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Abstract
Bovine pericardium is widely used in surgery and is commonly used for a patch after arteriotomy
during cardiovascular surgery. Bovine pericardial patches have several advantages compared to
prosthetic patches, including superior biocompatability, easy handling, less suture line bleeding
and possibly reduced rates of infection. These advantages of bovine pericardium have led to its
common use during carotid endarterectomy. However, long-term clinical results reported after
carotid endarterectomy have suggested several issues that may be related to the patch including
restenosis, pseudoaneurysm formation, infection, fibrosis, calcification and thrombosis. These
complications may diminish the long-term efficacy of carotid endarterectomy and suggest
potential areas for improvement of surgical patches. Understanding the mechanisms by which
bovine pericardium heals after patch angioplasty may lead to next generation tissue engineered
patches.

Bovine pericardium (BP) has come into common clinical use during the past 20 years,
especially when used as a patch for arterial closure during vascular and cardiac surgery.
Bovine pericardial patches possess many technical merits that have led to their widespread
adoption in the operating room, including easy handling, less suture bleeding and the ability
to immediately perform arterial duplex examination at the site of angioplasty. However,
long-term results of this biomaterial are poorly documented and need cautious interpretation
as to whether its long term performance is related to the material itself or to the operation in
which it is used. For example, it is unclear whether restenosis after carotid endarterectomy is
directly related to the patch itself or whether restenosis is an inevitable consequence of the
arterial procedure. In addition, there are sporadic reports of unusual complications with BP
patches, including patch rupture and cartilaginous metaplasia. Although these reports are
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unusual, careful examination of these potential areas of improvement may lead to future
generations of BP patches with superior performance.

The native structure of bovine pericardium has three layers: 1) the serosa, the inner thin
layer consisting of mesothelial cells; 2) the fibrosa, the thicker layer formed by diversely
oriented, wavy bundles of collagen and elastin; and 3) the epipericardial connective tissue
layer, the outer layer that is partly continuous with the pericardiosternal ligaments.
Commercially available patches are processed to be acellular, preventing transplantation of
bovine proteins or DNA into the host.(1) Gluteraldehyde is a typical processing agent,
crosslinking −NH2 groups of lysine, hydroxylysine, or the N-terminus of amino acids, to
form amine linkages with the elimination of water; these amine linkages form covalent
bonds between adjacent proteins that are stable at physiological temperature and pH. The
resultant cross linking process increases tissue strength to inhibit biodegradation, as well as
reduces antigenicity to sterilize the tissue. Figures 1–3 show a commercial grade BP prior to
implantation, demonstrating its lack of cells or elastin; only collagen is easily detected in the
patch. Elimination of residual gluteraldehyde, prior to patch implantation, is important to
prevent late patch calcification in vivo.

Advantages
Bovine pericardium has several advantages in its use as a cardiovascular patch. These
advantages can be divided into two groups, i.e. benefits that have been clearly observed and
documented, and benefits that are noticed and likely but as of yet not well documented
(Table 1). There are several well-known features of bovine pericardium. First is its reliable
consistency; bovine pericardium is able to be manufactured and processed to a consistent
nominal 0.5 mm thickness, providing dependable suture retention(2) as well as ideal
operative handling characteristics. As such, BP has little suture line bleeding after
implantation, similar to autologous vein patches and significantly less than other prosthetic
patch materials. Bovine pericardium is also greatly biocompatible; this material is derived
from a biological material that is fixed in glutaraldehyde, increasing the strength and
stability of the material, while simultaneously reducing antigenicity and potential infections;
the increased material strength has been observed to correlate with long-term durability
when used clinically. Interestingly, the compliance of BP is more similar to that of the native
artery and much greater than several other clinically used prosthetic materials, allowing a
tight fitting closure of the angioplasty site, possibly contributing to the minimal suture line
bleeding. Since BP is fixed tissue, it also offers the benefit of off-the-shelf availability.(3)
Finally, since bovine pericardium is a solid tissue, without air spaces, insonation with
ultrasound is possible immediately after implantation.

There are additional benefits of BP, as an arterial patch, that have been observed but that are
not as well documented. Because BP is an acellular material of essentially pure collagen, it
may provide a natural microenviroment for host cell migration and proliferation,
accelerating endothelialization and tissue regeneration.(1) As such, it has been observed that
the restenosis rate after CEA using BP compares favorably with autologous vein and may be
slightly lower compared to the rate of restenosis after CEA using a prosthetic patch.(4,5)
Some manufacturers claim that their BP possess anticalcification technology that can
significantly reduce calcification and support endothelialization.(6,7) There have been
several case reports that have reported the use of BP to close an arteriotomy in the presence
of an infected field;(8,9) the authors’ personal experience with the material agrees with these
observations. However, large series of these cases as well as scientific evidence that BP is
either bacteriostatic or bacteriocidal is not currently available, nor have any animal models
been described. Whether any of these potential “benefits” actually improve clinical
outcomes will require additional reports from long-term observations and studies.
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Clinical uses
Vascular surgery

Bovine pericardium is commonly used in vascular surgery, typically as a material used for
patch closure of a longitudinal arteriotomy (“patch angioplasty”). Since primary closure of a
longitudinal arteriotomy may result in early restenosis, due to neointimal hyperplasia, patch
closure is advocated to prevent this technical problem; transverse arteriotomy is typically
closed primarily as it is not associated with this type of lumen narrowing, stricturing and
restenosis. Most commonly BP patch angioplasty is used after CEA, although it is
commonly performed in other medium sized vessels such as the femoral or popliteal
arteries, often after thrombectomy or embolectomy. Patch closure after CEA was routinely
used by Imparato as early as 1965.(10) Patch angioplasty has been shown to reduce the
incidence of both early and late complications after CEA, including reduction of restenosis.
(11) Meta-analysis provides strong evidence that carotid patching provides both
perioperative and long-term benefits after CEA and supports the standard use of patching
during conventional CEA.(12)

The first choice of patch material would logically be, and historically was, the autogenous
saphenous vein. Vein patch angioplasty should have the lowest incidence of postoperative
thrombosis due to the presence of an intact endothelial surface of the harvested vein, an
inherent suppleness and natural compliance that allows for exact approximation to the
arterial edge without kinking, and immediate sealing of suture holes thereby decreasing the
incidence of suture line bleeding and postoperative cervical wound hematoma.(3,12) Despite
these advantages, a vein patch requires a separate harvest procedure, increasing the
operative time and possibly risk of infection; patients rarely prefer to have a separate
incision on their leg for an operation elsewhere in the body. In addition, early reports of vein
patch blowout, with catastrophic results, may have biased some surgeons against using vein
patches, despite the association of this complication only with thin or small veins.(13,14)
Therefore, some surgeons and patients prefer the use of prosthetic materials that are
available “off-the-shelf” to the surgeon, not requiring a separate harvest. Several authors
have reported the outcome of using different patches after CEA, with the majority of studies
reporting little differences in outcome regardless of the material used, including no
significant difference in the rate of recurrent stenosis. Controversially, Neuhauser and
Oldenburg have reported that BP patching during CEA may have a lower rate of restenosis
compared to the rate after knitted polyester patching.(15) Marien et al (16) concluded that
BP patches demonstrated a statistically significant decreased amount of intraoperative suture
line bleeding compared with Dacron patches. A recent review of studies comparing patch
materials has shown that there is little reliable evidence to guide surgeons as to which
material is optimal.(3) More data is still needed to establish standard guidelines, as the
differences found between compared materials have typically been very small.(17)

Cardiac and thoracic surgery
BP is widely used in cardiac and thoracic surgery, including use as bioprosthetic valve
leaflets, for repair of intracardiac defects, and for repair of diaphragmatic defects. The
cardiac surgery literature contains comparisons of BP to other materials, such as the ePTFE
patch, for closure of ventricular septal defects.(18) The authors reported that although there
were no significant differences between the two materials in outcome after ventricular septal
defect closure, the surgeons had a preference for bovine pericardium due to its handling
characteristics, elasticity and its lower risk of post-operative endocarditis. BP has been
reported to be used in thoracic surgery, particularly for suture line reinforcement during lung
volume reduction procedures. Potential complications may include erosion into bronchi and
an inflammatory reaction.(19)
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Other fields
Bovine pericardium has also been used in other fields of surgery, including general surgery,
urologic surgery and ophthalmology. The use of BP to repair abdominal hernias is now well
established; some authors have concluded that BP can be used safely and efficiently for the
reconstruction of incisional hernias not suitable to direct repair.(20) BP has also been used in
the repair of extrahepatic bile duct strictures.(21) Urologists have reported the use of BP as a
urethral patch in laboratory animal studies; successful urethral reconstruction was possible
in only 20% of the animals; infection and leakage was hypothesized as the cause of the
urethrocutaneous fistulas present in 80% of cases. Further studies are necessary to determine
whether such fistulas are avoidable, potentially allowing this option for human use. In
ophthalmology, a case report describes the use of BP in the treatment of a large corneal
perforation secondary to alkali injury. Follow-up at 9 months showed a well-incorporated
graft without dehiscence and with minimal inflammation.(22) In the setting of iatrogenic
injury of the trachea, the use of BP in reconstruction has been proved to be safe and
effective.(23)

Future Directions
In an early report, Araujo et al found no evidence of endothelialization, infection,
thrombosis, or aneurysm formation associated with the use of BP for patch angioplasty.(24)
However, since then, additional cases and series have reported intimal hyperplasia,
restenosis, fibrosis and calcification occasionally associated with BP. Although the response
to vascular injury leads to intimal hyperplasia in native vessels, vascular bypass grafts, and
bovine pericardial patches, it is not clear whether the underlying fundamental molecular
mechanisms are similar in these diverse situations, or whether the initial molecular
responses that determine BP healing are fundamentally different from those present in native
vessels, yet may still lead to similar gross pathophysiology.

Restenosis
The rate of restenosis after angioplasty – both endovascular angioplasty as well as open
patch angioplasty – is a major topic of research. There are a large number of reports that
compare the rate of restenosis after placement of different types of patches used in
conjunction with CEA; however, most of these series report no substantial differences in
outcome between BP and other prosthetic patch materials.(17) It is believed that the main
cause of restenosis after CEA performed with patch angioplasty is intimal hyperplasia in the
area at or near the patch. However, despite the morphological similarity of this intimal
hyperplasia to that seen in a vein bypass graft, a dialysis access conduit, or a prosthetic graft,
it is not clear whether the fundamental mechanisms – on a molecular and cellular level – that
stimulate intimal hyperplasia under all these clinical circumstances are actually similar. For
example, we have recently shown that intimal hyperplasia that occurs in vein grafts, despite
its morphological similarity to that which occurs in injured arteries, is associated with loss of
the venous identity marker Eph-B4, a molecular pathway that is not known to be active in
arteries.(25) Similarly, the molecular and cellular mechanisms that govern BP healing after
arterial patch angioplasty are not currently well described; however, it is likely that some
mechanisms are similar to, and some mechanisms are different from, those described for
other prosthetics such as Dacron or ePTFE. Since the biological signaling pathways that
activate vascular healing after patch angioplasty must necessarily depend on the cells that
infiltrate the patch, we believe that a characterization of the types of cells that differentially
infiltrate these different types of patches will help clarify some of the differences by which
different patches may have different biological responses and therefore may need different
types of treatment, despite morphologically similar intimal hyperplasia and restenosis.
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Pseudoaneurysm
Although unusual, pseudoaneurysm formation is a known complication of angioplasty and
bovine vascular graft placement.(26) The pathogenesis of these pseudoaneurysms is related
to either graft deterioration or infection, fundamentally distinct processes that result in
morphologically similar pathology, analogous to the potential for different mechanisms that
lead to morphologically similar intimal hyperplasia. The fundamental strength of the
gluteraldehyde-fixed BP patch may be responsible for its low rate of degeneration and
possibly its resistance to infection, either of which may be responsible for the in turn for the
low rate of pseudoaneurysm formation. Management of pseudoaneurysms is usually
challenging, especially when they are present in the carotid artery; pseudoaneurysm rupture
may cause fatal hemorrhage and, in the carotid artery, stroke. Correction by open surgery
may necessitate the interruption of the carotid artery flow, which can precipitate a stroke,
potentially requiring use of a shunt during the procedure. In addition, the rate of cranial
nerve injury is likely to be higher in the redo operative field. Recent trends in management
of these complex situations have begun to explore the use of endovascular techniques such
as deployment of a covered stent-graft.(27)

Thrombosis
Thrombosis of BP patches has not been reported to be a major problem, either acutely or
chronically; nevertheless, as applications of BP continue to expand, the fundamental issues
of patch resistance to thrombus formation are likely to be encountered.

The fundamental factors that predispose to thrombus formation, e.g. endothelial injury,
stasis, and hypercoagulability, remain true since they were first described by Virchow, and
these factors may describe both acute and chronic thrombus formation. During CEA, the raw
surface of the post-endarterectomy arterial media may be a nidus of thrombus formation;
similarly, the collagen surface of the BP patch may be site of initiation of thrombus
formation. We routinely administer low molecular weight dextran-40 during the first
postoperative day after arterial endarterectomy with patch angioplasty to prevent thrombus
formation and propagation at the site of the endarterectomy. Heparin is given during the
procedure to prevent thrombus formation in the static artery distally to the clamp, especially
if a shunt is not used. Care must be taken when suturing the BP patch in order to prevent
injury to the endothelium of the surrounding artery, if an endarterectomy was not performed.
A single case of hyperacute rejection with fibrin accumulation has been reported on an
aortic valve prosthesis.(28)

During followup of BP patches placed for patch angioplasty, late thrombosis is rarely
reported, likely due to the high flow in the carotid artery. It is not currently known whether
BP patches heal in human patients by endothelialization. Nevertheless, it is currently
believed that endothelialization is one of the most promising solutions in reducing the
thrombogenicity of cardiovascular implants.(29) The only clinical data comes from the
reported superior long term patency in small series of ePTFE grafts that were seeded with
autologous endothelial cells, compared to conventional implants.(30,31) It is likely that
future strategies to promote optimal vascular healing of BP patches are likely to involve
endothelialization of the patch, either prior to implantation, or to promote it rapidly in situ.

Calcification
Vascular calcification is common in the elderly and is thought to be a major risk factor for
cardiovascular morbidity and mortality. BP patches are often used in elderly patients with
calcified vessels; as such it might be expected that the underlying process leading to calcium
deposition in native vessels may also lead to deposition of calcium in the vessel patch.
Historically, it is likely that residual gluteraldehyde that was used in the manufacturing of
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BP patches increased patch calcification,(32) and thus it is not surprising that more early
reports of patch calcification have not be described as has been for aortic valves.(33)
However, it is likely that modern manufacturing processes eliminate both the low amount of
residual gluteraldehyde as well as any residual cellularity, both of which may increase patch
calcification; in addition, the bovine source of pericardium may also play a role in decreased
calcification.(34)

Calcification of atherosclerotic plaques occurs when cells that have undergone osteoblastic
differentiation in the neointima synthesize and secrete a mineralized matrix containing type I
collagen in a process similar to bone formation.(35,36) Medial calcification results in
vascular stiffness and increases pulse wave velocity that, in turn, may induce clinical
vascular dysfunction including systemic effects such as hypertension and cardiac failure.
The mineralization of elastin is different from osteoblastic bone formation, but the
pathogenesis of medial calcification is less clearly understood than that which occurs as part
of atherosclerosis.(37) Many authors have reported that cells derived from the arterial
media, including smooth muscle cells, adventitial fibroblasts, and pericytes, undergo
osteochondrogenic differentiation and matrix mineralization under the appropriate
conditions in vitro.(38–41) These studies suggest that cell-mediated processes tightly control
procalcific and anticalcific mediators in the artery so that ectopic calcification is normally
avoided. As such it is possible that if smooth muscle cells and/or fibroblasts migrate into the
BP patch, the patch may provide an environment that promotes subsequent calcification and
degradation.(42) Hruska et al (37) summarized the currently accepted major theories
regarding the mechanism and regulation of vascular calcification: (a) failure of anticalcific
mediators; (b) induction of osteochondrogenesis; (c) apoptosis; (d) abnormal calcium and
phosphate homeostasis; (e) circulating nucleatic complexes/paracrine factors derived from
bone and (f) matrix degradation. As these etiologies become more understood, it is possible
that preventive strategies may be able to be incorporated into future generations of patches,
i.e. incorporation of anticalcific mediators. These next generation patches might be
particularly useful for patients with chronic kidney disease, type 2 diabetes mellitus, and
elderly, who might be at increased risk of patch calcification and degradation.

Infection
Infection is always an issue when dealing with the implantation of artificial materials; the
rate of prosthetic patch infection after CEA has been estimated to be approximately 0.4%
(43). Reports of infection definitively related to BP patches are exceedingly rare and
difficult to differentiate from overlying wound infection. Derksen. et al (44) have studied the
infection rate after common femoral artery endarterectomy, comparing bovine patches,
autologous vein patches and synthetic patches. They hypothesized that bovine pericardium
has a similar risk of postoperative infection, comparable to autologous vein.(44,45) The
authors found that two independent risk factors for postoperative surgical-site infection:
vascular reoperation in the ipsilateral groin and presence of a wound drain. The authors
could not prove a significant difference between synthetic and bovine patches in relation to
the incidence of postoperative surgical-site infection.

The low rate of definitive infection linked to BP patches has suggested to some surgeons
that BP patches may be resistant to infection, and therefore might be an appropriate material
to use in the presence of infection.(8,9,46) As this thought relies on the lack of verified cases
of BP patch infection, a negative argument, we believe that until an underlying mechanism
of resistance to infection is reported for BP patches, such as contact cytotoxicity,(47) there is
no reason to believe that BP is immune from becoming infected.
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Fibrosis
Fibrosis of patches is unusual and reports of BP patch fibrosis are distinctly rare (48,49). It
is likely that the mechanisms that induce patch calcification are similar to those that induce
patch fibrosis, although with subtle differences. Further research may help identify
fibrocyte-specific signaling pathways as potential therapeutic targets to prevent BP fibrosis.
(50)

Future directions
Can seeding mesenchymal stromal cells on BP avoid intimal hyperplasia? In order to
provide a base for uniform cardiac tissue regeneration, a mechanism that seeds a spatially
uniform distribution of adherent cells onto a scaffold has been described, using BP as the
scaffold for the seeded multilayered mesenchymal stromal cells.(51) The results demonstrate
that this novel bioengineered tissue graft can serve as a useful cardiac patch to restore the
dilated ventricle and stabilize cardiac functions after myocardial infarction.(52)
Interestingly, the authors reported increased density of neomicrovessels in the tissue
engineered patches compared to control patches, suggesting that tissue regeneration occurs
within the porous bovine pericardium through a process involving cell recruitment and
tissue-specific differentiation. This exciting research shows the prospect for delivering cell
therapy, in a site-specific manner, with bovine pericardial patches. Similarly, other
noncellular agents may be delivered.(53)
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Figure 1.
Bovine pericardial patch, stained with H&E. Light red staining is indicative of collagen.
There are no cells visible within the patch.
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Figure 2.
Bovine pericardial patch, stained for elastin. No elastin is seen. Dark red staining is
indicative of collagen.
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Figure 3.
Bovine pericardial patch, stained with Trichome staining. Dark blue staining is indicative of
collagen.
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Table 1

Advantages of bovine pericardium

Known benefits:

      Reliable consistency

      Ease of handling

      Durability

      Strength

      Biocompatibility

      Lack of suture line bleeding

      Off the shelf availability

      Immediate insonation

Possible benefits:

      Anticalcification

      Reduced restenosis

      Reduced infections

      Supports cellular ingrowth
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