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Abstract: The response of epicardial tissue to the implan-
tation of expanded polytetrafluoroethylene (ePTFE) was
evaluated and compared with identical material implanted
within subcutaneous and adipose tissues. These two tissue
environments were selected for comparison with epicardial
implants because they represent tissue often involved in de-
vice implantation. Discs of ePTFE (6 mm) were implanted
into three different tissue sites in Sprague-Dawley rats. At 5
weeks, polymers and surrounding tissues were harvested
and processed for light microscopy. General histology and
histochemistry data indicated all polymers to be well incor-
porated with new tissue. Subcutaneous implants were cov-
ered by a dense fibrous capsule (55–70 mm). Epicardial and
adipose implants had no fibrous capsule and a significantly
greater number of microvessels (arterioles, capillaries, and

venules) within the surrounding tissues compared with sub-
cutaneous implants. An increased level of inflammation was
also observed around epicardial implants compared with
the other implants. Additionally, the new vasculature sur-
rounding epicardially implanted ePTFE revealed an altered
microvessel density and vessel type distribution compared
with normal (control) epicardium. These results suggest that
epicardial tissue responds to implanted ePTFE with a robust
inflammatory response that may support the formation of a
new microvasculature that is uniquely different from the
native epicardial microvasculature. © 2002 Wiley Periodi-
cals, Inc. J Biomed Mater Res 61: 226–233, 2002
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INTRODUCTION

Historically, biomedical implants have been devel-
oped with a primary design emphasis on structural
characteristics and a secondary emphasis for material
biocompatibility. With the increased understanding of
tissue responses to implanted materials, it has become
evident that the current and future evaluation of bio-
medical implants needs to include the healing re-
sponse elicited by these materials after their implan-
tation into biological tissues. Preclinical analyses of
polymer-induced healing commonly use an animal
model where the implant is placed in a subcutaneous
pocket.1,2 The healing response elicited within subcu-
taneous tissue is often considered indicative of the
healing that would be observed in any anatomic site.
Other studies, however, have demonstrated tissue-site
specific healing responses in response to material im-
plants.3 The future analysis of the healing response
evoked by polymeric implants should specifically con-

sider the tissue into which the device is planned for
final clinical use.

When considering the use of polymers, specifically
expanded polytetrafluoroethylene (ePTFE) implanted
onto the epicardial surface, it is important to first
evaluate the evoked healing response by the epicar-
dium. This healing response may affect the success of
the implant because of the recruitment of inflamma-
tory cell types or microvascular elements. Expanded
PTFE devices that come in contact with the epicardial
tissue environment include pericardial patches, peri-
cardial wraps, and coronary artery bypass grafts
(CABG). Pericardial patches can be used as a surgical
membrane to assist with closure of the pericardium
after open chest surgery or to help minimize tissue
adhesion surrounding the heart for future repeat op-
erations.4,5 Future applications for these devices may
include revascularization of, or delivery of drugs to,
damaged or weakened myocardium. Pericardial
wraps are used in cases of heart failure as a physical
support around the heart.6 Finally, the development of
a synthetic CABG continues to be a goal of many in-
vestigators in the hopes of developing an autologous
vessel substitute.7,8 These examples of ePTFE devices
within the epicardial tissue environment raise impor-
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tant questions regarding how the epicardium re-
sponds to ePTFE implantation.

Therefore, evaluation of two features of the healing
response, specifically inflammation and angiogenesis,
after ePTFE implantation onto the epicardium will
provide biocompatibility data that may help to im-
prove currently used and future ePTFE devices. In-
flammation (defined as the presence of activated mac-
rophages and foreign body giant cells) and the forma-
tion of a fibrous capsule are tissue-specific parameters
that have been a focus of investigators’ efforts in the
evaluation of biomedical implants.9,10 Additionally,
the evaluation of angiogenesis (the development of
new blood vessels from pre-existing vessels) in the
peri-implant area has been realized as an important
parameter for influencing the polymer-tissue inter-
face.11,12 Promoting new blood vessel development
within and surrounding currently used polymeric de-
vices may contribute to their long-term function by
providing appropriate nutrient and waste product ex-
change to the surrounding tissues. In the case of a
vascular graft, transinterstitial growth of blood vessels
may also allow for the establishment of a quiescent
endothelial lining on the lumenal (blood contacting)
surface.11,13

Previous methods for the quantitation of the angio-
genic response associated with polymer implants of-
ten use an index or numerical value based on a mi-
crovessel density, expressed as the number of vessels
per high powered field (a defined area).14,15 This
analysis yields important quantitative information re-
garding vessel density. However, the development of
a functional new microvasculature in response to
polymer implantation may require more than just the
establishment of a tissue with an increased vascular
density. For example, the metabolic needs of a healing
tissue may require a specific vascular complexity that
includes microvascular density as well as microvessel
types. The distribution of these vessel types alludes to
the physiological demands and thus the functionality
of the new vasculature in the healing tissue. Conse-
quently, we have expanded our evaluation of the vas-
cular response associated with implanted materials to
examine these parameters. This analysis specifically
characterizes the type of vascular/angiogenic re-
sponse associated with a biomedical implant, thereby
providing information on the physiological role of the
new vasculature.

In the current study, we have evaluated the healing
response associated with ePTFE implanted onto the
epicardial surface, and compared these data to tissue
responses elicited by ePTFE implanted in other tis-
sues. The goal of this study was to evaluate the in-
flammation and vascular response in tissue that forms
around these materials, including the parameters of
microvessel density and type. The data support the
conclusion that the healing response, with respect to

microvessel density, inflammation, and vessel type
distribution, in association with ePTFE implants, is de-
pendent on the tissue environment.

MATERIALS AND METHODS

Study design

All animal studies were performed after approval of pro-
tocols by the Institutional Animal Care and Use Committee.
National Institutes of Health (NIH) Guidelines for the Care
and Use of Laboratory Animals (NIH publication 85-23, re-
vised 1985) were observed. Animals were housed in Ameri-
can Association for the Accreditation of Laboratory Animal
Care approved facilities. Male Sprague-Dawley rats weigh-
ing 300 to 400 g were used for the implant experiments. Five
rats received ePTFE implants on the epicardial surface.
Seven separate rats received ePTFE implants in adipose tis-
sue and subcutaneous tissue sites. Samples from all three
tissue sites were explanted after 5 weeks. Samples were sub-
sequently evaluated morphologically and immunocyto-
chemically.

Implant surgery

General anesthesia was induced and maintained by an
intraperitoneal injection of pentobarbital. Implant sites were
prepared by removing hair and the area was cleaned using
Nolvasan. Sterility was maintained and a warming pad was
used throughout the procedure. Sterile, 6-mm discs that
were punched out of ePTFE vascular grafts (Impra Corp.,
Tempe, AZ; standard wall thickness, 30-micron internodal
distance) were implanted into the three different tissue sites.

For epicardial implants, the rats were intubated using a
laryngoscope to allow for ventilated respiration. Epicardial
implantation was accomplished by performing a ster-
notomy. As soon as the pleural membrane was pierced, the
rat was immediately connected to the ventilator for artificial
respiration of the lungs. The ventilator (Harvard Rodent
Ventilator Model 683) was set to deliver 2.6 mL of air at 90
breaths per minute. On the heart’s surface, the pericardial
sac was gently pulled away from the epicardium and a small
hole (3 mm) was made through the pericardial sac. The
ePTFE disc was sutured onto the epicardium with the ablu-
menal (non-blood contacting) side of the disc in contact with
the heart surface. The chest was closed in three layers with
a chest evacuation tube in place. The chest was evacuated,
ventilator stopped, and animal recovered.

Implants in the subcutaneous and adipose sites followed
the previously published procedures of Williams et al.16

Briefly, subcutaneous implantation was accomplished by
making a 1.0-cm incision in each dorsal lumbar region and a
subcutaneous pocket was formed. Discs were implanted and
the incision was closed with metal auto-clips. Fat implants
were performed by making a midline incision in the abdo-
men, followed by exposure of the distal two-third portion of

227INFLAMMATION SURROUNDING ePTFE IMPLANTS



each epididymal fat pad. One disc of ePTFE per fat pad was
placed onto the fat and the tissue was then approximated
using 5-0 Prolenet (Ethicon Corp.) suture. The midline in-
cision was closed in two layers and animal recovered.

Explant and evaluation

Five weeks after polymer implantation, general anesthesia
was administered using pentobarbital. The polymers and a
significant portion of the surrounding tissue were exposed
and removed. Samples were immediately immersed into
Histo-Choicet (Ameresco, Solon, OH) fixative. Samples
were dehydrated, brought to paraffin, and block embedded.
Sections (6 mm) were subsequently processed for light mi-
croscopic evaluation by staining with hematoxylin and eosin
(H&E), and photomicrographs were obtained.

Sections for histochemical evaluation were reacted with
ED1 antibody, specific for activated monocytes, macro-
phages, and foreign body giant cells (monoclonal, mouse
anti-rat ED1; Harlan, Inc.) used at a final dilution of 1:200.
Primary antibody was visualized using a secondary anti-
body with a peroxidase reaction product recognition system
(Universal mouse kit; Dako, Inc.). Separate sections were
evaluated using the lectin Griffonia simplicifolia to identify
vascular elements (peroxidase conjugated lectin-Gs-1; EY
Laboratories used at a final concentration of 1:100). The Gs-1
lectin binding was visualized using a peroxidase reaction
product. Finally, separate sections were reacted with an al-
pha smooth muscle cell actin antibody (Sigma, Inc.; used at
a final concentration of 1:400) to identify smooth muscle
within the microvascular wall. For these sections, primary
antibody was visualized using the secondary antibody with
a peroxidase reaction product recognition system. For all
three histochemical techniques (ED1, Gs-1, and smooth
muscle cell actin), a methyl green counter stain was used to
identify background nuclei.

Microvessel density/inflammatory cell density

The tissue-implant interface, corresponding to the ablu-
menal ePTFE-epicardial surface, was viewed using a 40×
water immersion lens for vasculature and inflammatory
cells. For microvessel density counts, the number of cross
sectional and longitudinal blood vessel profiles per high
magnification (HM = 54 × 54 mm) was counted. Each HM
area analyzed included an area 54 × 54 mm from the ePTFE
material into the tissue (the interstices were not evaluated).
Ten random HM counts were taken along the entire length
of the tissue-graft interface of the ePTFE (n = 5 per group).
The criteria for the positive count of a vessel were: 1. positive
Gs-1 reaction, 2. an identifiable lumen, and 3. within the
designated high magnification. An eyepiece grid measuring
54 × 54 mm (2.9 × 10−3 mm2) was used to visually define the
HM borders. The number of vessels per mm2 was calculated
and reported.

For inflammatory cell density counts, the number of ED1
positive reacting cells was quantified using the same proce-

dure. A one-way ANOVA and a Bonferroni post hoc statis-
tical test were used to determine significance between treat-
ment groups.

Microvessel type analysis

Sections treated with Gs-1 were analyzed under a light
microscope with a 20× lens. The ablumenal side of the tis-
sue–implant interface of the ePTFE was analyzed for mi-
crovessel typing. Five random HM (200 × 200 mm) counts
were identified along the length of the tissue–graft interface
of the ePTFE (n = 5 per group). Microvessels were classified
using standard histologic features.17 Arterioles were identi-
fied by the presence of the characteristic layers: the endo-
thelium, internal elastic membrane, tunica media consisting
of one or more smooth muscle layers, tunica adventitia, and
an internal diameter $10 mm. Capillaries were identified by
their single layer of flattened endothelial cells.17 Venules
were differentiated from arterioles by their large lumen di-
ameter in comparison to vessel wall thickness, a thinner or
absent smooth muscle layer, a less significant tunica adven-
titia, and an internal diameter >10 mm. Internal diameter
measurements were taken using NIH SCION Image soft-
ware.

RESULTS

Histology

After explant (5 weeks), examination of general his-
tology revealed all polymers to be well incorporated
with new tissue in all implantation sites. Subcutane-
ous implants exhibited a covering of a dense avascular
fibrous matrix (capsule) with a relative thickness of
approximately 55–70 mm that was found to be com-
posed predominantly of extracellular matrix [Fig.
1(C)]. Minimal cell presence in the interstices of the
ePTFE was observed by H&E staining. In contrast, the
tissue surrounding adipose implants showed no evi-
dence of a fibrous capsule after the 5 weeks of implan-
tation. Furthermore, epicardial implants were associ-
ated with a vascularized granulation tissue containing
cellular and acellular components. [Fig. 1(A,B)]. Adi-
pocytes were observed in close proximity to the adi-
pose implants and connective tissue with nucleated
cells were seen in close association to epicardial im-
plants. A significant number of cells were observed
within the interstices of the ePTFE in both adipose and
epicardial tissues and identifiable microvessel profiles
were in close association to the polymers in these two
tissues. However, by H&E analysis, a limited number
of microvessels were found within the interstices of
the polymers in all three tissue sites of implantation.
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Histochemistry

Analysis of separate sections of tissues reacted with
Gs-1 lectin revealed a greater number of new mi-
crovessels within the surrounding tissue of epicardial
and adipose implants compared with subcutaneous
implants [Fig. 2(A,C)]. This observation was validated
by a higher number of Gs-1 positive microvessels

within the surrounding tissues of epicardial and adi-
pose implants. These blood vessels were observed
in both cross sectional or longitudinal orientations.
In addition, sections stained with ED1 antibody re-
vealed a greater number of ED1 positive inflammatory
cells in close association to epicardial implants com-
pared with adipose and subcutaneous implants [Fig.
3(A,C)].

Figure 1. Light micrographs of H&E-
stained sections of ePTFE disks after
5-week implantation in (A) epicardial, (B)
adipose, and (C) subcutaneous tissues. n =
5, bar = 50 mm.

Figure 2. Light micrographs of Griffonia
simplicifolia-stained sections of ePTFE disks
after 5-week implantation in (A) epicardial,
(B) adipose, and (C) subcutaneous tissues.
Microvessel profiles in the perigraft tissue
can be seen (arrows). n = 5, bar = 50 mm.
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Morphometric evaluation of the vascular response
and inflammation

Slides reacted with the Gs-1 lectin and ED1 anti-
body were subjected to morphometric analysis of mi-
crovessel density (microvessels/HM) and inflamma-
tory cell density (inflammatory cells/HM). Figure 4
illustrates the microvessel density in tissue formed
around ePTFE implants within the three different tis-
sue sites tested. These data demonstrate a significantly
higher microvessel density in the tissues around epi-
cardial and adipose ePTFE implants compared with
the subcutaneous tissue site. Evaluation of microves-

sel densities from normal (control) epicardium, adi-
pose, and subcutaneous tissues were also performed.
Comparisons of these control microvessel densities
showed no significant difference. However, direct
comparisons of control tissue microvessel densities to
the corresponding implant associated tissue reveal
significant differences between the epicardial and adi-
pose tissue groups (Fig. 4). Figure 5 illustrates the in-
flammation in tissue formed around ePTFE implants
within the three different tissues. The ED1 antibody
was used to identify activated macrophages and for-
eign body giant cells. Analysis of these data indicate a
significantly higher level of inflammation (primarily

Figure 4. Microvessel densities of control (nonimplanted)
epicardial, adipose, and subcutaneous tissues (shown in
solid bars). Microvessel densities of the peri-implant tissue
surrounding ePTFE disks after 5-week implantation in epi-
cardial, adipose, and subcutaneous tissue (shown in hatched
bars). n = 5, p # 0.05.

Figure 5. Inflammatory cell densities of the peri-implant
tissue surrounding ePTFE disks after 5-week implantation in
epicardial, adipose, and subcutaneous tissues. n = 5, p #
0.05.

Figure 3. Light micrographs of sections
of ePTFE disks reacted with EDI antibody
after 5-week implantation in (A) epicardi-
al, (B) adipose, and (C) subcutaneous tis-
sues. n = 5, bar = 50 mm.
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activated macrophages) around epicardial implants
compared with adipose and subcutaneous implants.
Additionally, a greater number of foreign body giant
cells were observed around epicardial implants when
compared with adipose and subcutaneous implants
(Fig. 1). Values for control tissues are not shown be-
cause in normal tissues the inflammatory cell numbers
are negligible.

Microvessel types

The microcirculation of normal tissue exists as a bal-
ance of microvascular types, arterioles, capillaries, and
venules. In this study, the microvessel types within
the healing tissues around the ePTFE implants were
characterized and compared with the microvessel dis-
tributions within normal (control) tissues. Table I
demonstrates that the microvascular environment of
control epicardium exhibits a distribution in the rank
order of venules, capillaries, and arterioles. In con-
trast, the microvessels that predominate in tissue
formed around epicardial ePTFE implants are capil-
laries, followed by venules, and arterioles. The major
differences in vessel type distribution of the epicar-
dium are found with a shift from 57.38 ± 3.16% ve-
nules in control epicardium to 25.34 ± 7.33% venules
in epicardial tissues around ePTFE implants. Addi-
tionally, the capillary presence increased from 32.79 ±
1.22% in control epicardium to 60.62 ± 12.30% in im-
planted epicardial tissues. Furthermore, the microvas-
cular environment of control adipose tissue and the
adipose tissues around ePTFE implants were found to
be primarily capillaries, secondarily venules, and ar-
terioles. Finally, within control subcutaneous tissues
and subcutaneous tissues around ePTFE implants,
these environments were found to support a majority
of capillaries, then arterioles, and finally venules. Fig-
ure 6 illustrates the types of microvessels present in

tissues around epicardial, adipose, and subcutaneous
tissues.

DISCUSSION

In this study, an epicardial model for the evaluation
of polymer healing was developed and used to evalu-
ate the healing response associated with clinically
available ePTFE material. The healing responses ob-
served suggest that the epicardial tissue environment
is capable of initiating and supporting a significant
angiogenic and inflammatory reaction in response to
ePTFE implantation. These data were compared with
current existing models of polymer evaluation, spe-
cifically the subcutaneous and adipose tissue models
of polymer evaluation.

The epicardial tissue environment represents a sur-
face that comes in contact with a variety of biomedical
devices. Some of these devices that have been previ-
ously mentioned include pericardial patches, pericar-
dial wraps, and synthetic CABGs. The development of
synthetic CABGs has received great attention because
of the vast patient population that may benefit from an
autologous vessel substitute. Significant effort has fo-
cused on the lumenal aspects of CABG with little
emphasis placed on the ablumenal tissue interac-
tions.18–20 Expanded PTFE as a long-term substitute
for CABG has seen limited success in the patient
population.7,8 Although lumenal patency remains an
important objective for CABG, we propose that the
ablumenal tissue responses may influence lumenal
characteristics. Our current study evaluated the ablu-
menal cellular interactions that occur around periph-
eral and coronary placed ePTFE polymers. These data
contribute information about the cellular composition
around these implanted polymers and how the heal-
ing responses may affect ablumenal tissue remodeling
and lumenal characteristics.

The ablumenal healing responses, specifically in-
flammation and angiogenesis, may directly affect lu-
menal patency by cellular activation through cytokine
or growth factor production. Therefore, a contributing
factor to ePTFE’s failure as a small caliber coronary
graft may be the recruitment of activated macro-
phages around epicardially implanted ePTFE and the
ability of these inflammatory cells to migrate into the
interstices of the graft material where they can elicit a
lumenal response. These inflammatory macrophages
are known to release a number of cytokines, including
platelet activating factor, interleukin-1, and platelet-
derived growth factor, which are known to activate
platelets, the coagulation cascade, and smooth muscle
cell proliferation (leading to intimal thickening), re-
spectively.21,22 These same macrophages are capable
of releasing numerous known angiogenic growth fac-

TABLE I
Relative Percent of Microvessel Types

Control Epicardium Implant Epicardium

% arterioles 9.84 ± 0.84 13.70 ± 1.41
% capillaries 32.79 ± 1.22 60.62 ± 12.30
% venules 57.38 ± 3.16 25.34 ± 7.33

Control Adipose Implant Adipose

% arterioles 3.33 ± 0.58 15.44 ± 2.49
% capillaries 90.00 ± 1.91 63.97 ± 5.37
% venules 6.67 ± 0.96 20.59 ± 2.19

Control Subcutaneous Implant Subcutaneous

% arterioles 17.93 ± 3.70 25.00 ± 3.40
% capillaries 66.67 ± 4.92 63.46 ± 3.30
% venules 15.40 ± 1.63 11.54 ± 3.00
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tors,21,22 which may be responsible for the dramatic
angiogenic response around epicardially implanted
ePTFE. The concomitant release of thrombotic factors
and angiogenic factors may be contributing to lumenal
thrombosis and intimal thickening while stimulating a
new microvasculature around these implants to re-
cruit additional inflammatory macrophages. These in-
terpretations of the data support previous authors
who suggest a codependence of inflammation and an-
giogenesis.22–24

During the evaluation of the angiogenic response,
the microvessel density and type was characterized.
With reference to microvessel density, the benefits of
stimulating a microvascular bed around polymer im-
plants include the local delivery of nutrients and re-
moval of waste products. Additionally, in the case of a
vascular graft, the ability to promote neovasculariza-
tion of the polymeric material may allow for the trans-
mural migration of endothelial cells to establish a qui-
escent, anti-thrombotic lumenal monolayer. When
evaluating the importance of microvessel type charac-
terization, it is necessary to consider the microvascu-
lature throughout the body where different physi-
ological demands require a specialized vasculature.
For example, metabolically active tissues, such as car-
diac muscle, require a high density of capillary ex-
change vessels for the efficient delivery of oxygen and
removal of carbon dioxide and other metabolic waste
products. Collectively, the parameters of microvessel
density and type help shape the physiological func-
tion of the vasculature by providing few or numerous
vessels within the tissue in a variety of vessel type

distributions according to the needs of the perfused
tissue. Therefore, characterization of the vascular re-
sponse in this study included an evaluation of these
parameters within normal (control) tissues and im-
planted tissues.

Microvessel type evaluation suggests a physiologi-
cal function of the new microvasculature within con-
trol tissues and tissues surrounding ePTFE implants.
For example, the epicardial surface represents a tissue
bed that is primarily dominated by mid-sized drain-
age venules. Physiologically, these venules could
serve as fluid collection reservoirs to assist in the re-
turn of interstitial fluid into the circulation. Whereas a
mature microvasculature is seen around epicardial
ePTFE implants with the presence of arterioles, capil-
laries, and venules, after 5 weeks of ePTFE polymer
implantation, the new tissue environment is domi-
nated by capillaries that physiologically serve as gas
and nutrient exchange vessels. The differences in the
microvessel type distributions between control epicar-
dium and the tissue surrounding epicardial implants
suggest either that the physiological needs of the heal-
ing tissues favor gas and nutrient demands over in-
terstitial fluid balance or insufficient signals are
present for the complete maturation of all new mi-
crovessels. For the design of biomedical implants that
stimulate the formation of a new vasculature, it may
be important to model the surrounding vascular bed
of normal tissue (with respect to vessel density and
type). In this way, the formation of a vascular re-
sponse that mimics the normal tissue will allow for the
proper function of the vasculature and thus help to

Figure 6. Light micrographs of H&E-
stained sections of ePTFE disks after
5-week implantation in (A) epicardial, (B)
adipose, and (C) subcutaneous tissues.
The types of microvessels are labeled as
arterioles, capillaries, or venules. n = 5, bar
= 20 mm.
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improve the biocompatibility of the material. In cases
in which ePTFE is being used on the epicardial surface
as a cardiac repair patch, pericardial wrap, drug de-
livery device, or as a synthetic CABG, modifications of
this material may be necessary to promote either a
noninflammatory condition or an angiogenic response
that mimics the normal tissue.

In this study, the healing response surrounding epi-
cardially implanted ePTFE materials was character-
ized and compared with previously reported tissue
sites of polymer implantation, adipose, and subcuta-
neous tissues. This study contains novel data that al-
low for characterization of the healing response asso-
ciated with ePTFE materials in the epicardial position.
Additionally, this study has focused on the angiogenic
response surrounding implanted ePTFE material by
quantifying microvessel density as well as character-
izing the types of blood vessels present in the regen-
erating tissues surrounding these implants. These data
indicate that the epicardial tissue environment re-
sponds to ePTFE implantation with a unique healing
response. Therefore, the evaluation of ePTFE devices
that will reside on the epicardium needs to consider
the inflammatory and angiogenic responses evoked
by epicardial tissues.
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