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Progressive atherosclerotic stenosis of vessels commonly
leads to the development of critical limb and myocardial
ischemia. When possible and appropriate, surgical revascu-
larization is attempted, and it is here that we clinically
observe the pathological processes of ischemia and reperfu-
sion and their complex effects [1]. Understanding of the role
and function of the vascular endothelium has undergone
significant changes over the past several decades. In the
1960s Willms-Kretschmer and colleagues [2] and Pober [3]
referred to altered endothelial cells as being activated and, in
doing so, implied a functional consequence to the altered cell
morphology. This dynamic view of the endothelium, how-
ever, did not ensue into the following decade when, again, it
was believed that endothelial cells were nothing more than a
passive barrier. It would not be until the 1980s that Bevilacqua
et al [4] would reexamine the scientific principle and ulti-
mately prove that the vascular endothelium is both dynamic
and integral to vascular and systemic equilibrium. The
scientific process to better understand the endothelium dates
back to the 1800s when von Recklinghausen recognized that
vessels were not merely inert tunnels passing through tissue,
but living entities lined by cells [5]. The endothelial mono-
layer comprises the entirety of the vascular system, and it is
now recognized that the diversity of these cells is not merely
limited by cell type alone, but rather is a function of ana-
tomic hemodynamic variation. The unique interface formed
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by the endothelium between blood and the surrounding ves-
sel wall allows it to function as a primary mediator in
response to shear stress alterations.

Studies have found that steady laminar shear stress is pro-
tective and, under such conditions, the endothelium is found
to occupy a quiescent state where it exhibits both low prolif-
eration and apoptosis [6]. Perhaps the most extensively
investigated subject to date has been the influence of fluid
shear stress applied to confluent monolayers of cultured
endothelial cells [7]. Cellular morphology, under higher
shear stress conditions, finds endothelial cells to have an
elongated appearance and increased alignment, whereas low-
flow, turbulent conditions produce rounded, nonaxially ori-
ented endothelial cells that possess a higher cell turnover.
The first in vivo documentation of flow-altered endothelial
cellular morphology was conducted in the early 1970s, and
the findings from this study showed that, in uniform laminar
flow vessel segments, endothelial nuclei were oriented paral-
lel to the axis of the blood vessel [8]. In contrast nonaxial,
less-ordered nuclear orientation was found at vessel branch
points and bifurcations where flow is recognized to be turbu-
lent [9]. Further studies have since confirmed the morpho-
logic observation that unidirectional laminar shear stress
applied to cultured endothelial monolayers induces time- and
force-dependent cytoskeletal reorganization. This restructur-
ing produces changes in cell shape and alignment and is
reversible with flow interruption [10].

Current studies identify hemodynamic shear stress as an
important, if not primary, determinant of endothelial func-
tion and phenotype (Fig. 15.1). High shear stress, typically
regarded as being greater than 15 dyn/cm?, such as is found
in arterial circulation, promotes endothelial cell quiescence
and expression of atheroprotective genes. In contrast, low
shear stress, defined as less than 4 dyn/cm?, stimulates an
activated atherogenic endothelial phenotype [11]. Non-
laminar flow correlates with endothelial cell activation and
the development of atherosclerosis and neointimal hyperpla-
sia, and, in vitro, replication of disturbed flow has shown
increased endothelial cell proliferation and apoptosis. With
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Fig. 15.1 Alterations in endothelial cell function and phenotype as determined by environmental hemodynamics. (a) Endothelial cell responses

to high shear stress. (b) Endothelial cell responses to low shear stress

regard to anticoagulant properties, activated endothelium
displays increased intercellular adhesion molecule expres-
sion and platelet aggregation as well as reduced production
of antithrombogenic substances, such as prostacyclin (PGI,)
and tissue plasminogen activator (tPA) [7]. These qualities
are in stark contrast to quiescent endothelium where leuko-
cyte adhesion is diminished, PGI, and tPA production is
increased, and platelet aggregation is reduced [7, 12].
Normal laminar shear stress is critical in maintaining nor-
mal physiologic vascular function including thromboresis-
tance, barrier function, and vascular tone. In contrast, low or
oscillary shear stress results in disturbed flow conditions and
plays an important role in atherogenesis and bypass failure
[13] (Fig. 15.1). Work done by Gimbrone and colleagues has
demonstrated the relationship between decreased shear stress
and atherogenesis [14]. Decreases in shear stress are accom-
panied by disturbances in normal endothelial cell function,
and repair mechanisms within the endothelium are reduced
along with the production of endothelial nitric oxide synthase
(eNOS). Moreover, systemic risk factors such as hypertension
and hyperlipidemia exacerbate endothelial intrinsic dysfunc-
tion. On a cellular level, this results in increased production
of reactive oxygen species (ROS), altered lipoprotein perme-
ability, leukocyte adhesion, and cellular proliferation [15].

Hypoxic Physiology

Hypoxia, depletion of the circulating oxygen content, is rec-
ognized as the driving force behind ischemic injury and, on
a cellular level, endothelial cells respond to this insult by
undergoing the phenotypic change now universally recog-
nized as endothelial cell activation. This results in a series of
alterations including the release of stored inflammatory
mediators, changes in endothelial cell surface protein

expression, and the conversion from aerobic metabolism to
anaerobic alternative pathways [16]. The vascular endothe-
lium is responsible for regulating membrane permeability,
vascular tone, coagulation, and inflammation, and it does so
by dynamically responding to any systemic alterations, such
as hypoxia, within the vascular environment [17]. Yet, despite
its wide range of adaptability, the vascular endothelium like-
wise remains very sensitive to hypoxic insults, inflammatory
stimuli, and physical injury from surgical manipulation or
hemodynamic stress, and it is this interplay between adapta-
tion and injury that makes cardiovascular surgery a challeng-
ing paradox [16] (Fig. 15.2).

In contrast to other cell types, the vascular endothelium
is comparatively resistant to decreases in oxygen content
[17]. Under ischemic conditions, aerobic cellular energy
depletion leads to an atypical accumulation of cytoplasmic
metabolites and failure of oxygen-dependent membrane
transport systems. Of most significance is the documented
intracellular increase in calcium ion concentration and the
upregulation of xanthine oxidase (XO) transcription and
synthesis. Although restoration of blood flow after pro-
longed ischemia is essential for possible physiologic sal-
vage, reperfusion itself exacerbates endothelial cell injury.
XO, an endothelial cell-associated enzyme, increases under
hypoxic conditions and, with the restoration of blood flow
and oxygen, leads to the intracellular buildup of reactive
oxygen species (ROS) [18]. Once produced, ROS cause
localized and systemic cellular damage through both direct
injury to membranes and proteins and indirectly through
activation of proapoptotic pathways [19]. This reperfusion
damage is further augmented as damaged cellular mem-
branes are exposed to a replenished intravascular supply of
calcium. Acting as a second messenger, calcium triggers
activation of various enzymes crucial to the production of
proinflammatory mediators [20].
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Fig. 15.2 Endothelial cell responses to ischemia. (a) Endothelial cell hypoxic physiology. (b) Endothelial cell responses to reperfusion

Under normal conditions endothelial cells form an over-
lapping monolayer that permits only controlled passage of
molecules. This monolayer is further enhanced through the
presence of tight junctions that reinforce endothelial cell bar-
rier function. Hypoxic conditions lead to alterations in
endothelial cell barrier function and vessel permeability. In
response to decreased oxygen content, there is loss of tight
junctions between adjacent endothelial cells leading to gap
formation and increased permeability between cells. These
changes are likewise accompanied by decreases in intracel-
lular cyclic AMP, which is essential for maintenance of the
actin-based cytoskeletal architecture and normal barrier
function [4, 21]. This increased permeability results in what
is clinically observed as ischemia reperfusion edema.

Hypoxic adaptation in endothelium leads to the transcrip-
tional induction of a series of genes that participate in
angiogenesis, metabolism, and cell proliferation, and the pri-
mary mediator of this response is hypoxia-inducible factor-1
(HIF-1), an oxygen-sensitive transcriptional activator [22].
The HIF-1 heterodimeric protein consists of two subunits, a
beta subunit that is constitutively expressed (HIF-1f) and an
oxygen-regulated alpha unit (HIF-lo). The stability and
activity of the alpha subunit are regulated by its post-
translational modifications, and, under normoxic conditions,
this subunit is degraded. Conversely, in hypoxia, the beta sub-
unit becomes stable resulting in the regulation of target gene
expression [22]. Previous studies have demonstrated that
HIF-1 plays a critical role in endothelial angiogenesis through
both paracrine and autocrine mechanisms [23, 24]. Recent
discoveries have shown that hypoxia-activated HIFs induce
endothelial expression of several critical angiogenic factors,
including vascular endothelial growth factor (VEGF), nitric
oxide synthase (NOS), platelet-derived growth factor (PDGF),
Ang?2, and others [25]. HIFs have also been found to be medi-
ators of endothelial survival pathways where hypoxic upregu-
lation results in cellular proliferation. Clinically, this can
result in a wide spectrum of remodeling, including angiogen-
esis and neointimal hyperplasia (Fig. 15.2).

Shear Stress and Arteriogenesis

Study of arteriogenesis, the enlargement of preexisting arte-
rial connections into true collateral arteries, began in the
1700s with the work of Albrecht von Haller, a Swiss anato-
mist, who dissected human hearts and found that coronary
arteries provide a system of interarterially connected vessels
on the side of high arterial pressure. His findings suggested
that these conduits were functional arteries, larger in size
than capillaries [26]. Today, this process is recognized as
arteriogenesis, and, unlike angiogenesis, which is primarily
mediated by hypoxia, initiation of collateral artery growth
and remodeling is dependent on alterations in hemodynamic
forces. Circumferential wall stress and fluid shear stress are
recognized and the two primary forces responsible for this
complex process; however, uncertainties continue with
regard to the specific contributions and overall importance of
either toward arteriogenesis. Some uncertainty comes from
the observation that fluid shear stress, with a typical range of
20-30 dyn/cm?, is a weak force when compared with cir-
cumferential wall stress, which is 106 times greater [27].

In the early 1920s, Murray proposed that the vascular sys-
tem’s branching configuration exists so as to minimize the
amount of mechanical and metabolic work to provide ade-
quate blood flow. Using this model, it can be surmised that
fluid shear stress remains constant throughout the vasculature
and that blood flow is proportional to the cube of each indi-
vidual vessel’s diameter. Additionally, shear stress remains
proportional to blood flow and inversely related to the cube of
the radius [27, 28]. Accordingly, it is hypothesized that shear
stress regulates the acute early phase of arteriogenesis where
smallincreases in collateral artery diameter result in significant
decreases in shear stress [29]. The formation of collateral cir-
culation after an arterial occlusion correlates well with the
observed increase in shear stress where increased collateral
flow is caused by the pressure redistribution from pre-existent,
now occluded, vessels [30]. Itis also recognized that increases
in collateral diameter end once shear stress normalizes.
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Interestingly, despite early and abrupt normalization, cellular
remodeling of collaterals persists beyond this acute period,
and a shift from quiescence toward proliferation is observed in
both endothelial and vascular smooth muscle cells [31]. As a
result, it has been proposed that circumferential wall stress,
which remains elevated, is the more dominant force in this
later stage of arteriogenesis. Regardless of the dominant
mediators, collateral remodeling frequently reaches a plateau,
at which point hemodynamic alterations are unable to com-
pensate for progressive atherogenesis. Indeed, when these
compensatory systems fail or are overwhelmed, what follows
next is the clinical entity of critical limb ischemia.

Surgical Solutions for CLI
Autologous Vein Grafts

Today, autologous vein grafting is the recognized standard for
infrainguinal arterial revascularization, yet prior to the pioneer-
ing work done in the early 1900s, the predominating belief was
that repair of major vasculature was beyond the capacity of
surgical technique. Unconvinced that the 1894 penetrating por-
tal venous injury of French president Carnot was not treatable,
Carrel would undertake the task of refining vessel anastomosis.
He would go on to establish the modern fundamentals of bypass
surgery with his combined techniques of delicate vessel han-
dling, fine suture material, and triangulation [21]. The future of
bypass surgery would then be further progressed by Kunlin,
who in 1948 would be the first to successfully use a reversed
saphenous vein graft in the treatment of lower extremity isch-
emia [32]. In 1962, Sabiston would then go on to use a
modification of this technique in what we recognize today as
the modern coronary bypass. Interestingly, although much has
changed from the pioneering days of surgical vascular research,
what remains is that the conduit of choice for lower extremity
bypass continues to be the greater saphenous vein.

Physiology of Vein Graft Adaptation

Venous anatomy echoes arterial, and the intima, media, and
adventitia are easily identified as the major anatomic vessel wall
components. It is well known that, unlike arteries, veins have
a reduced medial component, which results in a thinner vessel
wall and typically allows for increased compliance. From prior
work, it is known that vein compliance is not a static prop-
erty, but rather dependent on its environment. Although it is
commonly assumed that native veins are more compliant than
arteries, in actuality, this increased compliance only remains
present up to pressures of 35-50 mmHg [33]. Under typical
arterial pressures, vein grafts become stiff and lose compli-
ance, while matched arteries remain moderately distensible.
Accordingly, a more accurate description is that veins are more
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compliant than arteries at low pressures, but less compliant
than arteries when subjected to arterial pressures.

Low pressure and low flow are the dominant hemodynamic
entities in the normal venous environment, and, unlike the
physiology observed in arterial circulation, veins are not sub-
jected to pulsatility, high flow, or high pressures. All vessels,
venous and arterial, are subject to mechanical forces in the
form of shear and circumferential wall stress. Effects of cir-
cumferential strain directly correlate with blood pressure, and
in the venous system, these maximal pressures are understand-
ably reduced. The circumferential venous forces that remain
go on to be counteracted by the entirety of the vessel wall, and
the cellular components in the intima, media, and adventitia
are uniformly affected. Conversely, shear stress, the frictional
force of blood along the intima is distinctive in that it exerts its
force primarily on endothelial cells. Fluid shear stress likewise
displays significant variation between venous and arterial sys-
tems, and prior studies have found 1-6 dyn/cm? to be typical
of venous shear stress. This is in large contrast to arterial vas-
culature where anywhere from 10 to 70 dyn/cm? is the prevail-
ing norm [11]. This abrupt hemodynamic alteration has been
implicated as the mechanism responsible for initial endothelial
desquamation, which is observed to occur in the first week of
graft placement. In such situations, graft endothelium regen-
eration appears to occur quickly with complete healing
observed in some veins at 48 h [34]. Nonetheless, concerns
regarding the long-term effects of acute arterial disruption of
venous endothelium remain with respect to graft patency.

Indeed, long-term patency for autologous bypass is largely
dependent on how successfully venous conduits adapt to
arterialization. As first suggested by Owens et al., the pro-
cess of successful vein graft adaptation appears to involve at
least two distinct temporal phases: early outward remodeling
of the lumen and delayed acquisition of wall stiffness [35].
In 2006, in a prospective human study, the authors showed
that 72 % of venous grafts dilate during the first post-surgical
month and that no appreciable changes occur beyond this
time. During the first 6 months, a nearly 40 % increase in
conduit stiffness was found with the greatest relative increase
occurring during the initial first 3 postoperative months.
Clinically, grafts that demonstrated early positive remodel-
ing in the form of lumen dilatation appeared to have increased
primary patency, and a trend toward greater wall stiffness at
1 month was noted in grafts that failed [35]. Further work
done by the same authors in 2008 underscored the critical
role of systemic inflammation in vein graft remodeling. In
this study, there was positive correlation noted between vein
graft diameter and initial shear stress. This shear-dependent
response, however, was disrupted in patients with an elevated
baseline high-sensitivity C-reactive protein (hsCRP).
Moreover, despite similar vein diameter and shear stress at
implantation, grafts in the elevated hsCRP group demon-
strated less positive remodeling within the first month and
likewise had a propensity to be stiffer [36]. Accordingly,
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although intricacies and specific mediators remain to be
identified, early positive adaptation of vein grafts lends itself
to successful long-term patency, and the importance of con-
trolling systemic inflammation deserves emphasis.

Responses of Venous Endothelial Cells
to Shear Stress

Hemodynamic shear stress, possibly the most influential
component of vascular remodeling and pathology, is the fric-
tional force created by the flow of blood in relation to the
luminal vessel wall and endothelial surface. It is in this regard
that the creation of a surgical bypass, using a venous conduit,
becomes one of the most dynamic processes responsible for
endothelial remodeling. Although the technicalities of per-
forming a successful bypass are well established, much of the
final outcome hinges on how successful the venous conduit
will be in adapting to the high-pressure pulsatile flow arterial
circulation where it is acutely placed [37]. Much remains to
be learned about the underlying mechanisms responsible for
both successful as well as pathologic endothelial adaptation.
At present, the majority of our insight into endothelial
response to hemodynamics comes from animal experiments
in which shear stress is acutely or chronically altered [11].

Classically, increases in shear stress, both acute and
chronic, are observed to result in upregulation of endothelial
nitric oxide synthase (eNOS) mRNA and protein production
[38]. Such increases in eNOS activity result in vessel lumen
dilation. Studies investigating this role for nitric oxide (NO)
have shown that through the use of L-NAME, a nitric oxide
synthase inhibitor, flow-induced vessel dilation is inhibited
[39]. In 1997, Clowes and colleagues demonstrated an
important relationship between shear stress and neointimal
hyperplasia. Using a primate model, the authors inserted
PTFE grafts into aortoiliac circulation bilaterally. A neointima
was allowed to develop for 2 months, and, at that time, half
of the animals were killed. For the remaining group, graft
flow was increased through the creation of a femoral arterio-
venous fistula. These animals were then killed 2 months
post-fistula creation. The findings from this study showed
regression of the neointima in those grafts exposed to the
additional 2 months of high shear stress. From prior work,
using this same model, the authors were also able to show
that high shear stress inhibits neointimal growth [39].

Work examining the effects of high and low flow on graft
adaptation have shown increased smooth muscle cell prolif-
eration in grafts exposed to low shear stress, and similar
findings have also been observed in endothelial cells [40]. In a
rat model, where unilateral ligation of the internal and external
carotid arteries results in the creation of high- and low-flow
arteries, increased endothelial cell proliferation is seen at 24,
48, and 72 h post-ligation in the reduced flow carotids. With
this model, the achieved alteration in flow reflected true arterial

and venous circulation, with a comparative shear stress of
33.4+ 1.1 dyn/cm?in the high-flow carotid versus 1.4 +0.2 dyn/
cm? in the ligated, low-flow complement [41]. These correla-
tions between shear stress and neointimal remodeling provide
insight into the mechanisms involved in venous bypass and
likewise demonstrate the paradoxical effects that high flow
and shear stress can exert on endothelial homeostasis.

Graft Characteristics and Long-Term Patency

Using the best available autologous conduit is universally
accepted as the fitting approach for peripheral bypass sur-
gery, and the conduit of choice is the ipsilateral, single-
-segment greater saphenous vein secondary to its documented
patency in lower extremity bypass [42]. Other characteristics
that define the best autologous conduit however continue to
be debated, and much of the data available comes from sin-
gle-institution retrospective studies that attempted to define
meaningful graft characteristics in regard to long-term pat-
ency. Traditionally, three surgical configurations, reversed,
nonreversed, and in situ, have been accepted for use in
infrainguinal vascular bypass work, and each is believed to
confer different effects on endothelial cells.

Reversed Vein Grafts

Vein excision with reversal of anatomical orientation and
maintenance of intact valves is the essence of a reversed vein
grafting technique. Considered to be somewhat basic, usage
of reversed vein grafts is typically well adapted for most sur-
gical bypass settings. The reversed technique eliminates the
need for valve lysis and thus limits intraluminal manipula-
tion. Concerns with regard to the altered flow dynamic in
reversed vein grafts have come from studies showing intralu-
minal turbulence secondary to retained valves. The surgical
creation of a reversed vein graft introduces valves into the
arterial system and, by doing so, adds a potential source of
turbulence. Such deviations from laminar flow hold the
potential to initiate pathological endothelial cell activation.
Despite having a reversed anatomy, venous valves do not lie
flush with the graft wall, and once subjected to pulsatile arte-
rial flow, these valves are observed to close during diastole
[43]. Coupled with the cardiac cycle, valves have the poten-
tial to modify flow dynamics by becoming active and pre-
venting the natural arterial backflow, and it has been
speculated that midgraft stenotic lesions occur secondary to
retained valve leaflets [44]. Other surgical concerns arise
from the stasis observed within the valve cusps and the
potential for them to function as a thrombogenic nidus [43].

Nonreversed Vein Grafts

In nonreversed technique, the vein is excised, its valves are
subjected to mechanical lysis, and it is then oriented in its
original nonreversed configuration. Observed advantages
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come from the preservation of a nonreversed orientation, thus
improving the circumferential accord of the arterial graft
anastomosis. Intraluminal valve lysis, however, is a requisite
and results in endothelial cell trauma and denudation. Venous
valve lysis results in significant endothelial trauma, and, from
prior work, it is known that the preservation of endothelial
cell integrity in venous grafts prevents subsequent morpho-
logic changes, namely thickening of the venous intima and
media in response to arterial dynamics [45]. Remarkably,
despite the inherent need for more manipulation and handling
with nonreversed grafts, improved hemodynamic flow is the
resulting outcome following valve lysis. Studies have shown
that lysis of valves increases graft flow rates anywhere from
30 to 60 % as compared to grafts with intact valves [46, 47].
Clinically, the improved bypass hemodynamics, shown
through higher shear stress and flow velocity, are atheropro-
tective and correlate with increased long-term graft patency.

In Situ Vein Grafts
The initial concept of utilizing an autologous vein graft
while minimizing surgical manipulation is attributed to
the work of both Rob and Hall in the early 1960s. At that
time, advanced valvulotomes had yet to be developed, and
valve lysis was achieved through serial transverse venoto-
mies and individual valve excision [48]. The modern in situ
vein graft is created through limited mobilization of both the
proximal and distal vein segments, thus allowing them to be
used in arterial bypass but simultaneously reducing total vein
manipulation and damage to the outer vessel layers, includ-
ing the vasa vasorum, during harvesting. Some studies have
suggested improved patency outcomes in vein bypasses har-
vested en-bloc with surrounding tissue where venous spasm
is believed to be reduced [49]. Prior studies have also dem-
onstrated that the disruption of the vasa vasorum results in
an acute decrease in vessel distensibility as well as long-term
structural changes and delayed deterioration of vessel elastic
properties [50]. Based on such evidence, it has been proposed
that by diminishing spasm, the need for high pressure disten-
tion, a known mediator of vein wall and endothelial damage,
is reduced [49]. There is also evidence to suggest an inverse
relationship between vasa vasorum preservation and neointi-
mal hyperplasia. Findings by Gossl et al. showed that vessel
areas with diminished vasa vasorum density were more sus-
ceptible to hypoxia, oxidative stress, and microinflammation,
all factors known to potentiate early atherogenesis [51].
Accordingly, there is modest evidence present that the use
of atraumatic techniques, which minimize damage to the
adventitia and the vasa vasorum, improve bypass patency.
Although there have been many studies, mainly single
center and retrospective, that have attempted to address
aspects of surgical technique in relation to lower extremity
bypass outcomes, the exact contribution of specific technical
factors remains to be fully defined. The most comprehensive
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data available come from the 2006 Project of Ex-Vivo Vein
Graft Engineering via Transfection III (PREVENT III)
Study, which was a randomized, double-blinded, placebo-
controlled trial of edifoligide for prevention of vein graft
failure in patients undergoing lower extremity revasculariza-
tion for critical limb ischemia. Although the primary and
secondary endpoints for PREVENT III did little to modify
current medical strategies for limb revascularization, the
study was able to provide perhaps the most comprehensive
multicenter data available to date with regard to long-debated
conduit and technique characteristics, such as vessel diame-
ter, graft type, and conduit orientation [52, 53].

Results for early 30-day graft failure identified several
significant technical predictors of early loss of primary pat-
ency. Small-conduit diameter was identified as one such tech-
nical factor, and primary patency in grafts greater than 3.5 mm
was observed to be 93.2 % vs. 85.7 % in grafts with diameters
less than 3.0 mm. Not surprisingly, composite grafts showed
worse outcomes when compared to single-segment grafts
with a primary patency of 84.1 % vs. 92.2 % in non-spliced
greater saphenous vein. Bypasses originating from a more
distal location showed improved short-term outcomes. Grafts
that originated from the popliteal artery had primary patency
rates of 93.9 % as compared to those with more proximal
anastomoses, such as the common or superficial femoral
arteries, where rates were 91.7 % and 87.7 %, respectively.
Graft length and the site of distal anastomosis were not found
to be predictors of primary patency loss. Although a slight
difference was observed between the early failure rates of
reversed and nonreversed grafts, 91.6 % patency as compared
t0 93.3 %, this finding was not statistically significant [53]. At
1 year, graft patency was again found to be detrimentally
affected by small conduit diameter with primary patency
observed to be 68.4 % in grafts with diameters greater than
3.5 mm vs. 42.4 % for those less than 3.0 mm. Poorer out-
comes were observed in bypasses composed of composite
spliced vein, those greater than 60 cm in length, and more
proximal bypass origination. Moreover, at 1 year, the primary
patency rates for reversed (65.0 %) and nonreversed (63.3 %)
orientation grafts were equivalent and not statistically
significant. From these data, significant identifiable technical
predictors of early and late graft failure include use of a small
conduit diameter or a composite vein; however, surgical vari-
ation with the reversed and nonreversed technique does not
appear to be a primary factor in bypass success [53].

Prosthetic

While the saphenous vein continues to be the superior unri-
valed arterial substitute for lower extremity bypass, a
significant portion of patients with critical limb ischemia
does not possess an autologous vein that is usable. It is in
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such difficult situations that an alternative arterial conduit is
frequently employed. The history regarding synthetic con-
duits, like much of surgical history, is long and much indebted
to research pioneers. In 1952, Voorhees and Blakemore pub-
lished a preliminary report describing the successful use of
Vinyon “N” cloth prostheses in the infrarenal aorta of mon-
grel dogs [54]. Despite these limited successes, long-term
durability would remain limited until the successful use of
the modern polymers polytetrafluoroethylene (PTFE) and
polyethylene terephthalate (Dacron).

Dacron

Within the same time period of the early 1950s, DeBakey
went on to create the first Dacron tube graft for aortic recon-
struction [55]. Unlike the preceding experiments using nylon,
Dacron, a synthetic multifilament yarn, proved to be both a
durable and suitable material for vascular reconstruction.
Traditionally, Dacron grafts have either been woven or knit-
ted, and modern grafts of both varieties continue to be manu-
factured and used. Woven grafts do not rely on the looping of
yarn around a needle, and because of this the resulting mate-
rial has a decreased porosity [56]. The more compact nature
of woven grafts results in stronger fabric, but comes at the
cost of decreased compliance. The stiffness of the woven
graft is believed to make it more difficult to handle and
suture, and the fiber orientation enhances the potential of
fraying when cut in the operating room [56]. Conversely,
knitted Dacron results in a softer, more compliant material
that likewise is more porous. The increased porosity of these
grafts makes them more susceptible to bleeding, and tradi-
tionally knitted tube grafts were subjected to preclotting
where the patient’s blood was passed through the graft prior
to surgical interposition so as to coat the pores with fibrin
and minimize operative bleeding [57]. Modern knitted grafts
are now manufactured with precoated materials, such as gel-
atin or collagen.

PTFE

Polytetrafluoroethylene (PTFE) first came into production in
the 1930s, and by the early 1970s, an expanded form, ePTFE,
began to be used in animal models as an alternative to Dacron
in arterial reconstruction [58]. The first successful reported
clinical use followed soon after in 1976 when Campbell et al.
published their experience in using ePTFE in infrainguinal
bypass [59]. Today, PTFE it is predominantly processed into
expanded PTFE (ePTFE), and the extrusion process results
in a porous morphology that microscopically is character-
ized by interconnected nodes and fibrils. Unlike the woven
or knitted characteristics of Dacron, ePTFE is a single seam-
less structure. Despite being microporous, ePTFE has a low
friction coefficient making its surface smooth and hydropho-
bic. Although ePTFE’s hydrophobic property prevents
hematogenous graft permeation, plasma and platelet surface

adherence is not inhibited, and the overall host response has
been found to be similar to that of Dacron [60]. More recently,
heparin-bonded ePTFE grafts have become available for
clinical use. Early data have suggested that these grafts
decrease platelet adherence and acute thrombus formation
surface [61]. Animal models have also shown a reduction in
anastomotic myointimal hyperplasia [62]. In 2009, The
Propaten European Product Evaluation (PEPE II) study
showed that heparin-bonded ePTFE grafts yield patency
rates that are comparable to those obtained with other graft
material in infrainguinal bypass surgery [63]. At present,
however, improvements to graft patency remain to be dem-
onstrated, and further clinical data will be required to ade-
quately determine this. Despite such fundamental differences
in material composition, prospective randomized trials have
found PTFE and Dacron to be equally suitable for infraingui-
nal bypass. Results from a trial published in 2001 showed no
differences between Dacron and PTFE with regard to pri-
mary and secondary patency or limb salvage [64].
Consequently, the surgeon’s choice of PTFE versus Dacron
for infrainguinal bypass in the operating room is truly based
on preference and not on clinical differences in graft perfor-
mance and patency.

Endothelial Cell Seeding

Early work with Dacron from the 1960s raised excitement
over the finding of a complete endothelial lining present in
prosthetic grafts implanted into various animal species [65].
In stark contrast to this mature endothelium found within the
arterial prostheses of baboons and pigs, however, was the
realization that humans grafts fail to achieve this re-endothe-
lialization [66]. Knowledge that endothelial cells possess
anti-thrombotic properties and function to limit intimal
hyperplasia, both primary obstacles to graft patency, led to
research investigating the potential role for endothelial cell
transplantation onto synthetic vascular grafts. In 1978,
Herring et al. published their work using a canine model on
arterial prostheses seeded with autogenous vascular endothe-
lium. The authors achieved this result by harvesting endothe-
lial cells from saphenous vein using steel wool pledgets and
using the admixture to preclot Dacron grafts [67]. These
results were promising, and over the ensuing decade much
effort would be placed into endothelial cell harvest optimiza-
tion and transplant, a process that came to be referred to as
cell seeding.

Further enthusiasm toward cell seeding would come from
later animal studies demonstrating that ex-vivo endothelial
cell incorporation into synthetic grafts enhanced patency
[68]. These results only further reinforced the belief that
development of mature endothelial cell surface was the miss-
ing link to maintaining long-term patency in synthetic arterial



14

substitutes [68]. Concerns that remained to be reconciled,
however, included whether any of the benefits ascribed to cell
seeding in animal models actually conferred analogous
human benefit [69]. In 1985, Rosenman et al. published
important work relating to the kinetics of endothelial cell
adhesion to synthetic graft materials. Using carotid interposi-
tion ePTFE seeded grafts with '"indium oxide-labeled
endothelial cells, the authors were able to examine cell reten-
tion following arterial implantation. Immediately following
implantation, only 19.8 % of the originally seeded cells were
found to be present, and, at 30 min, 70.2 % of these remain-
ing cells desquamated. Cell loss continued over the next 24 h,
at which time only 4.4 % of originally seeded cells remained
present [70]. These results were obviously unfavorable, and
for much of the next decade, experimental work would focus
on methods to improve endothelial cell adhesion.

The findings of poor endothelial cell retention coupled
with, at best, modest improvements in graft patency greatly
diminished the surgical community’s enthusiasm for cell
seeding. As noted by Zilla, those who continued work with
endothelial cell transplant were prepared to accept both a long
and arduous route with the knowledge that their contribution
would be a quiet one [71]. Not surprisingly, research using
collagen or fibronectin pretreatment to synthetic grafts found
that endothelial cells adhered poorly to and did not grow on
untreated Dacron and PTFE, while protein-treated materials
facilitated cellular retention [72]. Differences were also noted
between pre-treated Dacron and PTFE. Cells seeded onto
protein-treated PTFE were noted to form a confluent mono-
layer within 9 days, while the more irregular surface of
Dacron showed inferior results [73]. The following decade
would bring with it the next generation of advancement in the
quest to create a biologically functional vascular prosthesis. It
was observed that chronic in vitro culture of aortic endothe-
lial cells with flow was associated with cytoskeletal reorgani-
zation and increased endocytic activity when compared to
conventional static culture conditions. These data implied
that, through the control of flow, differentiation of endothelial
cells could be regulated [74]. It was therefore hypothesized
that endothelial cell adhesion could be stimulated and
enhanced by shear stress. The results of this hypothesis
became apparent in 1999, when Dardik and colleagues pub-
lished their work investigating the role of shear stress in
endothelial cell retention. PTFE endothelial cell seeded grafts
were treated with 0, 1, or 25 dyn/cm? shear stress in vitro and
then implanted. The authors found that pretreatment with
25 dyn/cm? resulted in fully confluent endothelial cell reten-
tion at 24 h post in vivo implantation. Furthermore, this
confluency and retention continued to be observed up to a
3-month time point. In comparison, this same observation did
not hold true for low flow conditions [75].

Despite great progress in understanding the biomechanics
of endothelial cell adaptation, clinical studies to date have
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been less successful in providing similar insight and prog-
ress. The first report of human cell seeding came from
Herring et al. in 1984. Using seeded and unseeded ePTFE,
the authors documented a 100 % patency for seeded femoral-
popliteal bypasses at 18 months in comparison to 60 % in
unseeded grafts [76]. Overall, however, results from further
human clinical trials have been mixed, with many investiga-
tors finding no benefit [77]. The most promising long-term
clinical cell seeding data come from work done by Zilla and
colleagues. In a study published in 1999, the authors showed
a notable primary 9-year patency rate of 65 % in endothelial-
ized PTFE grafts versus 16 % in control non-seeded PTFE
grafts [78]. More recently in 2009, the same authors pub-
lished their long-term results using autologous in vitro
endothelialization of infrainguinal ePTFE grafts. Over a span
of 15 years, and inclusive of 341 infrainguinal endothelial-
ized ePTFE grafts, the authors showed an overall femorop-
opliteal primary patency rate of 69 % at 5 years and 61 % at
10 years [79]. Unexpectedly, examination of retrieved ePTFE
samples from this cohort revealed the presence of an endothe-
lium on all samples after 38.9+17.8 months, thus challeng-
ing prior cell seeding outcomes where long-term cell
retention appeared difficult, if not impossible, to achieve
[79]. The results of this group go on to suggest that in vitro
long-term endothelialization of synthetic grafts is not only
clinically feasible, but that it also provides a patency benefit
in challenging patients without suitable autogenous vein.
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