 

control media was attained. CALP reactivity was also depressed at the 5-week 

evaluation. Nevertheless, at 12- and 26-weeks, there were no observable differences 

between neointimal and control expression. In the media between the metallic tynes, 

MHC expression was significantly lower at the 1- and 26-week time points, whereas VIM 

expression was depressed at all time points evaluated (figure 6.5 B). No other differences 

were noted. Finally, in the media below the tynes, VIM and MHC reactivity were 
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depressed at all time points evaluated, CALP was depressed at the 1-, 5-, and 26-week 

points, and aSMC was significantly lower at the 1-, 12-, and 26-week points (figure 6.5 

C). 

Lastly, the neointima lining in the atherosclerotic pig was surprisingly avascular. 

The microvascular density of the 12-week explant approached significance relative to the 

I - and 5-week time points (P = 0.06); however, no statistically significant differences 

were noted among any of the groups at any of the time points evaluated (figure 6.8). 

Because the overall microvascular density was so low, all of the vessels were pooled for 

the microvascular characterization analysis. The percentage of capillaries within the 

neointima was 87%, while the percentage of venules was 13%. No arterioles were 

observed. What's more, all of the vessels that were present resided in the deep tissue at 

the interface with the native vessel. 
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Figure 6.4 Representative light micrographs displaying the intimal-to-medial tissue 

distribution at the I and 5 week evaluation periods. 
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Figure 6.5 Morphometric quantification of neointimal-to-mediai rations of 1,5,12, 

and 26 week explants. 
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1 Week 5 Weeks 12 Weeks 26 Weeks 

* Significantly less than 5,12, and 26 week values. 
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Figure 6.6 Representative images of alpha smooth muscle cell actin, vimentin, 

calponin, and myosin heavy chain reactivity in the luminal neointimal 

tissue, in the media located immediately underneath the tynes, and in 

control media. The media located between the metallic tynes appeared 

identical to control media and is, therefore, not shown. 
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Figure 6.7 Morphoraetric quantification of the relative expression of alpha smooth 

muscle cell actin, vimentin, calponin, and myosin heavy chain proteins in 

the neointimal tissue above the tynes (A), in the media immediately below 

the tynes (B), and in the media between the tynes (C). Values are 

displayed as a percentage of control iliac artery expression. 
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Figure 6.8 Microvascular density established within the neointimal lining overlaying 

wallstents implanted for 1-, 5-, 12- and 26-weeks in the iliac artery of 

porcine model of atherosclerosis. 
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Discussion 

The first description of endovascular grafting to hold open an artery and possibly 

prevent arterial remodeling and/or restenosis, was presented by Dotter in 1969 (Dotter, 

1969). In the past several years, stent placement has become an established 

revasciilarization technique in peripheral aortoiliac arterial occlusive disease (Onal et al., 

1998), and it has played an important role in improving early and long-term patency, 

particvilarly after sub-optimal angioplasty results (De Servi et al., 1999), (Jordan et al., 

1997), (Marin et al., 1995b). Incorporation of the graft into the surrounding tissues and 

the establishment of a stable, endothelial cell-covered neointima is believed to be an 

important event for complete graft healing and optimal long-term function (Marin et al., 

1995b). Direct human research is limited by the inability to control experiments and by 

the progressive nature of lesion development (Narayanaswamy et al., 2000b). 

Consequently, the goal of this study was to develop a temporal model of the healing 

associated with wallstents placed in an atherosclerotic porcine model. In doing this, a 

complete chronology of morphological as well as phenotypic changes that occur during 

the development of remodeling was generated. It is hoped that the pathology of porcine 

iliac stenting may provide insight into the biology of stent-vessel wall interactions and 

guide approaches to therapies to prevent or treat in-stent restenosis. 

Recent research has demonstrated that the presence of atherosclerotic disease can 

play a role in the neointima! thickening observed following arterial stenting (Mehta et al., 

1996). Unfortunately, a single ideal animal model of atherosclerosis does not currently 
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exist (Narayanaswamy et al., 2000b). Of those that are available, swine and primates best 

approximate the requirements of a model of restenosis including similarity to the human 

anatomy and physiology and reproducibility of lesions that are akin to those in humans 

with regard to pathogenesis, morphology and distribution (Mehta et al., 1996) 

(Narayanaswamy et al., 2000b). Using a combination of an atherogenic diet and 

mechanical injury, lesions that histologically demonstrate focal intimal thickening, fatty 

streaks, lipid deposition, foam cells, fibrosis, and occasional fibromuscular caps can be 

generated at an accelerated pace (Gerrity et al., 1979), (Mehta et al., 1996), 

(Narayanaswamy et al., 2000b). In the present study Yucatan microswine were fed an 

atherogenic diet and underwent balloon denudation prior to iliac artery stent implantation. 

Data from this study indicates that the stent struts are a nidus for intimal tissue 

development. By 5 weeks, a thin, concentric neointimal lining had filled in the areas 

between the metallic tynes. This tissue consisted of multiple layers of smooth muscle

like cells that expressed low levels of aSMC, CALP, and MHC relative to control media. 

This expression pattem is consistent with synthetic SMCs and/or modulated endothelial 

cells. Over time» neointimal aSMC,. VIM» CALP» and MHC expressioa progressively 

approached control iliac values, suggesting a gradual conversion to a contractile, non

proliferative phenotype (Owens, 1995a). Accordingly, no further increases in 

neointimal-to-medial ratio were observed past 5 weeks of implantation. 

These findings support those of past experiments. In a study evaluating the 

healing characteristic associated with stent placement in the porcine iliac artery for 1,5, 

and 12 weeks, Yee et al. demonstrated a thin neointima covering the stent surface after 1 



236̂  

week of implantation (Yee et al., 1998). A paucity of aSMC-positive cells was noted at 

this time. At 5 weeks, however, a near completed coverage of the luminal surface was 

observed. By 12 weeks, a homogeneous luminal coverage was present. The authors 

characterized these neointimal cells as SM as determined by aSMC reactivity (Yee et al., 

1998). 

Similarly, in a study examining the 1,3, 8, and 32 week implantation of coronary 

stents in a canine model, Schatz et al. demonstrated that the stents were initially covered 

by a thin layer of thrombus that was later replaced by neointimal muscular proliferation 

that reached a maximiun by 8 weeks (Schatz et al., 1987). Unlike the present study, 

however, this neointima gradually thinned as it become more sclerotic and less cellular. 

Additional examinations of human coronary arteries suggest that the sequence of 

events leading to neointima formation after implantation of stents is basically similar to 

that encountered in animal models. Local thrombus formation adjacent to the stent struts 

is followed by gradually invasion by cellular components such as macrophages and 

aSMC-negative spindle shaped cells and accompanying extracellular matrix deposition 

(Farb^et al., 1999), (Komatsu et al., 1998). This cellular lining eventually differentiates 

into a much more fibrocellular lesion contain aSMC positive SMCs (Komatsu et al., 

1998). The authors conclude that this sequence strongly suggests that during the 

evolution of the neointima, the aSMC-negative spindle shaped cells most likely represent 

de-differentiated SMCs, which in time gradually re-differentiate into aSMC-positive 

SMCs. 
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A review of these findings suggests that the function of endovascular stents is 

established early on following implantation. If the neointimal lining can be induced into 

a contractile SMC state soon after stent deployment, long-term utility is seemingly 

ensured. With respect to the similarity to man, however, the lack of angioplasty prior to 

wallstent deployment in the present model is an important issue. Clinically, occlusive 

arteries are usually subjected to angioplasty prior to placement, potentially damaging the 

vessel wall. Studies have demonstrated a strong correlation between severity of injury 

and subsequent neointimal thickness and percent diameter stenosis (Hehrlein et al., 

1995), (Narayanaswamy et al., 2000a), (Rogers et al., 1995). Thus, the extent of initial 

damage may influence the rate with which the neointimal lining can attain a homeostatic 

state. In small caliber or significantly damaged vessels, this steady state may not be 

reached prior to flow-limiting occlusion. 

Along these lines, the degree of endothelial injury is an important component of 

vascular repair after stenting (Rogers et al., 1996a). In the current study, a rapid 

restoration of a non-thrombogenic endothelial cell monolayer was observed as early as 5 

weeks post-implantation. Correspondingly, past research in both animals and humans 

has demonstrated that the endovascular location increases the chances of multicentric 

endothelial cell penetration through vascular grafts (Komatsu et al., 1998), (Marin et al., 

1995b), (Rogers et al., 1996a), (Weatherford et al., 1997). The presence of such an 

endothelial monolayer has been found to inhibit the sustained proliferation of SMCs 

overljdng synthetic vascular grafts (Clowes et al., 1983d). Balloon angioplasty prior to 

stent implantation which may adversely effect the presence and/or viability of the 
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endothelium, may therefore be an additional explanation why early thrombosis and 

unfavorable intimal thickening can be observed in association with arterial stenting in 

humans. 

In conclusion, we have studied the placement of stents in the iliac arteries of a 

porcine model of atherogenesis. We have confirmed that the rapid formation of an 

endothelial cell-lined, quiescent neointimal lining is favorable to stent function. An 

extensive characterization of the neointimal constituents confirms the gradual 

transformation SMCs and/or activated endothelial cells from synthetic to contractile 

phenotypes. Furthermore, this transformation is associated with a stabilization of the 

dimensions of the luminal lining. Similar processes appear to be occurring in association 

with stents implanted in himian patients. Not only do these data further validate the use 

of the porcine model in the evaluation of the healing responses associated with vascular 

implants, but they also reiterate the findings of the studies described in the previous 

chapters of this dissertation. 
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7. CHARACTERIZATION OF THE VASCULAR NETWORK ESTABLISHED IN 

ASSOCLVTION WITH LOW PROFILE ENDOVASCULAR IMPLANTS 

Introduction 

Formation of the vascular system begins with the configuration of nascent 

endothelial tubes through the process of vasculogenesis, or the de novo formation of 

blood vessels from free angioblasts (Beck et al., 1997), (Coffin et al., 1991), (Coffin et 

al., 1988), (Risau et al., 1995). After this preliminary plexus is established, it is 

elaborated and extended throughout the embryo by sprouting from the existing vessels 

(i.e. angiogenesis) (Beck et al., 1997), (Coffin et al., 1991), (Coffin et al., 1988), (Risau et 

al., 1995). Vascular remodeling then extensively modifies this framework through the 

enlargement and splitting of existing vessels (i.e. intussvisception) as well as the 

regression and/or complete disappearance of other conduits. The final stage of vascular 

development, maturation, involves a dramatic reduction in endothelial cell proliferation, 

morphological changes to endothelial cell shape and organization, and the recruitment of 

vascular wall components; including pericytes for small capillaries and smooth muscle 

cells for larger vessels (Beck et al., 1997) (Risau et al., 1995). By the time an individual 

reaches maturity, a network of highly specialized blood vessels consisting of arteries, 

capillaries, and veins is established. 

Although circulating endothelial progenitor cells from the bone marrow have been 

shown to contribute to postnatal neovascularization (Asahara et al., 1999); by and large. 
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the process of de novo blood vessel formation appears to be restricted to embryonic 

development. In addition, that microvasculature that is generated is immature and 

functions poorly (Carmeliet, 2000). The production of new blood vessels through 

angiogenesis, on the other hand, can occur during the entire lifespan and can result in a 

fully functional vascular network. As a result, angiogenesis rather than vasculogenesis 

has been the therapeutic goal of cxirrent revascularization treatments. 

Accordingly, the generation of angiogenic blood vessels within and around 

biomedical implants has been proposed to extend the long-term function of these devices 

by allowing for the establishment of a quiescent endothelial lining (Clowes et al., 1986a), 

(Clowes et al., 1987b) and/or by providmg nutrients and waste removal from the resident 

cells (Sieminski et al., 2000). Unfortunately, the specific mechanisms by which a 

biomaterials influence the microvasculature are not well understood; however, several 

hypotheses have been proposed. One hypothesis suggests that the level of inflammation 

elicited by a biomaterial influences the neovascularization process (Salzmann et al., 

1999). A second hypothesis focuses on the effects of porosity (Clowes et al., 1986a), 

(Clowes et al., 1987b), (Salzmann et al., 1997). 

Past research has demonstrated that the placement of low profile vascular 

prostheses within the vessel lumen is unique in that the high ratio of open space to 

biomaterial results in preservation of viable patches of endothelium between struts, 

giving the best chance for rapid multicentric endothelialization (Schatz et al., 1987). 

Similarly, data presented in this chapter will demonstrate that the endoluminal 

deployment elicits the formation of a unique microvasctilar system through modified 
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processes of vasculogenesis as well as intussusception. The goal of this study was to 

characterize this distinctive vascular network. It was hypothesized that endothelial cells 

released from the luminal monolayer following prosthetic placement would coalesce into 

vascular tubes within the developing neointimal tissue. 
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Materials and Methods 

All samples discussed in this chapter have been processed as described in their 

respective Materials and Methods sections. 
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Resiilts 

Early neovasculature formation 

Data from the study evaluating the early vascular wall responses associated with 

endoluminal wallstent placement in the canine iliac artery (Chapter 3) indicate that the 

developing neointimal vessels originate from two foci: at the interface between the 

native vessel and the neointima (figure 7.6 A) as well as at the luminal surface (figure 7.6 

B, C, and D). Apparently, endothelial cells at the blood interface are pinch away from 

the luminal lining as neointimal development progresses from the wallstent struts into the 

area between the tynes (figure 7.1 B, C, and D). The vessel that were formed this context 

were characterized as either a venule or a capillary (figure 7.2). Arterioles were never 

found within the intimal lining. 

Microvasculature distribution 

vWf-positive vascular profiles were present throughout the neointimal lining 

observed in association with a low-profile endovascular graft placed in the descending 

thoracic aorta. There were comparatively few vessels near the luminal surface in the 

region described as the neo-media. Microvessel density increases as the interface 

between the neointimal tissue and the native vessel (i.e. the neo-adventitia) was 

approached (figure 7.3). This physical arrangement coincided with the microvascular 

distribution present in the native thoracic aorta. 
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Figvire 7.1 Light micrographs of the microvasculature established within the 

neointimal lining overlying wallstents implanted for 2 or 3 weeks. Vessels 

appear to be generated at the interface (arrow) between the native vessel 

and the neointimal tissue (A) as well as at the luminal surface. At the 

surface tissue, endothelial cell invaginations (B «S:C) pinch away from the 

surface to form tubular structures (D). 
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Figure 12 Representative light micrographs of microvasculature established in the 

tissue lining associated with low-profile endovascular implants. 
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Microvasculature architecture 

An assessment of the neointimal vascular plexus structure and tortuosity was also 

performed utilizing serial sections (30 sections; 10 |im per section) taken from a 

representative endovascular graft that had been placed in the abdominal aorta for 12 

weeks. Figure 7.4 displays a representative vessel that appears partway through the 300 

|xm run (figure 7.4 A & B, circle). This vessel travels through the neointimal tissue 

(figure 7.4 C & D), tapers off (figure 7.4 E), and then disappears altogether (figure 7.4 F). 

In the same tissue, additional vessels travel in parallel (figure 7.4 A & B, asterisk), 

anastomose with each other (figure 7.4 C & D), and once again bifurcate (figure 7.4 E & 

F). Other neovasculature, ranging in both size and shape, took apparently indiscriminate 

paths through the intimal thickening. Some of these neo-vessels abruptly commenced 

and terminated. All the while, red blood cells were never observed within the lumen of 

these endothelial cell-lined spaces. In addition, no vessel was ever observed directly 

passing through the graft material at any point along the 300 (im stretch. 
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Figure 7.3 Microvascular density established within the neointimal lining overlying a 

low-profile endovascular graft implanted in the thoracic aorta for 12 

weeks. Native thoracic aorta microvascular density is displayed for 

comparison. 
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Figure 7.4 Representative serial sections from the neointimal lining generated above 

a low-profile endovascular graft implanted in the abdominal aorta. The 

area within the circle displays a vessel profile (circle) that is non-existent 

at a depth of 170-180 |am, appears by 180-190 |im, and disappears again 

by 290-300 jxm. Alternate vessels (*) are also observed traveling in 

parallel, coalescing, and bifurcating. 
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Discussion 

Neovascularization within and around biomedical implants can provide nutrients 

to the peri-implant tissue and remove waste from the resident cells (Sieminski et al., 

2000). In the case of vascular grafts, transinterstitial capillary ingrowth may also allow 

for the establishment of a quiescent endothelial lining (Clowes et al., 1986a), (Clowes et 

al., 1987b). Placement of low-profile endolumenal prostheses may speed this process 

because viable patches of endothelium can be preserved following device deployment 

(Schatz et al., 1987). The goal of this study was to localize and characterize the vascular 

network that was established within the neointimal tissue following placement of low-

profile endoluminal prostheses 

Microvascular network formation and characterization 

A number of past studies have indicated that the microarchitecture of an 

implanted biomaterial affect the neovascularization response. When ePTFE grafts with 

intemodal distances of 30,60, or 100 ^m were implanted either in the subcutaneous 

tissue or into the epidydimal fat pads of rats for 5 weeks, the grafts with 60 [om intemodal 

distances evoked the thiimest capsules and the largest degree of vascularization 

(Salzmann et al., 1997). 

Similarly, Clowes et al. demonstrated that grafts with an intemodal distance of 60 

supported microvasculature growth through the wall of the graft, resulting in 

complete endothelial coverage of the luminal sinface (Clowes et al., 1986a), (Clowes et 
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al., 1987b). Grafts with intemodal distances of 30 fim showed considerably less 

neovascularization and endothelialization (Clowes et al., 1986a), (Clowes et al., 1987b). 

Neovascularization such as this is often thought to be secondary to inflammatory 

mediators (Hoying et al., 1996), (Polverini et al., 1977), (Salzmann et al., 1999). 

However, the occurrence of neovascularization within the neointima of polyurethane 

vascular grafts has also been reported in the complete absence of abluminal tissue 

incorporation or inflanmiation (Williams SK et al., 1992). Williams et al. observed the 

presence of mid-graft vascular tubes in the neointimal of sodded grafts. No such 

vasculature was found in unsodded control grafts (Williams SK et al., 1992). The authors 

attribute this new blood vessel formation to the treatment of the luminal surface with 

microvessel endothelial cells. 

Spontaneous endothelial cell tube formation has also been observed in in vitro 

tissue engineered constructs. Black et al. demonstrated that in a co-culture of human 

dermal fibroblasts and human umbilical vein endothelial cells (HUVECs), HUVECs can 

reorganize themselves into an extensive network of capillary-like structures (Black et al., 

1998). Phase contrast microscopy revealed the presence of round and elongated tubes 

formed by the vWf-positive cells. Discontinuous deposition of basement membrane 

components such as laminin and type IV collagen were also detected in the vicinity of 

these tubules (Black et al., 1998). Thus, it seems that a vascular network can be 

established in the absence of inflammation through a process of endothelial cell re

organization. 
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Apparently, the physical characteristics as well as the endoluminal placement of 

endovascnlar devices result in neovascularization through both inflammation- and 

endothelial cell reorganization-mediated processes. Improved endothelialization and 

neovascularization of the neointimal lining has been described in association with 

endovascular grafts place in the porcine model (Yee et al., 1998). After 1 week of 

implantation, a marked inflammatory response along the abluminal surface of the ePTFE 

graft material was identified. By 5 weeks, an angiogenic response with formation of 

endothelial cell lined vascular channels was observed within this inflammatory tissue, 

and by 12 weeks neovascularization of this peri-graft tissue was observed (Yee et al., 

1998). 

Conversely, Vermani et al. suggested that capillaries found in the neo-media of 

endovascular grafts were formed by transgraft migration of endothelium without 

accompanying inflammation (Virmani et al., 1999). The authors speculate that the 

proximity of the graft and native artery may result in higher localized concentrations of 

growth factors or other intercellular messengers that can diffuse through the porous graft. 

This gradient of diffusible factors may support the ingrowth of endothelial cells firom the 

lateral margins of the device (Virmani et al., 1999). 

The few histological evaluations of human grafts also demonstrate some increase 

in the endothelialization of endovascxilar graft material in comparison to what has been 

previously described in the extravascular bypass graft literature. In a study performed by 

Marin, et al, factor Vni-positive cells were observed 8 cm from the anastomosis of 

endovascularly positioned grafts (Marin et al., 1995b). Similarly, in a study of 11 stented 
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coronary arteries obtained from human patients who had died 2 days to 21 months after 

stenting, two stents demonstrated the presence of inflammation and "abundant" 

microvessels. However, this extensive neovasculzuization correlated with considerable 

intimal thickening (Komatsu et al., 1998). 

The EVG samples evaluated in the current study do not indicate an extensive 

inflammatory response. Rather, it appears that predominantly endothelial cell 

reorganization leads to vascular formation. Seemingly there is an inherent phenotypic 

program of endothelial cells is to form tubular chambers. Accordingly, vascular profiles 

were generated from the luminal surface as well as at the interface between the native 

vessel and the developing neointimal tissue (figure 7.1). At the blood/tissue surface, a 

modified form of non-sprouting angiogenesis, or intussusception, took place. 

Invaginations were created in the progressing neointimal tissue, and adjoining surfaces 

apparently fused together. At the interface between the native vessel and the neointima, 

however, a form of "differentiated" vasculogenesis occurred. That is, rather than 

endothelial precursor cells coalescing and forming a vascular network, fully 

differentiated endothelial cells were released from the luminal monolayer following 

endovascular graft placement, and daese cells coalesced to form primitive tubular 

structures. 

Microvascular distribution 

The physical arrangement of the vascular condmts that are present in a mature 

neointimal lining mimics that seen in a native vessel. In a native, undiseased artery, the 
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luminal 29 lamellar units (approximately 0.5 mm thickness) are avascular (Eisenstein, 

1991). This region is believed to receive oxygen and soluble nutrients by diffusion from 

the lumen (Hobnes et al., 1995), (Rogers et al., 1996a). In thicker arteries, with more 

than 30 lamellar units, nutrients are provided by the penetrating adventitial vasa vasorum. 

Thus, the vascular density within a thick-walled vessel increases moving from the 

luminal to the abluminal edge. The highest density of vascular profiles within the EVG 

tissue lining was similarly located in the deep neo adventitial layer that interfaces with 

the native vessel (figure 7.7). 

Whereas in the native vessel this high density of vasculature is needed to support 

tissue preservation, the vessels in the intimal lining of the EVG were most likely present 

for an altemate reason. In the neo adventitial region, the highest density of newly 

released endothelial cells would contribute to differentiated vasculogenesis. Non-

sprouting angiogenesis would also generate new vessels in this region. As the intimal 

tissue developed, however, the number of free endothelial cells would gradually drop. 

Therefore, vasculogenesis would also decline. Intussusception would also begin to lessen 

as the luminal lining begins to uniformly cover the endovascular grafts and the 

endothelial cell Lining becomes more quiescent. 

Microvasculature architecture 

During embryogenesis, the early vascular plexus formed by vasculogenesis 

typically contains plump endothelial cells forming wide lumina without a 

correspondingly thick vascular walls (Risau, 1997). By extension, the modified 
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intussusception and differentiated vasculogenesis processes described above would 

theoretically also result in an immature vasculature. Accordingly, virtually every 

microvascular profile evaluated from the collective studies present herein was 

characterized as a capillary or as a venule. As late as 12 weeks post-implantation, no 

arterioles were observed in the mid-graft regions in any of the samples evaluated. 

Seemingly there is an uncoupling between the formation of the endothelial tubes 

and the recruitment of SMCs when the cells are place in a provisional 3-dimensional 

matrix. Mutations of the Tie-2 receptor and angiopoietin-1 (Ang-l), its ligand, both 

result in defects in the recruitment of vascular wall cells. .Ajig-l null mice have a 

simplified and less complex vasculature containing fewer branches and more 

homogeneously-sized vessels (Breier et al., 1996), (Suri et al., 1996). Hence, possible 

explanations for the lack of mature vasculature observed in the current study are that the 

endothelial tubes possess the Tie-2 receptor; however, there are no accompanying support 

cells to recruit and/or the surrounding cells do no produce Ang-l. In either event, the 

Tie-2 receptor on the endothelial cells is not activated, and the production and release of a 

recruiting sigial (PDGF-BB for Pericytes, PDGF-AA for SMC) for mesenchymal cells is 

never generated (Breier et al., 1996), (Vikkula et al., 1996). In addition, the endothelial 

cells never release TGF-P, and adjacent mesenchymal cells are never induced to 

differentiate into pericytes and smooth muscle cells. 

The recruitment of peri-endothelial support cells during embryogenesis also 

coincides with the onset of blood flow (Caxmeliet, 2000). Shear stress strongly affects 

endothelial cells, inducing modification of cell-cell as well as cell-extracellular matrix 
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junctions and upregulating growth factors such as PDGF-BB (Risau, 1997). These 

factors, in turn, could further be involved in the recruitment of support cells to 

preliminary vascular plexus. 

In the experiment examining the placement of an endovascular graft in the canine 

abdominal aorta for 12 weeks, microvasculature architecture was evaluated utilizing 

serial sections. At no time was any of the mid-graft neovasculature observed passing 

through the graft material. In addition, red blood cells were never observed within the 

lumen of these conduits. The vessels that were present took highly tortuous routes and 

abruptly terminated and commenced (figure 7.4). These findings suggest that the new 

vasa vasorum-like plexus was blind-ended. Therefore, the maturation processes 

associated with flow would never be present, and the vasculature would remain 

immature. 

Unfortunately, the implications of the presence of these blind-ended tubes can 

only be speculated upon. Such tubules have been observed in other circumstances such 

as resolving clot. These findings suggest that when endothelial cell are placed in a 3-

dimensional matrix, they will inherently form tubes. In any event, these vessels appear to 

be a common characteristic of the healing related to endoprostheses implantation. It 

would be interesting to determine if in fact these mid-graft tubes would ever inosculate 

with the native vasculature. 

In summary, the placement of low profile vascular prostheses within vessel lumen 

allow for a rapid establishment of an non-patent, immature vascular plexus that mimics 
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the physical arrangement of the vasa vasorum fovmd in native vessels. This new vessel 

formation occurs through the combined processes of sprouting angiogenesis (in the peri

anastomotic regions), non-sprouting angiogenesis, and vasculogenesis. Future 

experiments should examine whether this plexus eventually connects to the native 

vasculature. 
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8 .  IN VITRO AND IN VTVO CHARACTERIZATION OF A PRE-FORMED 

NEOINTIMAL LINING 

Introduction 

For close to 5 decades, synthetic replacements for malfunctioning or diseased 

cardiovascular tissues have been under investigation (Black, 1995), (Schmidt et al., 

2000). The first artificial prostheses were introduced into cardiovascular surgery in 1952 

when Hufiiagel implanted the first artificial heart valve. In that same year, Voorhees 

introduced the first artificial vascular graft. Since that time, expanded 

pol5^etrafluoroethylene (ePTFE) or Dacron conduits have proven effective for 

reconstruction of large arteries (> 6-mm internal diameter) (Martakos et al., 1995). 

Unfortunately, to this day there are no small caliber (< 6-mm internal diameter) vascular 

substitutes that do not thrombose or fail due to intimal thickening that can be used in 

some of the over 600,000 arterial reconstructive surgeries that take place armually in the 

United States (Teebken et al., 2000), (Schmidt et al., 2000). 

Autologous saphenous vein or intemal mammary artery remain the preferred 

grafts for use ui replacing diseased small diameter vessels (Deutsch et al., 1999a). 

However, a growing segment of the population is suffering firom advanced systemic 

vascular disease and/or has undergone prior surgical interventions. Moreover, 

cardiovascular disease is a systemic ailment, potentially affecting all regions of the body, 

including the harvested vessel. In fact, it is estimated that 30% of the saphenous veins 
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that are currently used are of insufficient quality (Huynh et al., 1999). Cryopreserved 

allografts have also been examined; however, poor patency rates and fixation associated 

problems such as altered mechanical properties, aneurysm formation, calcification, 

cytotoxicity, and incomplete suppression of immimological recognition have limited their 

use (Schmidt et al., 2000). For these reasons, there remains a clear need for a vascular 

prosthesis that would be suitable for small-diameter vessel reconstruction. 

Approaches ranging from coating clinically-available grafts with bioactive 

molecules to creating completely biological substitutes have been developed with the 

intent of creating biocompatible small-caliber substitutes (Falk et al., 1998), (Foumier et 

al., 1996), (Greisler et al., 1996), (L'Heureux et al., 1993). Hybrid grafts are another 

altemative that may provide good biological flmctionality with a durable wall, thereby 

circumventing complications such as dilation and aneurysm formation. In addition, 

tissue-engineered vascular grafts (TEVGs) composed in part of biological material could 

theoretically remodel and renew tissue in response to the needs of die local environment. 

The pioneering work of Dr. Malcolm Herring ushered in the era of endothelial 

cell (EC) transplantation for use in creating hybrid prostheses (Herring et al., 1978). 

Using EC scraped off the liuninal surface of vein segment, a porous vascular graft was 

seeded with an inoculum of cells and whole blood. After a period of implantation an 

accelerated formation of a non-thrombogenic cell lining was observed. Since that time, 

many researchers have shown the efficacy of macro- as well as microvascular endothelial 

seeding and sodding in animal models as well as human patients (Deutsch et al., 1997), 

(Deutsch et al., 1999a), (Graham et al., 200), (Park et al., 1990), (Williams, 1999). Yet, 
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the presence of endothelial cells alone may not necessarily be adequate in the 

construction of a fully functional TEVG. 

Co-cultures of vascular wall endothelial and smooth muscle cells have only 

recently begun to define the important relationship between these two specialized cells 

(van Buul-Wortelboer et al., 1986). The interactive biologic activity of these cells on 

each other may be essential for maximal, functional graft healuig. In deed, findings 

described in this dissertation indicate that the vascular wall will respond to implant 

placement by attempting to re-establish a 3-tiered (neo-intima, neo-media, and neo-

adventitia) lining. 

The goal of this study was to generate a hybrid TEVG by culturing endothelial 

and smooth muscle cells onto PTFE scaffolds. These constructs were then exposed to 

flow and allowed to mature. It was hypothesized that this in vitro maturation period 

would elicit the formation of neomtimal and neo-medial linings prior to implantation and 

that this pre-formed intimal lining would result into improved in vivo function. 
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Materials and Methods 

All animal studies describe herein were performed in accordance with the 

protocols approved by the University of Arizona Institutional Animal Care and Use 

Conunittee (lACUC) in compliance with guidelines established by the National Institutes 

of Health's (NIH) Guide for the Care and Use of Laboratory Animals (NIH publication 

#85-23 REV. 1985). All surgeries were carried out and all animals were housed in 

American Association for Accreditation of Laboratory Animal Care (AALAC) approved 

facilities. 

SMC seeding 

Two types of scaffold material were used in this study. The first was 

manufactured by Atrium Medical, Inc. (New Hampshire) and consisted of expanded 

polytetrafluoroethylene (ePTFE) (4-mm ID, 6-cm length, 120-^m intemodal distance) 

with a polyethylene terepthalate (PET) support coil. The second graft material consisted 

of a braided PTFE and was provided by Prodesco Manufacturing (5-mm ID, 6-cm length) 

(figure 8.1). These grafts were initially coated with fibronectin at a concentration of 10 

Hg/ml. Primary-isolated, adult, canine coronary artery SMCs were expanded up to 

passage 10 in Dulbecco's Modified Eagle's Medium (DMEM; Gibco, Gaithersburg, MD) 

containing 20% fetal bovine serum (FBS; Hyclone, Logan, UT), seeded (7.5 x 10® 

cell/graft) onto the polymeric scaffolds under light pressure, and cultured under static 

conditions for 24 hours. The seeded TEVGs were then transferred to bioreactors under 



low flow conditions (15 mls/min; 0.5-0.75 dynes/cm^ shear stress) and maintained for 2 

weeks (Atrium ePTFE) or 5 weeks (Prodesco PTFE) in culture medium containing 3 

ng/ml CUSO4 and 50 ug/ml ascoarbic acid. 

Endothelial cell isolation 

On the day of surgery, animals were sedated with a mixture of intramuscular 

ketamine (100 mg), acepromazine (7.5 mg) and atropine (0.75 mg). Intravenous 

hydration with normal saline was initiated and maintained during surgery, and general 

anesthesia was induced using pentothal (to affect). Anesthesia was continued with a 

mixture of inhaled isofluorane and oxygen. A midline laparotomy was performed to 

retrieve falciform ligament fat. The fat was then placed in media (Ml99 E) for 

endothelial cell isolation and graft treatment while the laparotomy was closed. The fat 

was minced, washed, and digested for 30 minutes with in a solution of 8 mg/ml 

collagenase Type IV (Boehringer Mannheim) plus 8 mg/ml human serum albumen in 

divalent cation-free Dulbecco's phosphate buffered saline (DCF-PBS) at 37 °C under 

constant agitation. The resultant cell slvmy was centnfiiged. to pellet and separate the 

vascular elements from the adipocytes. The endothelial cell pellet was resuspended in 

media, centrifuged, and suspended in media once again in preparation for graft seeding. 
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Figure 8.1 Scanning electron micrographs of Atrium ePTFE (100 x) and Prodesco 

braided PTFE (100 x & 15 x) scaffolds. 
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Flow cytometry analysis 

Freshly-isolated autologous falciform fat-derived canine MVECs were washed 

once with phosphate buffered saline (PBS) and incubated in growth medium containing 

10 ng/ml Ac-LDL (Molecular Probes, Eugene, OR) for 1 hour. Samples were then 

subjected to flow cytometry analyses (Becton Dickinson, San Jose, CA) to evaluate their 

purity and viability. 

Endothelial cell sodding 

Next the cells were sodded (6 x 10"* cells/cm^) onto the lumens of the SMC 

TEVGs and placed under low flow (15 mls/min; 0.5-0.75 dynes/cm^) conditions for 4 

days. Subsequently, the endothelialized TEVGs were subjected to 120 mls/min (4-6 

dynes/cm fluid shear stress) for additional 3 days. The TEVGs were examined by 3-

[4,5-dimethylthiazoI-2-yl]-2,5-diphenyltetrazolium bromide (MTT), 

immunohistochemical, and scanning electron microscopy analysis. 

Graft implantation 

All procedures and study protocols were reviewed by and approved by The 

University of Arizona Institutional Animal Care and Use Committee (lACUC). Animals 

were housed in American Association for the Accreditation of Laboratory Animal Care-

approved facilities following procedures according to the National Institutes of Health 

(NIH) Guidelines for the Care and Use of Laboratory Animals (NIH publication 85-23, 

revised 1985). All animals were medicated with 325 mg of aspirin 1 day prior to surgery 
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and maintained on this dosage for the duration of the study. On the day of TEVG 

implantation, animals were sedated with a mixture of intramuscular ketamine (100 mg), 

acepromazine (7.5 mg) and atropine (0.75 mg). Intravenous hydration with normal saline 

was initiated and maintained during surgery and general anesthesia was induced using 

pentothal (to affect). Anesthesia was continued with a mixture of inhaled isofluorane and 

oxygen. One randomly chosen carotid artery was exposed and blood flow through the 

vessel was measured using a Doppler flow probe (Transonic Systems, Inc., Ithaca, NY). 

Heparin was administered as needed throughout the surgery. A 4-cm segment of the 

vessel was removed and interpositionally replaced with the TEVG by performing end-to-

end anastomosis using 6-0 Prolene suture. Flow was re-established and measured every 

15 minutes for the first 30 minutes. The neck region was closed in three layers, and the 

animal was allowed to fully recover. 

Ultrasound imaging 

Two-dimensional color Doppler images of the native carotid arteries and TEVGs 

were recorded on a VCR at 1,4, 8, and 12 weeks using a 7-MHz transducer attached to 

an Acuson Computed Sonography 128XP/10c ultrasoimd machine (Acuson Corporation, 

USA), 

Graft explantation 

On the day of TEVG explantation, the animals were anesthetized and prepared for 

surgery as described above. The TEVGs were exposed and assessed for patency with a 
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flow probe. Heparin (3,000 U) was given, angiography was performed, vessels were 

clamped, and the TEVGs were excised with at least 2 cm of the aorta beyond each 

anastomosis. The explanted samples were immediately flushed with warm (37°C) DCF-

PBS containing 0.1% bovine serum albumin. The animals were then euthanized using 

intravenous P-euthanasia-D®solution (1 cc/10 lbs; Delmarva Laboratories, Inc.; 

Midlothian, VA). Mid-rings were cut from each graft, and the remaining proximal and 

distal portions were divided in half along the longitudinal axis for gross photography. 

The mid-rings and one-half of each longitudinal portion were placed in Histochoice 

fixative (Amresco; Solon, OH) for histological and immunohistochemical evaluation; the 

other halves were fixed in 3.0% buffered glutaraldehyde in (in PBS) for scanning electron 

microscopy (SEM) assessment. 

Sample processing 

The grafts were partitioned and placed overnight in either Histochoice® 

(Amresco; Solon, OH) fixative for light microscopy or 3% glutaraldehyde diluted in 

PIPES buffer (pH 7.4) for SEM examination. Samples fixed in glutaraldehyde were 

rinsed 3 times for 5 minutes each in 0.05 M PIPES buffer, dehydrated through 25%, 50%, 

75%, 95%, and 100% alcohols for 10 minutes per wash, and critical point dried. Dry 

samples were moimted to posts, sputter-coated using a gold target, and evaluated using a 

JOEL 820 scanning electron microscope (JEOL USA, Inc.; Peabody, MA). 

The samples fixed in Histochoice® were dehydrated using a graded series of 

alcohols; paraffin-embedded; sectioned at 6 (im; and stained with hematoxylin and eosin 
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(H&E) as well as Masson's trichrome or reacted with primary antibodies to von 

Willebrand Factor (vWf) (DAKO; Demark, Sweden), alpha smooth muscle cell actin 

(aSMC) (Sigma Chemical Co.; SL Louis, MO), vimentin (VIM) (Innogenex; San 

Ramon, CA), calponin (CAL) (Sigma Chemical Co.; St. Louis, MO), or myosin heavy 

chain (MHC) (Innogenex; San Ramon, CA). Antibodies were visualized by means of 

peroxidase-conjugated secondary antibody, and nuclei were lightly counterstained with 

methyl green. Digital images of the slides were then imported into Adobe Photoshop 

(Adobe Systems Inc.; San Jose, CA) using a Sony Digital Photo Camera DKC-5000 

(Sony Corp.; New York, NY) attached to a Nikon Optiphot microscope (Nikon, Inc.; 

Melville, NY). 

Staining quantification 

Percent positive SMC protein reactivity was established by capturing digital 

images from aSMC-, VIM-, CAL-, and MHC-stained slides using a 20x lens. These 

images were then opened in the Metamorph™ Image Analysis program (Universal 

Imaging Corp4 West Chester,^ PA) and a total of 5 luminal and 5 tissue-scaffold interface 

108 x 108 |im^ high-powered magnifications fix)m each sample for each stain were 

thresholded. Next, the imaging software was used to calculate the thresholded 

(positively reacted) area, and this value was presented as a percentage of control carotid 

artery (n = 3) expression. Results are displayed as mean percent cytoskeletal expression 

± standard error of the mean. 



272 

Nuclear density 

Nuclear density was quantificated by capturing 3 randomly-selected luminal and 3 

randomly-selected interfacial digital images from H&E-stained slides using a 20x 

objective. These images were then opened in the Metamorph™ Image Analysis program 

(Universal Imaging Corp.; West Chester, PA) and the entire image was thresholded. 

Next, the imaging software was used to calculate the number of thresholded 

(hematoxylin-stained) pixels, and this value was divided by the average nuclear size of 30 

randomly-selected nuclei, thereby calculating the total number of nuclei per the entire 

objective image. Results are expressed as mean nuclear density ± standard error of the 

mean. 

Neointimal: scaffold ration measurements 

Neointimal to scaffold material ratio measurements were performed by capturing 

digital images from H&E-stained slides using a Ix objective. These images were then 

opened in the Metamorph™ Image Analysis program (Universal Imaging Corp.; West 

Chester, PA) and a total of 5 neointima and 5 scaffold thickness measurements were 

taken at approximately 70° intervals from each sample using the software's digital 

caliper. The data was expressed as mean ratio ± standard error of the mean. 

Data analysis 
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Statistically significant differences between groups were determined through the 

use of a one-way analysis of variance (ANOVA) followed by a Bonferroni post-hoc test. 

All data are expressed as means ± standard error, and significance was set at P < 0.05. 
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Figure 8.2 Atrium (A) and Prodesco (E) scaffolds demonstrated tissue growth over 

the luminal and abluminal surfaces following the in vitro culturing period. 

No sign of blood weeping through the interstices of the grafts was evident 

following implantation and blood flow restoration (B & F). At explant, a 

glistening white lining was evident (C & G). SEM analysis confirmed the 

presence of cells with the morphological characteristics of endothelium in 

the peri-anastomotic regions (D & H). 



275 

Atrium 



276  ̂

Results 

The canine vascular cells appeared to thrive on both Atrium and Prodesco 

scaffoldings (figure 8.2 A & E). Cellular growth was apparent on the luminal as well as 

abluminal surfaces of the grafts. Anastomoses were easily created, and no signs of blood 

seepage through either graft type was evident upon restoration of flow (figure 8.2 B & F). 

The Prodesco graft, however, was slightly oversized relative to the native carotid vessel. 

Gross evaluation of the pre-implant, 4-, 8-, and 12-week explant samples 

demonstrated a glistening white neointima lining free of thrombus (figure 8.2 C & G). 

SEM confirmed the presence of luminal cells with the morphological characteristics of 

endothelial cells at the proximal and distal anastomoses of all samples at all time points 

(figure 8.2 D & H). 

Light microscopic evaluation of pre-implantation H&E- and trichrome-stained 

sections revealed two zones of cellular density (figure 8.3). The cells were more ordered 

and concentrated at the luminal surface when compared to the deeper tissue that directly 

interfaced with the polymeric materials. Accordingly, collagen deposition was denser 

toward the lumen of the conduits. 
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Figure 8.3 Hematoxylin and eosin (A, C, E, and G) as well as Masson's trichrome 

staining (B, D, F, and H) of Atrium and Prodesco tissue-engineered 

vascular grafts prior to implantation illustrate two zones of cellular 

density. A higher density of cells as well as extracellular matrix is present 

in the luminal tissue (A, B, E, and F) relative to the deep tissue that 

interfaces with the graft material (C, D, G, and H). 
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Mid-graft reactivity against aSMC and VIM in the luminal zone of the Atrium 

pre-implant TEVG displayed staining characteristics similar to control carotid artery 

values (figure 8.3 and figure 8.4). CALP and MHC reactivity, however, were depressed. 

Similarly, all antibody reactivity, with the exception of luminal MHC expression, was 

low in the mid-graft luminal tissue of the Prodesco graft (figure 8.3 and figure 8.4). As 

expected, expression in the interfacial tissue for both scaffolds and for all antibodies was 

also down. 

Surprisingly, the cells of the Atrium and Prodesco mid-graft regions did not show 

as robust staining after in vivo implantation (figure 8.6). The Atrium 4- and 12-week as 

well as the Prodesco 4-, 8-, and 12-week implants all had significandy lower aSMC, 

VIM, CALP, and MHC reactivity relative to pre-implantation values (figure 8.5). 
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Figure 8.4 Representative mid-graft light micrographs of alpha smooth muscle cell 

actin, vimentin, calponin, and myosin heavy chain reactivity in the luminal 

tissue of pre-implantation Atrium and I^odesco scaffolds. Control carotid 

staining is provided as a reference. 
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Figure 8.5 Morphometric quantification of the relative mid-graft expression of alpha 

smooth muscle cell actin, vimentin, calponin, and myosin heavy chain in 

the luminal and interface tissue of Atrium and Prodesco scaffolds. Vdues 

for pre-implantation, 4-, 8-, and 12-week evaluation points are displayed 

as a percent of control carotid artery expression. 
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Figure 8.6 Representative explant hematoxylin and eosin-stained sections. 
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Nuclear density measiirements of mid-graft regions indicated that significantly 

less nuclei were present in the luminal and interfacial regions of the Atrium grafts in 

comparison to respective pre-implantation values (figure 8.7). The cellular density on the 

Prodesco scaftbld only demonstrated a significant drop in nuclear density in the luminal 

tissue at the 8- and 12-week harvest points. Thus, the drop in antibody activity can be 

attributed to a drop in cell number rather than a drop in cellular expression of the given 

proteins. 

To further determine whether the drop in nuclear density had an impact on TEVG 

intimal thickness, intima-to-scaffold ratios were calculated. Neither the Atrium nor the 

Prodesco conduits demonstrated any changes in their intima-to-scaffold ratios (figxire 

8.8). 

Finally, both the Atrium and Prodesco scaffolds elicited an infiammatory 

response that was present at all explanation periods (figure 8.9 A & B). By the 12-week 

time point there did appear to be repopulation of the deep tissue that interfaces with the 

graft material. This response may be secondary to transinterstitial migration of vascular 

elements (figure 8.9 C). 
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Figure 8.7 Morphometric quantification of the nuclear density of the mid-grafl 

regions of Atrium and Prodesco scaffolds. 
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Figure 8.8 Morphometric quantification of intimarmaterial thickness ratios of the 

mid-grafl regions of Atrium and Prodesco scaffolds. 
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Figure 8.9 Representative light micrographs of the inflammatory infiltrate that 

localizes in the Atrium (A) and Prodesco (B) scaffolds. By 12 weeks, 

transinterstitial migration of vascular elements and the apparent initiation 

of cellular repopulation is evident (C). 
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Discussion 

Currently, there is no clinically-available small-diameter synthetic vascular graft 

that maintains acceptable long-term patency. One reason why these artificial conduits 

fail may be that purely synthetic prostheses neglect the importance of the extracellular 

matrix as a reactive structure that is important in maintaining normal tissue architecture 

(Teebken et al., 2000). As a consequence, biological constructs are currently being 

examined for use as vascular substitutes. Recently, L'Heureux et al. reported 

construction of a multi-cellular vascular equivalent without the use of a synthetic 

scaffolds (L'Heureux et al., 1993). Using a more conservative approach, Huynh et al. 

generated a hemostatic graft from the intestinal collagen layer derived &om the 

submucosa of the small intestine that retained the potential for remodeling (Huynh et al., 

1999). 

Techniques such as these have many theoretical advantages over purely polymeric 

grafts. Complete cellular integration, near native mechanical properties, lack of a 

substantial inflanunatory response, and the potential to remodel and grow may all be 

realized with the use of biological constructs (Teebken et al., 2000). However, long-term 

outcomes remain to be determined. Some studies suggest that problems including 

dilation, aneurysm formation, and intimal thickening may appear (Teebken et al., 2000). 

Thus, the clinical applicability of these devices may be far off. In the current state of 

medical affairs, it seems more plausible that a hybrid synthetic/biologic substitute that 
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has many of the advantages of both the biological and the manufactured disciplines could 

gain widespread acceptance. 

The goal of this study was to generate a hybrid TEVG in vitro and evaluate its in 

vivo performance. It was hypothesized that cellular lining that closely mimicked a native 

artery could be established and that this would translate into long-term patency. 

Endothelial cell maturation 

Early endothelial cell transplantation studies have provided the impetus for the 

construction of multicellular TEVGs. In these groundbreaking studies, it was 

hypothesized that the seeding/sodding of endothelial cells onto the luminal surface of 

synthetic vascular grafts would generate an anti-thrombotic, anti-proliferative luminal 

lining. However, more recent research suggests that it may not be sufficient to simply 

achieve a viable lining on a prosthetic material. In vitro findings demonstrate that 

endothelial cells can be activated by simply interacting with polymeric graft materials 

(Gillis-Haegerstrand, 1999). In vivo studies further indicate that a cellular adaptation 

period is necessary following implantation (Fittkau et al., 1999). 

Miwa and Matsuda found that small thrombi were scattered on luminal surfaces 

of endothelial cell-sodded grafts at 2 weeks, whereas no thrombi were observed on 

luminal surfaces of grafts implanted in the carotid position for 4 weeks (Miwa et al., 

1994). Likewise, Poole-Warren, et al. demonstrated a discrepancy between the area 

covered with endothelial cells and the area free of thrombus in endothelial-lined grafts 

(Poole-Warren et al., 1996). The observation that red cells, leukocytes, and fibrin 
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deposits were located directly on the endothelium suggests that the cells were activated 

(Poole-Warren et al., 1996). The authors hypothesized that this finding may be a result 

of an overactive procoagulant flmction or an underactive anticoagulant flmction of the 

endothelial cell lining. 

Low degrees of adhesion and spreading as well as weak cell-cell intercormection 

may also be responsible for early cellular detachment (Miwa et al., 1994). Obviously 

some delay in endothelial cell function would also be expected for cell proliferation, 

aligmnent with the direction of flow, and production of basement membrane components. 

Hypothetically these obstacles could be overcome during in vitro maturation. 

Smooth muscle cell culturing 

While a developmental period might be beneficial for the endothelial cells, there 

remained the possibility that extended culturing of SMCs could cause phenotypic 

modulation from a contractile to a less-differentiated, proliferative phenotype. In a study 

examining the phenotypic modulation of SMCs in a collagen/SMC/endothelial cell 

vascular prosthesis, Kanada, Miwa, and Matsuda found time-dependent changes in the 

populations of synthetic, intermediate, and contractile phenotypes (Kanada et al., 1995). 

Before implantation, all SMCs were of the synthetic phenotype as determined by 

transmission electron microscopy. By 2 weeks, synthetic and intermediate SMCs were 

dominant, especially in the luminal layer. Neoarterial layers at 12 weeks were dominated 

by contractile SMCs which were evenly distributed throughout the entire neoarterial 

tissues (Kanada et al., 1995). The authors speculate that if synthetic SMCs transform to 
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the physiological contractile phenotype at an appropriate time in the implantation period, 

sub-endothelial thickening would not be induced. 

Rather than waiting for an in vivo transformation, it was hj^othesized that if the 

SMCs could be biased toward a contractile phenotype prior to implantation, phenotypic 

alteration that are associated with intimal thickening would not prejudice the in vivo 

performance. In support of this assumption, alternative studies have shown that cultured 

cells can maintain expression of smooth muscle cell specific proteins (White et al., 

1998b). Examination of SMCs embedded in collagen have demonstrated a tissue-like 

fabric formation accompanied by a time-dependent circumferential orientation of both 

collagen fiber bundles and SMCs (Hirai et al., 1995). The additional application of 

continuous mechanical stress loading accelerated the orientation and induced phenotypic 

modulation of SMCs from synthetic to contractile states (Hirai et al., 1995). 

These findings suggest that activating SMCs in a manner similar to what would 

be observed in vivo could induce a contractile state. Realizing that these implants would 

be placed in a carotid position, we felt that exposure of the endothelial and smooth 

muscle cells to flow would more closely approximate the in vivo environment. Ideally, 

this process would induce the vascular cells to maintain appropriate celliilar fimction. 

Figure 7.2 illustrates that tissue growth was present in both the Atrium and the 

Prodesco scaffolds. In addition, an endothelial cell monolayer was present, and data 

presented in figures 7.4 and 7.5 indicated that the cultured TEVGs expressed contractile 

proteins prior to implantation. Consequently, it was with optimism that the in vivo 

portion of this study was initiated. 
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In vivo evaluation 

Following 4, 8, and 12 weeks of implantation in the carotid position, decreases in 

reactivity with aSMC, VIM, CALP, and MHC antibodies were observed (figure 8.5). 

Rather than a reversion back to synthetic phenotypes, this response was a result of the 

drop in cellular density (figures 8.6 & 8.7). While the fact that allogeneic SMCs were 

used to seed these TEVGs must be considered, cell viability and function often diminish 

upon implantation due to the lack of a functional microvascular system and subsequent 

transportation limitations in the engineered tissue (Sieminski et al., 2000). Interesting, 

the pre-implantation finding of two distinct regions of cellular and extracellular matrix 

density (figure 8.3) would suggest that the deep tissue that interfaces with the graft 

material might already be at risk in terms of cellular viability. 

Poor cellular retention has been reported previously (Poole-Warren et al., 1996), 

(Zilla et al., 1989); however, the majority of these findings relate to monolayer 

delamination rather than decellularization of a three-dimensional scaffold. For example, 

in an ovine carotid interposition model, prostheses pre-coated with endothelial cells 

retained 40-60% of their initial coverage after 1 week of implantation. Recovery of EC 

layers occurred rapidly thereafter with 80-90% coverage at 3 weeks in contrast to the 10-

30% found in unseeded prostheses (Poole-Warren et al., 1996). These data suggest that 

despite cellular loss, rapid reconstitution will take place in a previously-cellularized 

device. 
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This observation is further supported by descriptions of the healing associated 

with acellular biological implants. In the examination of a cellularly deposited collagen 

graft re-enforced with polyethylene teraphthalate polymer, Werkmeister et al. found 

tissue ingrowth by 1 month (Werkmeister et al., 1999). Sections from the mid-graft 

regions showed some evidence of endothelialization; however, at this time, there was 

little evidence of tissue augmentation of the vessel wall. At 3 and 6 months, on the 

other hand, there was "good" and "complete" tissue augmentation, respectively. 

Substantial new collagen type III production was evident. In addition, all explants 

showed a uniform and consistent endothelial cell monolayer (Werkmeister et al., 1999). 

The authors note that given the length of the graft, the presence of luminal endothelial 

cells and fibroblasts within the wall of the mid-graft region precludes cellular infiltration 

by parmus ingrowth. 

Apparently, a similar process of cellular regeneration is taking place in the 

TEVGs by 12 weeks of implantation. Although a mid-graft endothelial cell monolayer is 

not apparent at this time, patent vascular channels are present in the tissue that interfaces 

with the scaffold material (figure 8.9 C). In addition, cellular repopulation appears to be 

accompanying this transinterstitial capillary migration. 

In closing, data presented herein indicates that a biological tissue lining can be 

generated in vitro. This cellular interface consisted of an endothelial cell monolayer 

overlying contractile-phenotype SMCs. Unfortunately, cell viability was compromised 

once implanted in vivo. Nevertheless, rapid tissue re-growth contingent on 
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transinterstitial capillary ingrowth was observed by 12 weeks. Futures studies need to 

examine the possibility of integrating a vascular system and/or improving cell viability by 

alternate means. 
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9. CONCLUSIONS AND DISCUSSION 

Synthetic replacements for malfxmctioning or diseased cardiovascular tissues have 

been under investigation since the 1950's (Black, 1995), (Schmidt et al., 2000). Of the 

many polymeric material evaluated, expanded polytetrafluoroethylene (ePTFE) or 

Dacron conduits have emerged as effective substitutes for reconstruction of large arteries 

(> 6 mm internal diameter). Expanded PTFE is also the material of choice for use in 

small diameter (< 6 mm internal diameter) bypass procedure when autologous vessels are 

unavailable. Nevertheless, substantial risk for thrombosis and stenosis remain associated 

with the use of this synthetic material when placed in small caliber position (Schmidt et 

al., 2000). For these reasons, there remains a clear need for either improving the healing 

associated with current implants or for creating new vascular prostheses that are suitable 

for small-diameter vessel reconstruction. 

The studies presented in this dissertation examine several of the options that are 

currently being examined to meet these needs. The development of non-arcuate clips 

currently allows vascular surgeons to easily and consistently construct anastomoses that 

exclusively consist of intimal/prosthesis approximations. Past research has demonstrated 

that the intimal interface alone may reduce the risk of intimal proliferation and thereby 

promote wound healing (Heijmen et al., 1998a). Recent evidence also suggests that the 

healing associated with endovascular prostheses is very distinct in comparison to what 

has been previously described in the interpositional (i.e. extravascular) bypass graft 

literature. Finally, tissue engineering holds the promise of creating a pre-formed conduit 
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that mimics the structure of the native vasculature and that may be fully responsive and 

interactive with the host environment. 

In an attempt to better characterize the cellular remodeling that occurs in 

association with these implants, four specific aims were proposed. The overall driving 

hypothesis behind these specific aims was that interventions ±at primarily involve 

intimal/graft interfaces will stimulate the formation of a highly ordered cellular 

neointimal lining that attempts to approximate the organization of the native tissue. 

Experimental summary 

The hypothesis firom the first specific aim stated that luminal versus ablumenal 

implant placement would elicit unique neointimal responses and that luminal endothelial 

cells could directly contribute to the formation of a neo-artery within a luminally situated 

biomedical device. Data presented in chapters 2 through 6 support this hypothesis. 

First, the anastomotic healing responses associated with arterio-venous access 

grafts constructed using conventional suture or non-penetratmg vascular clips were 

compared. It was found that the use of suture can significantly damage the vessel wall. 

In addition, an approximation the vessel overlays the luminal surface of the synthetic 

vascular graft may be generated. This results in an adventitial/prosthesis anastomotic 

interface that may create additional flow disturbances as well as expose the thrombogenic 

extracellular matrix components of the media and adventitia layers (Heijmen et al., 

1998a). Such an environment is conducive to graft clotting and/or intimal thickening. 



With the use of Vascular Closure System clips, however, an intimal/graft 

interface was always achieved. Research suggests that this positioning alone may reduce 

the risk of intimal proliferation (Heijmen et al., 1998a). Furthermore, immediate 

hemostasis was also attained using the vascular clips. This is in contrast to the needle 

whole bleeding observed in association the sutured anastomoses. While major neointimal 

differences in terms of cellular proliferation and makeup were not observed between the 

two groups, the finding of sub-monolayer vWf-positive cells hinted at the possibility of 

direct endothelial cell contribution to neointimal formation. 

To examine this possibility, the acute (1,2, and 3 week) neointimal responses an 

exclusively intima/implant model were examined. Endoluminal wallstents were 

implanted into healthy canine iliac arteries. It was found that the high ratio of open space 

to metal struts preserved viable patches of endothelium. This preservation resulted in the 

rapid and multicentric endothelialization of the luminal surface. Additional vWf-positive 

cells, however, were also distributed throughout the developing neointimal tissue where 

one of two fates was realized. Intimal cells expressing low levels of aSMC, CALP, and 

MHC relative to the native media suggest the possibility of endothelial cell-to-SMC 

transdifferentiation. Clusters of sub-monolayer endothelial cells, on the other hand, 

coalesced through the processes of differentiated vasculogenesis as well as modified non-

sprouting angiogenesis to generate immature, non-patent vascular channels. 

Next, the intimal linings that were generated over low-profile endovascular grafts 

deployed in the abdominal and thoracic aorta were examined. By 12 weeks of 

implantation, the ingrowing tissue had been induced into a neo-artery with the 



3(6-

characteristic divisions of a native artery. A neo-intima composed of an endothelial cell 

monolayer was present. A neo-media with contractile SMCs was also observed. Finally, 

the tissue layer between the neo-media and the native vessel contained cells that were 

consistent with myofibroblasts and was therefore designated the neo-adventitia. 

Unfortunately, the proportions of the medial and adventitial tissue distributions were 

opposite of that found in the native thoracic aorta. That is, the neo-adventitia made up 

the bulk (> 90%) of the new tissue lining, whereas the neo-media comprised less than 

10%. 

A vasa vasorum-like distribution of capillaries and venules was also present in 

this tissue lining. Very few microvascular profiles were observed in the tissue that 

directly interfaced with the blood. Vessel density significantly mcreased moving toward 

the neo-adventitia. 

Because the direct extrapolation of these findings to a clinical setting was limited 

by the uncertainty of how these low-profile endoluminal implants fimction in an 

atherosclerotic vessel, a second hypothesis was developed and tested. This hypothesis 

proposed that a diseased blood vessel would exhibit an accelerated neo-intimal, neo-

medial, and neo-adventitial formation due to the "priming" of the vascular wall cells by 

the atherogenic state. 

Chapter S established that similar wound healing responses to those observed in 

association with the healthy canine and porcine models occur in a porcine model of 

atherogenesis. An extensive characterization of the neointimal constituents confirms the 

transformation SMCs and/or activated endothelial cells firom synthetic to contractile 
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phenotypes by 5 weeks post-implantation. Furthermore, this transformation is associated 

with a stabilization of the luminal dimensions of the neointimal lining. The absence of a 

similar distribution of vessel profiles within the atherogenic model may be a result of this 

rapid establishment of a quiescent intimal lining over the endovascular prosthesis. 

Unfortunately, at the current time the implications of the presence of these blind-ended 

tubes can only be speculated upon. 

Finally, with the goal of pre-fabricating a cellular interface and thereby improving 

implant-associated healing, a fourth specific aim and accompanying hypothesis were 

planned. A tissue engineered vascular graft (TEVG) was established by seeding 

allogeneic smooth muscle cells onto poljoneric materials and placing the construct under 

flow conditions for two weeks. Following this growth period, autologous endothelial 

cells were harvested and sodded onto the luminal surface of the TEVGs. Once again this 

construct was allowed to mature under flow for one week. 

Data presented in chapter 7 support the hypothesis that a neo-intima and neo-

media could be generated in vitro over a polymeric scaffold. Histological examination 

revealed the presence of endothelial cells overlying several layers of contractile SMCs. 

Upon in vivo implantation, however, a decline in cellular density that was not 

associated with a change in intimal/scaSbld thickness ratios was detected. Even though 

cellular viability was compromised, 5 of grafts &om each group remained patent until 

explantation. Furthermore, pannus ingrowth rapidly repopulated the proximal and distal 

peri-anastomotic regions, and by 12 weeks mid-graft cellular ingrowth was taking place 

secondary to the transinterstitial vascular sprouting. 
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Figure 9.1 Schematic of endothelial cell fate following placement of an endovascular 

prosthesis. 
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Specific commentary 

Two particularly interesting findings that were related to the healing associated 

with intimal/graft approximations and that necessitate further discussion were the 

possible transmodulation of endothelial cells and the formation of an immature vascular 

plexus within the neointimal lining (figure 9.1). 

Transdifferentiation 

Up to three weeks post-implantation, vWf-positive cells were found in the 

developing neointimal tissue. This tissue expressed low levels of aSMC, CALP, and 

MHC and unaltered expression of VIM relative to the native media, which can be 

consisted with the predominance of synthetic SMCs. However, given that activated 

endothelial cells can also express a similar phenotypic profile, the possibility that some of 

the sub-monolayer vWf-positive cells are in the process of transdifferentiation cannot be 

invalidated. 

One soluble factor that has been associated with this process of endothelial-to-

smooth muscle coaversion is TGF-P L TGF-P L has recently been, found ia SMC of 

himian restenotic arterial lesions and is expressed in neointimal SMCs after arterial 

balloon catheter injury (Davies et al., 1994), (Lemson et al., 2000), (Powell et al., 1994). 

TGF-P I is secreted in an inactive form known as latent TGF-p 1. It becomes 

physiologically active by proteolytic cleavage by plasmin, among others (Powell et al., 

1994). 
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Three cell surface proteins bind TGF-pi with high afBnity. The type I and n 

receptors belong to a large family of receptor serine/threonine kinases (Hu et al., 1998). 

Upon TGF-P1 ligand binding to type 11 receptor, the type I receptor is recruited into a 

complex containing both receptors and the ligand. Once associated, the type I receptor 

kinase is phosphorylated at Serl65 by the constitutively active type II receptor. 

Phosphorylation activates the type I receptor kinase initiating intracellular signaling (Hu 

et al., 1998), (Souchelnytskyi et al., 1996). 

The Smad family of proteins has been identified as mediators of the TGF-bl 

signal fi'om the cytoplasm to the nucleus. Seven Smad genes have been cloned. Of 

these, Smad-2 and 3 mediate TGF-P signaling. Smad-4 appears to be a general parmer 

for these Smads by bringing the cytoplasmic Smads into the nucleus where they can 

potentially regulate the transcription of targeted genes (Hu et al., 1998). 

Upon direct phosphorylation by the TGF-P 1 receptor, Smad-2 or Smad-3 binds to 

its Smad-4 partner to form a heteromeric complex that translocates into the nucleus 

(Attisano et al., 1998), (Hu et al., 1998). Once in the nucleus, the Smads regulate the 

transcription of genes nnportant to the TGF-p 1 response. The activation may occtir 

through direct Smad binding to elements in the DNA or indirectly by binding to other 

transcription factors (Attisano et al., 1998), (Hu et al., 1998). 

Recent research has shown that TGF-P enhanced binding of a serum response 

factor to the CArG A and CArG B elements of the aSMC promoter (Hautmann et al., 

1999), (Shimizu et al., 1995b). It also improved the binding of an as yet unidentified 
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factor to the TGF-P control element in endothelial cells and fibroblasts. In doing this, 

TGF-P stimulated the expression of aSMC and SM22a in non-SMCs. However, TGF-P 

did not induce expression of hi calponin or SM-MHC in non-SMCs (Hautmann et al., 

1999). The observations that TGF-P stimulated expression of several early but not late 

differentiation markers in non-SMCs indicate diat TGF-P alone is not sufficient to induce 

transdifferentiation of non-SMCs into SMCs. 

The presence of histamine has also been demonstrated to have an effect on the 

phenotype of endothelial cells. Histamine, acting through H-1 receptors, produces an 

elevation of &ee calcium. Interaction among the cytoplasmic free calcium, protein kinase 

C, and the vimentin matrix initiate signal transduction and gene regulation processes that 

effect endothelial cell transdifferentiation. Mature dermal microvascular endothelial 

cells rapidly lost their original phenotypes and expressed fibroblastic phenotypes when 

cultured in the presence of histamine (Lipton BH et al., 1992). In a state of chronic 

inflammation, as is often associated with implanted biomaterials, complete disruption and 

reorganization of the intimal lining occurred. In fact, under these conditions certain 

microvascular endothelial cells acquired mesenchymal traits including alterations in both 

the cytoskeletal matrix as well as cellular junctions (Lipton BH et al., 1992). 

Extracellular matrix interactions with the cells may also participate in the 

transdifferentiation process. A differentiative role for basement membrane is clear in the 

conversion of embryonic cardiac endothelium of the atrio-ventricular canal to the 

mesenchymal cells that will form the cardiac cushions (Mjaatvedt et al., 1989). 
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Specifically, this myocardial-endothelial interaction is mediated in vivo by aggregates 

(adherens) containing fibronectin and other low molecular weight proteins. These 

extracts have been shown to initiate an epithelial-mesenchjmial transition in the 

atrioventricular canal endothelium of embryonic chick heart in collagen gel culture 

(Mjaatvedt et al., 1989). Purified fibronectin, however, is incapable of causing this 

endothelial cell transition in vitro. 

Integrins are the cell surface heterodimeric glycoprotein receptors that integrate 

the cytoskeletal activities of a cell with that of its environment via cell/cell and 

cell/extracellular matrix interactions. Each subunit is a transmembrane protein with a 

large extracellular domain and a small cytoplasmic domain. Although the cytoplasmic 

domains of both integrin subunits are required for binding, the P-chain seems particularly 

important. Phosphorylation of this subunit may be a means by which integim function is 

regulated. The a-chain C-terminal seems to be less important for adherence to the 

cytoskeleton by instead transmits information on ligand binding to the cell (Hillis et al., 

1996). 

Integrin signaling and signal mnHiilatinn involves the engagement of integrins 

with the extracellular matrix ligands and the formation of organized complexes between 

integrins and cytoskeletal proteins. Quite often, the connection between integrins and the 

actin cytoskeleton occurs in structures known as focal adhesions. These complexes 

contain mixtures of structural and signaling proteins (Howe et al., 1998). 



Figure 9.2 Schematic of soluble factor and solid phase induction of endothelial cell 

gene transcription. 
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Focal adhesion kinase (FAK) appears to play a central role in integrin-mediated 

signal transduction (Clark et al., 1995;Howe etal,, 1998;Sastry et al., 1996). FAK 

interacts with focal adhesion components and with integrin P-subunit cytoplasmic 

domains. Cell adhesion or growth factor stimulation promotes the stable association of 

FAK with cytoskeletal proteins like paxillin and talin. A host of receptor tyrosine kinase-

associated signaling proteins including src-family kinases, PI3 kinnase, growth factor 

receptor-bound protein 2, and components of the rasAlAP kinase pathway are also 

activated (Clark et al., 1995). MAP kinase can, in turn, phosphorylate and activate 

transcription factors. 

The endothelial cell interactions (figure 9.2) mentioned above are just a few of the 

milieu of possible exchanges following biomedical implant placement. Through the 

interactions of soluble factors as well a solid phase extracellular matrix components, gene 

transcription in endothelial cells can start to generate SM-like cells. These findings 

arouse new interpretations of the origin and differentiation of the cells of the vascular 

wall in normal and diseased vessels. The possibility of endothelial cell 

transdifferentiation may, at least in part, help explain while numerous pharmaceutical 

interventions aimed at the inhibition of SMC proliferation have failed in human trials. In 

addition to SMCs, future therapies may need to target endothelial cells directly. 

Vascular plexus formation 
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In the present set of experiments, non-patent vascular tubes were generated 

through the possesses of non-sprouting angiogenesis and vasculogenesis. The 

development of new arterioles (i.e. arteriogenesis) was never observed. Thus, there was 

an apparent uncoupling between the formation of the endothelial tubes and the 

recruitment of SMCs. The most likely explanation for this findings involves the 

interplay, or lack thereof, of the VEGF and Ang-1 signaling pathways. 

VEGF is known to be expressed by the cells in intimal lesions (Lemson et al., 

2000). When endothelial cells are released from the luminal monolayer following 

prosthetic implantation, VEGF may bind to the endothelial cell receptor, VEGFR-l (i.e. 

Flt-1). This, in turn would stimulate endothelial cell-cell interactions and capillary tube 

formation within the neointimal tissue (Pardanaud et al., 1987), (Risau et al., 1995). This 

process would be analogous to what takes place during embryogenesis where the early 

vascular plexus formed by vasculogenesis typically contains plump endothelial cells that 

form wide lumina without correspondingly thick vascular walls (Beck et al., 1997), 

(Hanahan, 1997), (Risau, 1997). 

I propose that in the neointimal these immature vessels never progress, however, 

because the endothelial cell Tie-2/Ang-l circuit is never activated. Activation of the 

endothelial cell receptor tyrosine kinase, Tie-2, by its mesenchymally-secreted ligand, 

angiopoietin-1 (Ang-1), mediates vessel maturation from simple endothelial tubes into 

more elaborate vascular structures (Beck et al., 1997). Tie-2 and/or Ang-1 knockout 

mice studies demonstrate that endothelial cells will present in normal numbers and will 

assemble into tubes; however, the vessels that do form lack intimate encapsulation by 
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peri-endothelial support cells, suggesting that the Tie-2/Ang-l circuit controls the 

capability of endothelial cells to recruit stromal cells to encase the endothelial tubes 

(Beck et al., 1997), (Breier et al., 1996), (Dumont et al., 1992), (Hanahan, 1997), (Sato et 

al., 1995),(Surietal., 1996). 

Research has shown that Ang-1 activation of the Tie-2 receptor stimulates 

endothelial release of platelet derived growth factor (PDGF). PDGF, in turn, acts to 

recruit nearby mesenchymal cells (Beck et al., 1997). In the case of pericytes, this signal 

is PDGF-BB. In the case of SMCs, the signal is PDGF-AA (Holmgren et al., 1991), 

(Beck et al., 1997). Once the mesenchymal cells have contacted the endothelium, 

transforming growth factor-P (TGF-P) release form the endothelial cells is initiated 

(Antonelli-Orlidge et al., 1989), (Beck et al., 1997). The presence of TGF-P serves to 

reduce the proliferation of endothelial cells, induce the differentiation of support cell, and 

stimulate extracellular deposition by these support cells (Basson et al., 1992), (Beck et 

al., 1997), (Carmeliet, 2000), (Folkman et al., 1996), (Grainger et al., 1998), (Heimark, 

1986). 

For some reason, the Tie-2/Ang.-l circuit is never activated within the neointimal 

lining. One possible explanation for this is that Ang-1 is never secreted. A second 

explanation is that there are no siipport cells to recruit to the vessel wall. Had the 

neovasculature been able to connect with the native vasculature, peri-endothelial support 

cells would have been recruited at the sites of neo/native vessel inosculation. However, 

the neointimal vascular tubes appear to be blind-ended and therefore caimot recruit 

support cells. 
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These findings may have implications in the development of intimal thickening 

within endovascnlar grafts. Without a supporting vasculature, the intimal tissue can only 

become so thick. Consequently, it might be expected that, just as is the case with 

interpositional synthetic vascular grafts, intimal thickening at the proximal and distal 

anastomoses could remain a clinically relevant complication because angiogenesis at the 

anastomoses will provide a continual supply of nutrients to the developing neointima. 

Such continued tissue growth would not be observed mid-graft where there are only non

patent tubes. 

In closing, the current studies represent novel data in the characterization of the 

vascular wall responses to metallic or synthetic prosthesis implantation. The findings 

presented in this dissertation support the conclusion that endothelial cell contribution to 

intimal thickening is multifactorial and much more complex than previously believed. It 

has been demonstrated that: 

• Endovascular placement of synthetic vascular implants elicits a unique 

healing response in comparison to interposition grafts. 

• Endothelial cells can directly participate in the development of intimal 

thickening through a process of transdifferentiation. 

• Placement of low-profile prostheses within the lumen of a vessel elicits 

the formation of neo-intima, neo-media, and neo-adventitia layers. 
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• Through modified versions of intussusception and vasculogenesis, an 

immature, non-patent vascular plexus is generated within the neointimal 

lining. 

• A tissue engineered vascular graft that consists of a monolayer of 

endothelial cells overlying contractile smooth muscle cells can be 

successfully established in vitro and results in excellent patency upon in 

vivo implantation. 
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Appendix A: List of abbreviations 

aSMC - alpha smooth muscle cell actin 
AALAC - American Association for Accreditation of Laboratory Animal Care 
ANG-1/2 - angiopoietin 1 / 2 
ANOVA - analysis of variance 
AV — arterio-venous 
bFGF - basic fibroblast growth factor 
CAL — calponin 
CVD - cardiovascular disease 
DCF - Dulbecco's cation firee 
ECM - extracellular matrix 
ePTFE - expanded polytetrafluoroethylene 
EVG- endovascular graft 
H&E - hematoxylin and eosin 
HUVEC - human umbilical vein endothelial cell 
lACUC - Institutional Animal Care and Use Committee 
IL-1 - interleukin 1 
IGF-I - insulin like growth factor I 
IT - intimal thickening 
rVUS - intravascular ultrasound 
LDL - low density lipoproteins 
MVEC - microvascular endothelial cell 
MHC - myosin heavy chain 
NIH - National Institutes of Health 
PBS - phosphate buffered saline 
PCNA - proliferating cell nuclear antigen 
PDGF - platelet derived growth factor 
PECAM - platelet/endothelial cell adhesion molecule 
SEM — scanning electron microscopy 
SM - smooth muscle 
SMC - smooth muscle cell 
TEVG - tissue engineered vascular graft 
TGF-P - transforming growth factor beta 
TNF-a - tumor necrosis factor alpha 
TRI — trichrome 
VCAM - vascular cell adhesion molecule 
VCS - vascular closure system 
VEGF - vascular endothelial cell growth factor 



VIM — vimentin 
VLDL - very low density lipoproteins 
VSMC - vascular smooth muscle cell 
vWf - von Willebrand factor 



Appendix B: Staining Procedures 

Antibody Staining 

5 minutes 

5 minutes 

2 minutes 

2 minutes 

2 minutes 

2 minutes 

2 minutes 

2 minutes 

2 minutes 

2 minutes 

2 minutes 

Xylene 

Xylene 

100% Ethanol 

100% Ethanol 

95% Ethanol 

90% Ethanol 

80% Ethanol 

70% Ethanol 

60% Ethanol 

50% Ethanol 

Distilled water 

5 minutes 3% H2O2 

2 minutes Distilled phosphate buffered saline 

2 minutes Distilled phosphate buffered saline 

2 minutes Distilled phosphate buffered saline 

60 minutes, 37*C Primary antibody (i.e. marker - see below) 

— overnight, room temp 

2 minutes Distilled phosphate buffered saline 



2 minutes Distilled phosphate buffered saline 

2 minutes Distilled phosphate buffered saline 

60 minutes, 37°C Secondary antibody (see below) 

2 minutes Distilled phosphate buffered saline 

2 minutes Distilled phosphate buffered saline 

2 minutes Distilled phosphate buffered saline 

I minute DAB 

2 minutes Distilled water 

2 minutes Distilled water 

2 minutes Distilled water 

5 minutes 0.5% Copper sulfate 

2 minutes Distilled water 

2 minutes Distilled water 

2 minutes Distilled water 

5 minutes Acetate buffer 

S minutes 1% Methyl green 

10 dips 90% acetone 

10 dips 100% acetone 

5 minutes Xylene 

5 minutes Xylene 

Permount and coverslip 
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Marker Manufacturer Dilution Secondary Manufacturer Dilution 

vWf Dako 1:400 

(25^1/10ml) 

Goat anti 

rabbit 

Sigma 1:200 

(25ul/5ml) 

aSMC Sigma 1:400 Goat anti Boehringer 1:200 

actin (25nyi0ml) mouse (25nl/5ml) 

Vimentin InnoGennex 1:100 

(10^1/lral) 

Goat anti 

mouse 

Boehringer 1:200 

(25^1/5ml) 

Calponin Sigma 1:50 

(20^1/lml) 

Goat anti 

mouse 

Boehringer 1:200 

(25^1/5ml) 

Myosin InnoGennex 1:100 Goat anti Boehringer 1:200 

heavy (10^1/lml) mouse (25^1/5ml) 

chain 1:50 porcine 

(SMI) 

PCNA Dako 1:100 

(10^1/lml) 

Goat anti 

mouse 

Boehringer 1:200 

(25^1/5ml) 

PCNA and MHC stains worked best if section and brought to primary on the same day. 

Leave in primary antibody overnight at room temperature. 



Appendix C: Reprint Permission 



\ 

32* 

ColiMn Radloff 
06/13/2001 01:59 PM 

To: Chfii Smtti/FIN/ORUHARCOURrttHARCOURT 
ee 
Su^Mt WablniiiucllaiwIPtnniMionRaquMt'MPQnli 

• Forwwded by Coleen RadtofVFlN/ORUHARCOURT on osnaoooi 02KS PM 

<rpnijMrv«rQharceurt.coin> en 06/13/2001 01:22:37 PM 

TK <pMin<iiionitt'I>'nurt.oom> 
OR 

jubjtct Wablntinjclk)rariPwiniMionRsqiiMt*(MPonli 

eHaxcouxt Inc. - ASP Server time of proceasing:6/13/2001 1:22:10 PM 

Norld Wide Neb requeat for the following Inatructional pezatiaaions requeat 
Infozaation: 

Oivisien 
•(Harcourt Publiahing Divialon]' 

iOon't Know 

— [Educational Inatittttioq] — 
Courae NaaM rDiaaertation 
InatructName tObany Oal Pont* 
Inatitution :OniVaraity of Arizona 

Jirat 
Laat 
Addl 
Md2 
Add3 
City 
State 
Foatal 
Country 
Phone 
Fax 

—— [Requeatora Infomation] • 
Oonny 
Oal Ponte 
301 North Olaan Avenue 

Tncaon 
Arizona 
85719 
Onited States 

donnyfu.arizona.edu 

— [Haterial Requested Froa Our Work]—— 
: Heart Developownt 

:0-12-329660-l 

Title 
Edition 
VOlUM 
MuBber 
ISBN 
Grade 
Author/Editor:Richard P. Harvey t Nadia Rosenthal 
Pcevious Request ID: 
Haterial :X would like to include Figures 14.2, 14.4, 24.1, and 24.5 



\ 

J25 

from 

Haaxt DavslopaMnt 
edited by R.P. Hax^ay ( M. Roesnthal 
Acadode Press, San Diego 
copywrite 1999 

in the Background section of my dissertation. 

Chapter 14: Molecular Mechanisaa of Vascular Oevelopnent 
0. Cleaver s P.A. Krieg 
Figures 2, pag« 222 
Figure 4, page 230 

Chapter 24: Regulation of Vascular Snooth Muscle Differentiation and Call 
Cycle 
K. Walsh, B.R. Perlaan, c R.C. Saith 
Figures 1, page 431 
Figure 5, page 438 

Related Books: 
Same Instructor: . 
Number of Copies:^ 

Web address Http: 
Web PassNord Protect:Ho 
Web address Date: 

•[Additional Comnts] ^ • 
Coaoent « 

•[End of Transmission]• 
OHarcourt Inc. RPM System - Version 1.05 (ebb) 

PERMISSION GRANTS) 
INIJVNJM UMC 

ebtetHfce peiwlMlw tfiht wHliorWi 
you-nsearchconfinmttwlttwmatedalin 
quesSon h wfginil to ourtm wid appMra 
without cradR or adoMNVIedjgwiwnt to 
•noifMr wiro; prepir cradi b gtam to 

_ JPREBSf'.L 
OrfandQ, FlofMi 32887-^ 



326 

Submlsslofi Approval Fonn 
Advancad TImm SdMiCM, Ine. 

CompMa and reuta wtth a copy of tlw propoaad tnt alldaa andtor peatar 

TITLE OF PRESENTATION, ABSTRACT OR PUBLICATION 

PhJP. dissertation chqiter 

Autt>oi(«) 

Placa of Pw«ntatfc>n or Company RtcaMng Information 

EvntorPuipoaa 
IdtoertitioB "" 

Sponaorlno Orpanliatioii 
lATS/UA 

Prwantar 
iDonny DalPoali 

Pataa (ataitfand) 
|Oct5.M01 

APPROVALS (Slgii and Data): 

CoVUittiora 

Laad Sdanliat 

DaptHaad Appravad:. 

Raguiatbiy-Diractor of Regulatory AilMra Appravad  ̂

Lagat^atantCounaal Approvad;. 

Exaciittvsr GalMC Naughton; PttO: Apffwd:, 

COPY of appravad abatract or papar to: 

Corporata Oavatopmant • Ubfwy 
invoinr KMOQiw 
Joint Vantura, ifappHcaMa: Damwgnft JV, Simon OawMna 

Neocyta JV. Sharon Slavanaon, D.V.M., Pti.0. 

Rav-flOSOl 

U 4̂-



J27 

REFERENCES 

Adcock, G. 1989. Vein grafts: implantation injiiry. J Vase Surg 10:587-589. 

Allen, K., Verty, K, Jones, L, Sayers, R, Bell, P, and London, N. 1994. Human venous 
endothelium can promote intimal hyperplasia in a paracrine manner. J Vase Surg 
19:577-584. 

Altschul, R. 1944. Histologic analysis of arteriosclerosis. Arch Path 17:453-312. 

Anderson, J. 1988. Inflammatory response to implants. ASAIO Trans 34:101-107. 

Antonelli-Orlidge, A, Saunders, K B, Smith, S R, and D'Amore, P A. 1989. An 
activated form of transforming growth factor beta is produced by cocultures of 
endothelial cells and pericytes. Proc Nat Acad Sci, USA 86:4544-4548. 

Arciniegas, E, Sutton, A, Allen, T, and Schor, A. 1992. Transforming growth factor beta 
1 promotes the differentiation of endothelial cells into smooth muscle-like cells in vitro. 
J Cell Science 103:521-529. 

Asahara, T, Masuda, H, Takahashi, T, Kalka, C, Pastore, C, Silver, M, Keame, M, 
Magner, M, and Isner, J. 1999. Bone marrow origin of endothelial progenitor cells 
responsible for postnatal vasculogenesis in physiological and pathological 
neovascularization. CircRes 85:221-228. 

Asakvira, T and Karino, T. 1990. Flow patterns and spatial distribution of atherosclerotic 
lesions in human coronary arteries. Circ Res 66:1045-1066. 

Ashton, N. 1966. Oxygen and the growth and development of retinal vessels. Am J 
Ophthal 62:412-435. 

Attisano, L and Wrana, J. 1998. Mads and Smads in TGF-P signaling. Curr Opin Cell 
Biol 10:188-194. 



Ausprunk, DH and Folkman, J. 1977. Migration and proliferation of endotheilail cells in 
preformed and newly formed blood vessels during tumor angiogenesis. Microvasc Res. 
14:53-65 

Basson, C T, Kocher, O, Basson, M D, Asis, A, and Madri, J A. 1992. Differential 
modulation of vascular cell integrin and extracellular matrix expression in vitro by TGF-
beta 1 correlates with reciprocal effects on cell migration. J Cell Physiol 153:118-128. 

Baiungartner, N, Dobrin, P, Morasch, M, Dong, Q, and Mrkvicka, R. 1996. Influence of 
suture technique and suture material selection on the mechanics of end-to-end and end-to-
side anstomoses. J Thor Cardiovasc Surg 111:1063-1072. 

Bauter, C, Van Belle, E, Meurice, T, Letoumeau, T, Lablanche, J, and Bertrand, M. 
1997. Prevention of restenosis: Future directions. TCM 7:90-94. 

Beck, L and D'Amore, P. 1997. Vascular development: cellular and molecular 
regulation. FASEBJ 11:365-373. 

Bellairs, R. 1986. The primitive streak. Anat&Emb 174:1-14. 

Belz, G. 1995. Elastic properties and Windkessel function of the human aorta. 
Cardiovasc Drugs Ther 9:73-83. 

Bengtsson, H, Bergqvist, D, and Stemby, N H. 1992. Increasing prevalence of 
abdominal aortic aneurysms. A necropsy study. Eur J Surg 158:19-23. 

Beranek, J. 1993. Undifferentiated vascular endothelial cells present in transplantation 
atherosclerosis display smooth muscle actin-positive cytoplasmic myofilaments. J Heart 
Lung Transplant 12:886-887. 

Beranek, J. 1993. a-smooth muscle cell actin is not a specific and, consequently, a 
reliable marker for smooth muscle cells. Human Pathol 24:813-814. 

Beranek, J. 1995. Vascular endothelium-derived cells containing smooth muscle actin 
are present in restenosis. J Heart Lung Transplant 72:771-771. 



Berger, K, Sauvage, L, Rao, A, and Wood, S. 1972. Healing of arterial prostheses in 
man: its incompleteness. Ann Surg 175:118-127. 

Black, A, Berthod, F, L'Heurex, N, Germain, L, and Auger, F. 1998. In vitro 
reconstruction of a human capillary-like network in a tissue-engineered skin equivalent. 
FASEB Journal 12:1331-1340. 

Black, M. 1995. Cardiovascular applications of biomaterials and implants - an 
overview. JMedEng&Tech 19:151-157. 

Booth, R, Martin, J, Honey, A, Hassal, D, Beesley, J, and Moncada, S. 1989. Rapid 
development of atherosclerotic lesions in the rabbit carotid artery induced by perivascular 
manipulation. Athero 257. 

Boudghene, F, Sapoval, M, Bonneau, M, LeBlanche, A, Lavaste, F, and Michel, J. 1998. 
Abdominal aortic aneurysms in sheep: Prevention of rupture with endoluminal stent-
grafts. Radiol 206:447-454. 

Breier, G, Breviario, F, Caveda, L, Berthier, R, Schnurch, H, Gotsch, U, Vestwever, D, 
Risau, W, and Dejana, E. 1996. Molecular cloning and expression of murine vascular 
endothelial-cadherin in early stage development of cardiovascular system. Blood 
87:630-641. 

Bruninx, G, Wery, D, Dubois, E, El Nakadi, B, Van Dueren, E, Verhelst, G, and Delcovir, 
C. 1999. Emergency endovascular treatment of an acute traumatic rupture of the 
thoracic aorta complicated by a distal low-flow syndrome. Cardiovasc Intervent Radiol 
22:515-518. 

Bull, D, Hunter, 0, Holubec, H, Aguirre, M, Rappaport, W, and Putnam, C. 1995. 
Cellular origin and rate of endothelial cell coverage of FIFE grafts. J Surg Res 58:58-
68. 

Cantelmo NL, Quist WC, and Lo Gerfo FW. 1989. Quantitative analysis of anastomotic 
intimal hyperplasia in paired Dacron and PTFE grafts. J Cardiovasc Surg 30:910-915. 



MO-

Canneliet,P. 2000. Mechanisms of angiogenesis and arteriogenesis. Nature Medicine 
6:389-395. 

Carmeliet, P, Ferreira, V, Breier, G, Pollefeyt, S, Kieckens, L, Gertsenstein, M, Fahrig, 
M, Vandenhoeck, A, Harpal, K, Eberhardt, C, Declercq, C, Pawling, J, Moons, L, Collen, 
D, Risau, W, and Nagy, A. 4-4-1996. Abnormal blood vessel development and lethality 
in embryos lacking a single VEGF allele. Nature 380:435-439. 

Carrel, A and Guthrie CC. 1906. Anastomosis of blood vessels by the patching method 
and transplantation of the kidney. JAMA 47:1648-1650. 

Carrell, T W, Smith, A, and Bumand, K G. 1999. Experimental techniques and models 
in the study of the development and treatment of abdominal aortic aneurysm. Brit J Surg 
86:305-312. 

Clark, E and Brugge, J. 1995. Integrins and signal transduction pathways: The road 
taken. Science 268:233-239. 

Clark, R. 1988. Overview and general considerations of wound repair. Second 
Edition:3-33. 

Clowes, A, Gown, A, Hanson, S, and Reidy, M. 1985. Mechanisms of arterial graft 
failure. 1. Role of cellular proliferation in early healing of PTFE prostheses. Am J 
Pathol 118:43-54. 

Clowes, A»Kirkman»T» and Reidy,. M. 1986. Mechanisms of arterial graft healing: 
rapid transmural capillary ingrowth provides a source of intimal endothelium and smooth 
muscle in porous PTFE prostheses. Am J Pathol 123:220-230. 

Clowes, A and Reidy, M. 1991. Prevention of stenosis after vascular reconstruction: 
Pharmacologic control ofintimal hyperplasia-A review. J Vase Surg 13:885-891. 

Clowes, A, Reidy, M, and Clowes, M. 1983. Kinetics of cellular proliferation after 
arterial injury. I. Smooth muscle growth in the absence of endothelium. Lab Invest 
49:327-333. 



Clowes, A, Reidy, M, and Clowes, M. 1983. Mechanisms of stenosis after arterial 
injury. Lab Invest 49:208-215. 

Clowes, A, Zacharias, R, and Kirkman, T. 1987. Early endothelial coverage of synthetic 
arterial grafts: Porosity revisited. Am J Surg 153:501-504. 

Coffin, J, Harrison, J, Schwartz, S, and Heimark, R. 1991. Angioblast differentiation 
and morphogenesis of the vascular endothelium in the mouse embryo. Devel Biol 
148:51-62. 

Coffin, J and Poole, T. 1988. Embryonic vascular development: immunohistochemical 
identification of the origin and subsequent morphogenesis of the major vessel primordia 
in quail embryos. Devel 102:748-762. 

Coselli, J S and LeMaire, S A. 1999. Surgical techniques. Thoracoabdominal aorta. 
Cardiology Clinics 17:751-765. 

Criado, E, Marston, W A, Ligush, J, Mauro, M A, and Keagy, B A. 1997. Endovascular 
repair of peripheral aneurysms, pseudoaneurysms, and arteriovenous fistulas. Ann Vase 
Surg 11:256-263. 

Criado, F, Queral, L, and Patten, P. 1994. Endovascular surgery in daily practice: are-
appraisal. J Endovasc Surg 1:92-99. 

Currier, J and Faxon, D. 1995. Restenosis after percutaneous transluminal coronary 
angioplasty: have we been aiming at the wrong target? J Am Coll Cardiol 25:516-520. 

Davie EW, Fujikawa K, and Kisiel W. 1991. The coagulation cascade: Initiation, 
maintenance, and regulation. Biochem 30:10363-10370. 

Davies, M and Hagen, P. 1994. Pathobiology of intimal hyperplasia. Brit J Surg 
81:1254-1269. 

De Leon, H, Scott, N, Martin, F, Simonet, L, Bernstein, BC, and Wilcox, J. 1997. 
Expression of nonmuscle myosin heavy chain-B isoform in the vessel wall of porcine 
coronary arteries after balloon angioplasty. CircRes 80:514-519. 



S52 

De Servi, S, Mariani, G, Bossi, I, Klersy, C, Rubartelli, P, Niccooli, L, Repetto, A, 
Giommi, L, Baduini, 0, Maresta A, and Repetto, S. 1999. One-year outcome in 
multivessel coronary disease patients undergoing coronary stenting. Cathet Cardiovasc 
Intervent 48:343-349. 

Deng, X, Marois, Y, How, T, Merhi, Y, King, M, and Guidoin, R. 1995. Luminal 
surface concentration of lipoprotein (LDL) and its effect on the wall uptake of cholesterol 
by canine carotid arteries. J Vase Surg 21:135-145. 

DeRuiter, M, Poelmann RE, van Munsteren JC, Mironov, V, Markwald, R, and 
Gittenberger-de Groot AC. 1997. Embryonic endothelial cells transdifferentiate into 
mesenchymal cells expressing smooth muscle actins in vivo and in vitro. Circ Res 
80:444-451. 

Deutsch, M, Fischlein, T, Meinhart, J, and Zilla, P. 1999. In vitro endothelialization of 
synthetic vascular grafts in long term clinical use. 189-194. 

Deutsch, M, Meinhart, J, Vesely, M, Fischlein, T, Groscurth, P, von Oppel, U, and Zilla, 
P. 1997. In vitro endothelialization of expanded polytetrafluoroethylene grafts: A 
clinical case reports after 41 months of implantation. J Vase Surg 25:757-763. 

Deutsch, M, Meinhart, J, and Zilla, P. 1999. In vitro endothelialization elicits tissue 
remodeling emulating native artery structures. Tissue Engineering of Prosthetic Vascular 
Grafts. 179-187. 

Diegelmann, R, Cohen, I, and Kaplan, A. 1981. The role of macrophages in wound 
repair: A review. Plast Recon Surg 6&: 107-113. 

Dotter, C. 1969. Transluminally-placedcoilspring endarterial tube grafts: long-term 
patency in canine popliteal artery. Invest Radiol 4:329-332. 

Dumont, D J, Yamaguchi, T P, Conlon, R A, Rossant, J, and Breitman, M L. 1992. tek, 
a novel tyrosine kinase gene located on mouse chromosome 4, is expressed in endothelial 
cells and their presxmiptive precursors. Oncogene 7:1471-1480. 



JS3-

Duplaa, C, Couffinhal, T, Labat, L, Moreau, C, Petit-Jean, M, Doutre, M, Lamaziere, J, 
and Bonnet, J. 1996. Monocyte/macrophage recruitment and expression of endothelial 
adhesion proteins in human atherosclerotic lesions. Athero 121:253-266. 

Eguchi, G and Kodama, R. 1993. Transdifferentiation. Cur Opin Cell Biol 5:1023-
1028. 

Eisenberg, L and Markwald, R. 1995. Molecular regulation of arterioventricular 
valvuloseptal morphogenesis. CircRes 77:1-6. 

Eisenstein, R. 1991. Angiogenesis in arteries: review. PharmacTher 49:1-9. 

Falk, J, Townsend, L, Vogel, M, Boyer, M, Olt, S, Wease, G, Trevor, K, Seymour, M, 
Glover, J, and Bendick, P. 1998. Improved adherence of genetically modified 
endothelial cells to small-diameter expanded polytetrafluoroethylene grafts in a canine 
model. J Vase Surg 27:902-909. 

Farb, A, Sangiorgi, G, Carter, A, Walley, V, Edwards, W, Schwartz, R, and Vimani, R. 
1999. Pathology of acute and chronic coronary stenting in humans. Circ 99:44-52. 

Feldman, H, Held, P, Hutchinson, J, Stabber, E, Hartigan, M, and Berlin, J. 1993. 
Hemodialysis vascular access morbidity in the United States. Kid. Intern. 43:1091-1096. 

Fittkau, M and Fischlein, T. 1999. Functional aspects of microvascular cell isolates. 
115-120. 

Flamme, I, Breier, G, and Risau, W. 1995. Vascular endothelial growth factor (VEGF) 
and VEGF receptor 2 (flk-1) are expressed during vasculogenesis and vascular 
differentiation in the quail embryo. DevelBiol 169:699-712. 

Flamme, I and Risau, W. 1992. Induction of vasculogenesis and hemotopoiesis in vitro. 
Devel 116:435-439. 

Florey, H, Greer, S, Poole, J, and Werthessen NT. 1962. The development of the 
pseudointima lining fabric grafts of the aorta. Br J Exp Pathol 43:655-660. 



H4 

Folkman J. What is the role of angiogenesis in metastasis from cutaneous melanoma? Eur 
J Can Clin Oncol. 23(4):361-3,1987 

Folkman, J and Klagsbum M. 1987. Angiogenic factors. Science. 235:442-447. 

Folkman, J and D'Amore, P A. 12-27-1996. Blood vessel formation: what is its 
molecular basis? Cell 87:1153-1155. 

Foumier, N and Doillon, C. 1996. Biological molecule-impregnated polyester: an in 
vivo angiogenesis study. Biomaterials 17:1659-1665. 

Frid, M, Dempsey, E, Durmowicz, A, and Stenmark, K. 1997. Smooth muscle cell 
heterogeneity in puhnonary and systemic vessels. Importance in vascular disease. 
Arterioscler Thromb Vase Biol 17:1203-1209. 

Fuster, V and Andrews, P. 1999. Medical treatment of the aorta. I. Cardiol Clinics 
17:697-715. 

Garlanda, C and Dejana, E. 1997. Heterogeneity of endothelial cells: specific markers. 
Arterioscler Thromb Vase Biol 17:1193-1202. 

Gerrity, R, Naito, H, Richardson, M, and Schwartz, C. 1979. Dietary induced 
atherogenesis in swine. American Journal of Pathology 95:775-792. 

Gillis-Haegerstrand, C. 1999. Adhesion molecule expression following in vitro lining. 
Tissue Engineering of Prosthetic Vascular Grafts 171-177. 

Gittenberger-de Groot, A, DeRuiter, M, Bergwerff, M, and Roelmann, R. 1999. Smooth 
muscle cell origin and its relation to heterogeneity in development and disease. 
Arterioscler Thromb Vase Biol 19:1589-1594. 

Gordon, I, Conroy, R, Arefi, M, Tobis, J, Stemmer, E, and Wilson, S. 2001. Three-year 
outcome of endovascular treatment of superficial femoral artery occlusion. Arch Surg 
136:221-228. 



SS5 

Graham, L, Vinter, D, Ford, J, Kahn, R, Bnrkel, W, and Stanley, J. 200. Cultured 
autogenous endothelial cell seeding of prosthetic vascular grafts. Surg Forum 204-206. 

Grainger, D, Metcalfe, J, Grace, A, and Mosedale, D. 1998. Transforming growth 
factor-p dynamically regulates vascular smooth muscle differentiation in vivo. J Cell 
Science 111:2977-2988. 

Grant, D S, Kleinman, H K, and Martin, G R. 1990. The role of basement membranes in 
vascular development. [Review] [50 refs]. Ann New York Acad Sci 588:61-72. 

Greisler, H. 1994. Wound Healing. 57-69. 

Greisler, H, Gosselin, C, Ren, D, Kang, S, and Kim, D. 1996. Biointeractive polymers 
and tissue engineered blood vessels. Biomaterials 17:329-336. 

Guidoin, R, Chakfe, N, Maurel, S, How, T, Batt, M, Marois, M, and Gosselin, C. 1993. 
Expanded polytetrafluoroethylene arterial prostheses in humans: histopathological study 
of 298 svirgically excised grafts. Biomaterials 14:678-693. 

Hanahan, D. 1997. Signaling vascular morphogenesis and maintenance. Science 
277:48-50. 

Hautmann, M, Adam, P, and Owens, G. 1999. Similarities and differences in smooth 
muscle a-actin induction by TGF-P in smooth muscle versus non-smooth muscle cells. 
Arterioscler Thromb Vase Biol 19:2049-2058. 

Hehrlein, c, Gollan, C, Donges, K, Metz, J, Riessen, R, Fehsenfeld, P, von Hodenberg, E, 
and Kubler, W. 1995. Low-dose radioactive endovascular stents prevent smooth muscle 
cell proliferation and neointimal hyperplasia in rabbits. Circ 92:1570-1575. 

Heijmen, R, Grundeman, P, and Borst, C. 1998. Intima-adventitia apposition in end-to-
side arterial anastomosis: an experimental study in the pig. Ann. Thorac Surg 65:705-
711. 



33d 

Heimark, R, Twardzik, D, and Schwartz, S. 1986. Inhibition of endothelial regeneration 
by type-beta transforming growth factor from platelets. Science 233:1078-1080. 

Heimark, R and Schwartz, S. 1988. The role of cell-cell interaction in the regulation of 
endothelial cell growth. 359-371. 

Herman, I. 1993. Molecular mechanisms regulating the vascular endothelial cell motile 
response to injury. J Cardiovasc Pharm 22:S25-S36. 

Herring, M, Gardner, A, and Glover, J. 1978. A single-staged technique for seeding 
vascular grafts with autogenous endothelium. Surgery 84:498-504. 

Hertig, AT. 1935. Contribu. Embryol. 25:37-45. 

Hillis, G and MacLeod, A. 1996. Integrins and disease. ClinSci 91:639-650. 

Hirai, J and Matsuda, T. 1995. Self-organized, tubular hybrid vascular tissue composed 
of vascular cells and collagen for low-pressure-loaded venous system. Cell Trans 4:597-
608. 

Hohnes, D R, Liao, S, Parks, W C, and Thompson, R W. 1995. Medial 
neovascularization in abdominal aortic aneurysms: a histopathologic marker of 
aneurysmal degeneration with pathophysiologic implications. J Vase Surg 21:761-771. 

Holmgren, L, Glaser, A, Pfeifer-Ohlsson, S, and Ohisson, R. 1991. Angiogenesis during 
human extraembryonic development mvolves the spatiotemporal control of PDGF ligand 
and receptor gene expression. Devel 113:749-754. 

Howe, A, Aplin, A, Alahari, S, and Juliano, R. 1998. Integrin signaling and cell growth 
control. Curr Opin Cell Biol 10:220-231. 

Hoying, J and Williams, S. 1996. Effects ofbasic fibroblast growth factor on human 
microvessel endothelial cell migration on collagen I correlates inversely with adhesion 
and is cell density dependent. J Cell Physiol 168:294-304. 



SS7 

Hu, P, Datto, M, and Wang, X. 1998. Molecular mechanisms of transforming growth 
factor-p signaling. Endocrine Rev 19:349-363. 

Hungerford, J, Owens, G, Argraves, W, and Little, C. 1996. Development of the aortic 
vessel wall as defined by vascular smooth muscle and extracellular matrix markers. 
DevelBiol 178:375-392. 

Huynh, T, Abraham, G, Murray, J, Brockbank, K, Hagen, P, and Sullivan, S. 1999. 
Remodeling of an acellular collagen graft into a physiologically responsive neovessel. 
Nature Biotechnology 17:1083-1086. 

Ikari, Y, McManus, B, Kenyon, J, and Schwartz, S. 1999. Neonatal intima formation in 
the human coronary artery. Arterioscler Thromb Vase Biol 19:2036-2040. 

Jacobowitz, G R, Lee, A M, and Riles, T S. 1999. Immediate and late explantation of 
endovascular aortic grafts: the endovascular technologies experience. J Vase Surg 
29:309-316. 

Jansen, J, Paquay, G, and van der Waerden, J. 1994. Tissue reaction to soft-tissue 
anchored percutaneous implants in rabbits. J Biomed Mater Res 28:1047-1054. 

Jordan, W, Schroeder, P, Fisher, W, and McDowell, H. 1997. A comparison of 
angioplasty with stenting versus endarterectomy for the treatment of carotid artery 
stenosis. Arm Vase Surg 11:2-8. 

Kadar» A and Glasz, T. 2001. Development of atherosclerosis and plaque biology. 
Cardiovasc Surg 9:109-121. 

BCampfer, H, Pfeilschifter, J, and Frank, S. 2001. Expressional regulation of 
angiopoietin-1 and -2 and the Tie-1 and -2 receptor tyrosine kinases during cutaneous 
would healing: a comparative study of normal and impaired repair. Lab Invest 81:361 
373. 

Kanada, K, Miwa, H, and Matsuda, T. 1995. Phenotypic reversion of smooth muscle 
cells in hybrid vascular prostheses. Cell Trans 4:587-595. 



Kim, S, Ip, H, Lu, M, Clendenin, C, and Parmacek, M. 1997. A serum response factor-
dependent transcriptional regulatory program identifies distinct smooth muscle cell 
sublineages. Mol Cell Bio 17:2266-2278. 

Kirsch, W, Zhu, Y, Boukouvalas, Z, Cushman, R, Hardesty, R, and Chrisler, J. 1993. 
The anastomoses of small arteries and veins by clips: A description of instruments. 41-
46. 

Kirsch, W, Zhu, Y, Hardesty, R, and Chapolini, R. 1992. A new method for 
microvascular anastomosis: Report of experimental and clinical Research. Am. Surg. 
58:722-727. 

Komatsu, R, Ueda, M, Naruko, T, Kojima, A, and Becker, A. 1998. Neointimal tissue 
response at sites of coronary stenting in humans. Giro 98:224-233. 

Krohg-Sorensen, K, Brekke, M, Drolsum, A, and Kvemebo, K. 1999. Periprosthetic 
leak and rupture after endovascular repair of abdominal aortic aneurysm: the significance 
of device design for long-term results. J Vase Surg 29:1152-1158. 

L'Heureux, N, Germain, L, Labbe, R, and Auger, F. 1993. In vitro construction of a 
human blood vessel &om cultured vascular cells: a morphological stud. J Vase Surg 
17:499-509. 

Lafont, A and Faxon, D. 1998. Why do animal models of post-angioplasty restenosis 
sometimes poorly predict the outcome of clinical trials? Cardiovasc Res 39:50-59. 

Le Lievre, C S and Le Douarin, N M. 1975. Mesenchymal derivatives of the neural 
crest: analysis of chimeric quail and chick embryos. J Embry Exp Morph 34:125-154. 

Lemons, J. 1986. Biomaterials, biocompatibility, and peri-implant considerations. Dent 
Clin NAM 30:3-23. 

Lemson, M, Tordoir, J, Daemen, M, and Kitslaar, P. 2000. Intimal hyperplasia in 
vascular grafts. Eur J Vase Endovasc Surg 19:336-350. 



33ft 

Leppaniemi, A, Wheny, D, Pikoulis, E, Hufeagel, H, Waasdorp, C, Fishback, N, and 
Rish, N. 1997. Arterial and venous repair with vascular clips: Comparison with suture 
closure. J Vase Surg 26:24-28. 

Leppaniemi, A, Wherry, D, Soltero, R, Pikoalis, E, Hufiiagel, H, Fishback, N, and Rich, 
N. 1996. A quick and simple method to close vascular, biliary, and urinary tract 
incisions using the new Vascular Closure Staples: A preliminary report. Surg. Endosc. 
10:771-774. 

Lipton BH, Bensch KG, and Karasek MA. 1992. Histamine-modulated 
transdifferentiation of dermal microvascular endothelial cells. Exper Cell Res 199:279-
291. 

Longa, E, Weinstein, P, and Chater, G. 1984. Scanning electron microscopy studies of 
needle and suture damage in rat carotid and femoral arteries. Microsurg 5:169-174. 

Loukianov, E, Loukianova, T, and Periasamy, M. 1997. Myosin heavy chain isoforms in 
smooth muscle. Comp Biochem Physiol 117B:13-18. 

Madri, J, Bell, L, Marx, M, Merwin, J, Basson, C, and Prinz, C. 1991. Effects of soluble 
factors and extracellular matrix components on vascular cell behavior in vitro and in 
vivo: Models of de-endothelialization and repair. J Cell Biochem 45:123-130. 

Madri, J and Williams SK. 1983. Capillary endothelial cell cultures: Phenotypic 
modulation by matrix components. J Cell Biol 97:153-165. 

Maeda, M, Fukui, A, Nakamura, T, Inada, Y, Tamai, S, Haga, S, Tatsumi-Nagano, K, 
Yamamoto, H, Ogata, S, Iwata, H, and Dcada, Y. 2000. Progenitor endothelial cells on 
vascular grafts: an ultrastructural study. JBMR 51:55-60. 

Maisonpierre, P C, Suri, C, Jones, P F, Bartunkova, S, Wiegand, S J, Radziejewski, C, 
Compton, D, McClain, J, Aldrich, T H, Papadopoulos, N, Daly, T J, Davis, S, Sato, T N, 
and Yancopoulos, G D. 7-4-1997. Angiopoietin-2, a natural antagonist for Tie2 that 
disrupts in vivo angiogenesis. Science 277:55-60. 



34a 

Marin, M L, Veith, F J, Cynamon, J, Sanchez, L A, Bakal, C W, Suggs, W D, Lyon, R T, 
Schwartz, M L, Parsons, R E, and Wengerter, K R. 1995. Human transluminally placed 
endovascular stented grafts: preliminary histopathologic analysis of healing graits in 
aortoiliac and femoral artery occlusive disease. J Vase Surg 21:595-603. 

Marin, M, Veither, F, Cynamon, J, Sanchez, L, Wengerter, K, Schwartz, M, Parodi, J, 
Panetta, T, Bakal, C, and Suggs, W. 1994. Transfemoral endovascular stented graft 
treatment of aortoOiliac and femoropopliteal occlusive disease for limb salvage. Am J 
Surg 168:156-162. 

Martakos, P and Karwoski, T. 1995. Healing characteristics of hybrid and conventional 
polytetrafluoroethylene vascular grafts. ASAIO Journal 41:M735-M741. 

Matsumura, J S and Moore, W S. 1998. Clinical consequences of periprosthetic leak 
after endovascular repair of abdominal aortic aneurysm. Endovascular Technologies 
Investigators. J Vase Surg 27:606-613. 

Matsumura, T, Wolff, K, and Petzelbauer, P. 1997. Endothelial cell tube formation 
depends of cadherin 5 and CD31 interactions with filamentous actin. J Immuno 
158:3408-3416. 

Mehta, D, Angelini, G, and Bryan, A. 1996. Experimental models of accelerated 
atherosclerosis syndromes. Int J Cardio 56:235-257. 

Merino, A, Cohen, M, Badimon, J, Fuster, V, and Badimon, L. 1994. Synergistic action 
of severe wall injury and shear forces on thrombus formation in arterial stenosis: 
Definition of a thrombotic shear rate threshold. J Am Coll Cardiol 24:1091-1097. 

Miano, J, Cseqesi, P, Ligon, K, Periasamy, M, and Olson, E. 1994. Smooth muscle 
myosin heavy chain exclusively marks the smooth muscle lineage during mouse 
embryogenesis. CircRes 75:812-817 

Miller, K and Anderson, J. 1989. In vitro stimulation of fibroblast activity by factors 
generated form human monocytes activated by biomedical polymers. JB^^ 23:911-930. 



341 

Mital, D, Foster, P, Jensik, S, del Rio, J, Sankary, H, McChesney, L, and Williams, J. 
1996. Renal transplantation without sutures using the vascular clipping system for renal 
artery and vein anastomosis - a new technique. Transplant 62:1171-1173. 

Mitchell, RS. 1997. Endovascular stent graft repair of thoracic aortic aneurysms. Sem 
Thor Cardiovasc Surg 9:257-268. 

Mitchell, R S, Dake, M D, Sembra, C P, Fogarty, T J, Zarins, C K, Liddel, R P, and 
Miller, D C. 1996. Endovascular stent-graft repair of thoracic aortic aneurysms. J Thor 
Cardiovasc Surg 111:1054-1062. 

Miwa, H and Matsuda, T. 1994. An integrated approach to the design and engineering 
of hybrid arterial prostheses. J Vase Surg 19:658-667. 

Mjaatvedt, C and Markwald, R 1989. Induction of an epithelial-mesenchymal transition 
by an in vivo adheron-like complex. DevBiol 136:118-128. 

Montesano, R, Soriano, J, Pepper, M, and Orci, L. 1997. Induction of epithelial 
branching tubulogenesis in vitro. J Cell Physio 173:152-161. 

Murgo, S, Dussaussois, L, Gclzarian, J, Cavenaile, J C, Abada, H T, Ferreira, J, and 
Struyven, J. 1998. Penetrating atherosclerotic ulcer of the descending thoracic aorta: 
treatment by endovascular stent-graft. Cardiovasc Intervent Radiol 21:454-458. 

Narayanaswamy, M, Wright, K C, and Kandarpa, K. 2000. Animal models for 
atherosclerosis, restenosis, and endovascular graft research. J Vase Intervent Radiol 
11:5-17. 

Ohki, T, Marin, M L, Veith, F J, Yuan, J G, Ohki, M, Soundararajan, K, Sanchez, L A, 
Parsons, R E, Lyon, R T, and Yamazaki, Y. 1997. Anastomotic intimal hyperplasia: a 
comparison between conventional and endovascular stent graft techniques. J Surgl Res 
69:255-267. 

Ohno, T, Gordon, D, San, H, Pompili, V, Imperiate, M, Nabel, G, andNabel, E. 1994. 
Gene therapy for vascular smooth muscle cell proliferation after arterial injury. Science 
265:781-784. 



342 

Onal, B, Ilgit, E, Yucel, C, Oxbek, E, Vural, M, and Akpek, S. 1998. Primary stenting 
for complex atheroscleroitc plaques in aortic and iliac stenoses. Cardiovasc Intervent 
Radiol 21:386-392. 

Owens, GK. 1995. Regulation of differentiation of vascular smooth muscle cells. 
Physiol Reviews 75:487-517. 

Owens, G. 1995. Regulation of differentiation of vascular smooth muscle cells. Physiol 
Rev 75:487-517. 

Padubidri, A, Browne, E, and Kononov, A. 1996. Fibrin glue-assisted end-to-side 
anastomosis of rat femoral vessels: Comparison with conventional suture methods. Ann 
PlastSurg 37:41-47. 

Pagnanelli, D, Fait, T, Rizzoli, H, and Kobrine, A. 1980. Scanning electron 
micrographic study of vascular lesions caused by microvascular needles and suture. J 
Neurosurg 53:32-36. 

Painter, T. 1991. Myointimal hyperplasia: Pathogenesis and implications. 1. In vitro 
characteristics. Art. Organs 15:42-55. 

Pardanaud, L, Altmann, C, Kitos, P, Dieterlen-Lievre, F, and Buck, C. 1987. 
Vasculogenesis in the early quail blastodisc as studied with a monoclonal antibody 
recognizing endothelial cells. Dev 100:339-349. 

Park, P, Jarrel, B, Williams, S, Carter, T, Rose, D, Martinez-Hernandez, A, and Carabasi, 
R. 1990. Thrombus-free, human endothelial surface in midregion of a Dacron vascular 
grait in the splanchnic venous circuit - observations after nine months of implantation. J 
Vase Surg 11:468-475. 

Parodi, J C, Palmaz, J C, and Barone, H D. 1991. Transfemoral intraluminal graft 
implantation for abdominal aortic aneurysms. Atm Vase Surg 5:491-499. 

Pasterkamp, G, de Kleijn, D, and Borst, C. 2000. Arterial remodeling in atherosclerosis, 
restenosis and after alteration of blood flow: potential mechanisms and clinical 
implications. Cardiovasc Res 45:843-852. 



343-

Patel, S T, Haser, P B, Bush, H L, Jr., and Kent, K C. 1999. The cost-effectiveness of 
endovascular repair versus open surgical repair of abdominal aortic aneurysms: A 
decision analysis model. J Vase Surg 29:958-972. 

Patten, BM. 1953. The development of the heart. The Pathology of the Heart. 

Pauly, R, Passaniti, A, Bilato, C, Monticone, R, Cheng, L, Papadopoulos, N, Gluzband, 
Y, Smith, L, Weinstein, C, Lakatta, E, and Crow, M. 1994. I^gration of cultured 
vascular smooth muscle cells through a basement membrane barrier requires type IV 
collagenase activity and is inhibited by cellular differentiation. Circ Res 75:41-54. 

Pikoulis, E, Burris, D, Rhee, P, Nishibe, T, Leppaniemi AK, Wherry DC, and Rich, N. 
1998. Rapid arterial anastomosis with titanium clips. Am J Surg 175:494-496. 

Polverini, P, Cotran, R, Gimbrone, M, and Unanue, E. 1977. Activated macrophages 
induce vascular proliferation. Nature 269:804-806. 

Poole-Warren, L, Schindhelm, K, Graham, A, Slowiaczek, P, and Noble, K. 1996. 
Performance of small diameter synthetic vascular prostheses with confluent autologous 
endothelial cell linings. JBMR 30:221-229. 

Powell, R, Cronenwett, J, Fillinger, M, and Wagner, R. 1994. Effect of endothelial cells 
and transforming growth factor-P I on cultured vascular smooth muscle cell growth 
patterns. J Vase Surg 20:787-794. 

Rekhter,.M»Nicholls»S,.Ferguson»M»andGordon»D. L993. Cell proliferation in human 
arteriovenous fistulas used for hemodialysis. Arterioscler Thromb 13:609-617. 

Rendell, M, Finnegan, M, Pisarri, T, Healy, J, Lind, A, Milliken, B, Finney, D, and 
Bonner, R. 1999. A comparison of the cutaneous microvascular properties of the 
spontaneously hypertensive rate and the Wistar-Kyoto rat. Compar Biochem Physiol 
122:399-406. 

RisauW. 1995. Differentiation of endothelium. FASEBJ 9:926-933. 

Risau,W. 4-17-1997. Mechanisms of angiogenesis. Nature 386:671-674. 



344 

Risau, W and Flamme, 1. 1995. Vasculogenesis. Annl Rev Cell Devel Bio 11:73-91. 

Rogers, C and Edelman, E R. 6-15-1995. Endovascular stent design dictates 
experimental restenosis and thrombosis. Circ 91:2995-3001. 

Rogers, C, Parikh, S, Seifert, P, and Edelman, E R. 1996. Endogenous cell seeding. 
Remnant endothelium after stenting enhances vascular repair. Circ 94:2909-2914. 

Rong, J, Shen, L, Chang, Y, Richters, A, Hodis, H, and Sevanian, A. 1999. Cholesterol 
oxidation products induce vascular foam cells lesions formation in hypercholesterolemic 
New Zealand white rabbits. Arterioscler Thromb Vase Biol 19:2179-2188. 

Ross, R. 1986. The pathogenesis of atherosclerosis - an update. N Engl J Med 314:488-
500. 

Ross, R. 1993. The pathogenesis of atherosclerosis: A perspective for the 1990s. 
Nature 362:801-808. 

Saito, S, Hosokawa, G, Tanaka, S, and Nakamura, S. 1999. Primary stent implantation 
is superior to balloon angioplasty in acute myocardial infarction: final results of the 
Primary Angioplasty Versus Stent Implantation in Acute Myocardial Infarction (PASTA) 
Trial. Catherter Cardiovasc Interven 48:262-268. 

Salzmaim, D, Kleinert, L, Berman, S, and Williams, S. 1997. The effects of porosity on 
endothelialization of ePTFE implanted in subcutaneous and adipose tissue. JBMR 
34:463-476. 

Sedzmarm, D, Kleinert, L, Berman, S, and Williams, S. 1999. Inflammation and 
neovascularization associated with clinically used vascular prosthetic materials. 
Cardiovasc Path 8:63-71. 

Sanders, J, Stiles, C, and Hayes, C. 2000. Tissue response to single-polymer fibers of 
varying diameters: Evaluation of fibrous encapsulation and macrophage density. JBMR 
52:231-237. 



345 

Sapienza, P, di Marzo, L, Cucina, A, Corvino, V, Mingoli, A, Giustiniani, Q, Ziparo, E, 
and Cavallaro, A. 1998. Release of PDGF-BB and bFGF by human endothelial cells 
seeded on expanded polytetrafluoroethylene vascular grafts. J Surg Res 75:24-29. 

Sarembock, I, La Veau, P, Sigal, S, Timms, I, Sussman, J, Haudenschild, C, and 
Exekowitz, M. 1989. Influence of inflation pressure and balloon size on the 
development of intimal hyperplasia after balloon angioplasty. A study in the 
atherosclerotic rabbit. Circ 80:1029-1040. 

Sastry, S and Horwitz, A. 1996. Adhesion-growth factor interactions during 
differentiation: An integrated biological response. DevBiol 180:455-467. 

Sato, T N, Tozawa, Y, Deutsch, U, Wolburg-Buchholz, K, Fujiwara, Y, Gendron-
Maguire, M, Gridley, T, Wolburg, H, Risau, W, and Qin, Y. 7-6-1995. Distinct roles of 
the receptor tyrosine kinases Tie-1 and Tie-2 in blood vessel formation. Natiu-e 376:70-
74. 

Schatz, R, Palmaz, J, Tio, F, Garcia, R, Garcia, 0, and Reuter, S. 1987. Balloon-
expandable intracoronary stents in the adult dog. Circ 79:450-457. 

Schmidt, C and Baier, J. 2000. Acellular vascular tissues: natural biomaterials for tissue 
repair and tissue engineering. Biomaterials 21:2215-2231. 

Schmidt, S, Meerbaum, S, and Donovan, D. 1999. Healing pattems following 
microvascular seeding - a clinical evaluation of microvascular-seeded A-V access grafts. 
Tissue Engineering of Prosthetic Vascular Grafts. 127-130. 

Schwartz, R, Holmes, D, and Topol, E. 1992. The restenosis paradigm revisited: an 
altemative proposal for cellular mechanisms. J Am Coll Cardiol 20:1284-1293. 

Schwartz, S M and Liaw, L. 1993. Growth control and morphogenesis in the 
development and pathology of arteries. J Cardiovasc Pharm 21 Suppl I :S31-S49. 

Schwartz, S. 1999. The intima a new soil. Circ Res 85:877-879. 



346 

Schwartz, S, deBlois, D, and O'Brien, E. 1995. The intima. Soil for atherosclerosis and 
restenosis. CircRes 77:445-465. 

Scott, S, Barth, M, Gaddy, L, and Ahl, E. 1994. The role of circulating cells in the 
healing of vascular prostheses. J Vase Surg 19:585-593. 

Shalaby, F, Ho, J, Stanford, W, Fischer, K, Schuh, A, Schwartz, L, Bernstein, A, and 
Rossant, J. 1997. A requirement for Flkl in primitive and definitive hematopoiesis and 
vasculogenesis. Cell 89:981-990. 

Shanahan, C and Weissberg, P. 1998. Smooth muscle cell heterogeneity. Patterns of 
gene expression in vascular smooth muscle cells in vitro and in vivo. Arterioscler 
Thromb Vase Biol 18:333-338. 

Sheibani, N, Newman, P, and Frazier, W. 1997. Thrombospondin-1, a natural inhibitor 
of angiogenesis, regtilates platelet-endothelial cell adhesion molecule-1 expression and 
endothelial cell morphogenesis. Mol Bio Cell 8:1329-1341. 

Shi, Q, Wu, M, Hayashida, N, Wechezak, A, Clowes, A, and Sauvage, L. 1994. Proof of 
fallout endothelialization of impervious Dacron grafts in the aorta and inferior vena cava 
of the dog. J Vase Surg 20:546-557. 

Shi, Q, Wu, M, Onuki, Y, Ghali, R, Hunter, G, Johansen, K, and Sauvage, L. 1997. 
Endothelium on the flow surface of human aortic Dacron vascular grafts. J Vase Surg 
25:736-742. 

Shi, Y, Pieniek, M, Fard, A, O'Brien, J, Mannion, J D, and Zalewski, A. 1-15-1996. 
Adventitial remodeling after coronary arterial injury [see comments]. Circ 93:340-348. 

Shimizu, R, Blank, R, Jervis, R, Lawrenz-Smith, S, and Owens, G. 1995. The smooth 
muscle a-actin gene promoter is differentially regulated in smooth muscle versus non-
smooth muscle cells. JBiolChem 270:7631-7643. 

Sieminski, A and Gooch, K. 2000. Biomaterial - microvasculature interactions. 
Biomaterials 21:2233-2241. 



347 

Sottiurai, V, Yao, J, Batson, R, Sue, S, Jones, R, and Nakamura, Y. 1989. Distal 
anastomotic intimal hyperplasia: Histopathologic character and biogenesis. Ann Vase 
Surg 3:26-33. 

Souchekiytskyi, S, ten Dijke, P, Miyazono, K, and Heldin, C. 1996. Phosphorylation of 
Serl65 in TGF-P type I receptor modulates TGF-P1-induced cellular responses. EMBO 
15:6231-6240. 

Stary, H, Blankenhom, D, Chandler, A, Glagov, S, InsuU, W, Richardson, M, Rosenfeld, 
M, Schafifer, S, Schwartz, C, Wagner, W, and Wissler, R. 1992. A definition of the 
intima of human arteries and of its atherosclerosis-prone regions. A report from the 
Committee on Vascular Lesions of the Council on Arteriosclerosis, American Heart 
Association. Circ 85:391-405. 

Suri, C, Jones, P F, Patan, S, Bartunkova, S, Maisonpierre, P C, Davis, S, Sato, T N, and 
Yancopoulos, G D. 12-27-1996. Requisite role of angiopoietin-1, a ligand for the TIE2 
receptor, during embryonic angiogenesis. Cell 87:1171-1180. 

Swartbol, P, Tmedsson, L, Parsson, H, and Norgren, L. 2001. Surface adhesion 
molecule expression on human blood cells induced by vascular graft material in vitro. 
JBMR 32:669-676. 

Tai, J, Brooks, E, Liang, S, Somogyi, R, Rosett, J, Lawn, R, and ShifiBnan, D. 2000. 
Determination of temporal expression patterns for multiple genes in the rat carotid artery 
injury modeL Arterioscler Tluromb Vase Biol 20:2184-2191. 

Tang, L, Ugarova, T, Plow, E, and Eaton, J. 1996. Molecular determinants of acute 
inflammatory responses to biomaterials. J Clin Invest 97:1329-1334. 

Teebken, O, Bader, A, Steinhoff, G, and Haverich, A. 2000. Tissue engineering of 
vascular grafts: Human cell seeding of decellularized porcine matrix. Eur J Vase Surg 
19:381-386. 

Toutouzas, P. 1999. Medical treatment of the aorta. II. Cardiol Clinics 17:717-737. 



348-

Tuder, R, Groves, B, Badesch, D, and Voelkel, N. 1994. Exuberant endothelial cell 
growth and elements of inflammation are present in plexiform lesions of pulmonary 
hypertension. Am J Pathol 144:275-285. 

Turbill, P, Beugeling, T, and Foot, A. 1996. Proteins involved in the Vroman effect 
during exposure of human blood plasma to glass and polyethylene. Biomaterials 
17:1279-1287. 

van Buul-Wortelboer, M, Brinkman, H, Dingemans, K, De Groot, G, van Aken, W, and 
vanMourik, J. 1986. Reconstitution of the vascular wall in vitro: a novel model to 
study interactions between endothelial and smooth muscle cells. Exper Cell Res 
162:151-158. 

van Lankeren, W, Gussenhove, E, van Kints, M, van der Lugt, A, and van Sambeek, M. 
1997. Stent remodeling contributes to femoropopliteal artery restenosis: An 
intravascular ultrasound snidy. J Vase Surg 25:756-

Veith, F J, Abbott, W M, Yao, J S, Goldstone, J, White, R A, Abel, D, Dake, M D, Emst, 
C B, Fogarty, T J, and Johnston, K W. 1995. Guidelines for development and use of 
transluminally placed endovascular prosthetic grafts in the arterial system. Endovascular 
Graft Committee. J Vasclntervent Radiol 6:477-491. 

Vikkula, M, Boon, L, Carraway, K, Calvert, J, Diamonti, A, Goumnerov, B, Pasyk, K, 
Marchuk, D, Warman, M, Cantley, L, Mulliken, J, and Olsen, B. 1996. Vascular 
dysmorphogenesis caused by an activating mutation in the receptor tyrosine kinase TIE2. 
Cell 87:1181-1190. 

Virchow, R. 1856. Thrombose und embolic. 495-507. 

Virmani, R, Kolodgie, F D, Dake, M D, Silver, J H, Jones, R M, Jenkins, M, and 
Gillespie, D L. 1999. Histopathologic evaluation of an expanded 
polytetrafluoroethylene-nitinol stent endoprosthesis in canine iliofemoral arteries. J Vase 
Intervent Radiol 10:445-456. 

Voorhees, A, Jaretzki, A, and Blakemore, A. 1952. The use of tubes constructed from 
vinyon "N" cloth in bridging arterial defects. Ann Surg 135:332-336. 



349 

Weatherford, D A, Ombrellaro, M P, Schaeffer, D 0, Stevens, S L, Sackman, J E, 
Freeman, M B, and Goldman, M H. 1997. Healing characteristics of intraarterial stent 
grafts in an injured artery model. Ann Vase Surg 11:54-6l. 

Werkmeister, J, Edwards, G, White, J, Casagranda, F, Hunt, J, Williams, D, and 
Ramshaw, J. 1999. In vivo evaluation of modified mandrel-grown vascular prostheses. 
JBMR 47:316-323. 

Wewers, M. 1997. Cytokines and Macrophages. Second Edition:339-355. 

White, J G, Mulligan, N J, Gorin, D R, D'Agostino, R, Yucel, E K, and Menzoian, J O. 
1998. Response of normal aorta to endovascular grafting: a serial histopathological 
study. Arch Surg 133:246-249. 

White, R A, Donayre, C E, Walot, I, Kopchok, G E, deVirgilio, C, and Mehringer, C M. 
1997. Aortic aneurysm morphology for planning endovascular procedures. Tex Heart 
Inst J 24:160-166. 

White, S, Zhou, M, Low, R, and Periasamy, M. 1998. Myosin heavy chain isoform 
expression in rat smooth muscle development. Am J Physiol 275:C581-C589. 

Williams SK, Carter T, Park PK, Rose DG, Schneider T, and Jarrell BE. 1992. 
Formation of a multilayer cellular lining on a polyurethane vascular graft following 
endothelial cell sodding. JBMR 26:103-117. 

Williams,. S. 1999. Human clinical trials of microvascular endothelial cell sodding. 
Tissue Engineering of Prosthetic Vascular Grafts. 143-147. 

Wilting, J, Eichmann, A, and Christ, B. Expression of the avian VEGF receptor 
homologues Quekl and Quek2 in blood-vascular and lymphatic endothelial and non-
endothelial cells during quail embryonic development. Cell Tis Res. 288(2);207-23, 
1997. 

Windus, D. 1993. Permanent vascular access: A nephrologists view. Am. J. BCid. Dis. 
21:457-471. 



35a 

Yee, D, Williams, S, Salzmann, D, Pond, G, Patula, V, Berman, S, and Roach, D. 1998. 
Stent versus endovascular graft healing characteristics in the porcine iliac artery. J Vase 
InterventRad 9: 

Zacharias, R, Kirkman, T, and Clowes, A. 1987. Mechanisms of healing in synthetic 
grafts. J Vase Surg 6:429-436. 

Zarins, C K, White, R A, Schwarten, D, Kinney, E, Diethrich, E B, Hodgson, K, J, and 
Fogarty, TJ. 1999. AneuRx stent graft versus open surgical repair of abdominal aortic 
aneurysms: multicenter prospective clinical trial. J Vase Surg 29:292-305. 

Zenni, G, Ellinger, J, Lam, T, and Greisler, H. 1994. Biomaterial-induced macrophage 
activation and monokine release. J Invest Surg 7:135-141. 

Zhu, Y and Kirsch, W. 1992. A new surgical technique for venous reconstruction: the 
nonpenetrating clip. 425-463. 

Zilla, P, Fasol, R, Preiss, P, Kadletz, M, Deutsch, M, and Schima, H. 1989. Use of fibrin 
glue as a substrate for in vitro endothelialization of PTFE vascular grafts. Surgery 
105:515-522. 

Zollikofer, C, Antonucci, F, Stuckmann, G, Mattias, P, and Salomonowitz, E. 1992. 
Historical overview on the development and characteristics of stents and fiiture outlooks. 
Cardiovasc Intervent Radiol 15:272-278. 


