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Abstract
Background Incisional hernias repaired with mesh can be
expected have a lower recurrence rate than with primary
repair. Biologic implants have replaced synthetic meshes in
certain complex settings. We compared two porcine-dermis
derived implants—cross-linked Permacol™ biologic
implant and non-cross linked Strattice-Wrm™ tissue
matrix—in a ventral hernia animal model. Our hypothesis
is that cross-linked biologic implants are remodeled diVer-
ently and thus behave diVerently than non-cross-linked
biologic implants.
Methods Eighty-nine, female Sprague-Dawley rats had a
3 £ 3 cm full-thickness segment of the abdominal wall
excised. A 3 £ 3 cm biologic mesh, either Permacol™ or
Strattice™, was secured and the skin was closed. At 1-, 3-,
6- and 12-month time intervals, rats in each group were
sacriWced and the mesh was excised. The number of adhe-
sions, surface area, mesh thickness and tensile strength
were determined, and immunohistochemical analysis per-
formed.
Results Permacol™ biologic implant maintained thick-
ness while Strattice™ thickness decreased signiWcantly
starting at 3 months. Adhesion area and tenacity were not
signiWcantly diVerent between Permacol™ and Strattice™
at all time points. The tensile strength of the Permacol™
biologic implant was greater than that of Strattice™ at 3, 6
and 12 months. Migration of host cells and neo-vasculari-
zation was observed in both implant groups.

Conclusions Cross-linked materials may prove more
durable in the remodeling process as suggested by the
increased thinning and weakening observed in non-cross-
linked biomesh.

Keywords Biologic mesh · Cross-linked · 
Non-cross-linked · Hernia · Porcine · Dermis

Introduction

Abdominal wall hernia repair remains a surgical challenge.
Roughly 2 million patients will undergo abdominal opera-
tions each year in the United States and, of those patients,
10–23% will develop an incisional hernia [1].

However, tension-free repair with synthetic mesh has
reduced the incidence of recurrence by nearly 50% when
compared to primary ventral hernia repair [2]. Repair with
synthetic mesh does not come without complications. The
use of synthetic mesh in a known contaminated Weld is sur-
gically contraindicated because of the infection risk associ-
ated with its placement at the surgical site [3]. Adhesion
formation to the intestine is problematic and may lead to
later complications including intestinal obstruction, diYcult
reoperation, and rare but devastating enteric Wstulas.

Hernia repair with biologic grafts is a Weld that continues
to grow. These grafts are described as providing an extra-
cellular bioscaVold that becomes repopulated with new col-
lagen deposition and neovascularized [4]. Biologic meshes
may have advantages in complex repairs because of their
non synthetic qualities. Those that have been shown to be
most durable have been derived from pig dermis [5].
Although all xenograft biologic meshes provide a bio-
scaVold, not all undergo similar processing techniques and,
as a result, are remodeled diVerently.
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Permacol™ Biologic Implant (Covidien; http://www.
covidien.com) is made from porcine skin that has the cellu-
lar components and genetic material removed prior to
cross-linking the remaining extra-cellular matrix with non-
calcifying hexamethylene diisocyanate (HMDI) to make it
durable and resistant to breakdown by naturally occurring
collagenases. Permacol™ is a biomaterial that has been
used across a variety of surgical specialties, for urological,
plastic and gynecological procedures since the 1990s [6–8].

Strattice™ Reconstructive Tissue Matrix Firm (Life
Cell; http://www.lifecell.com) is also derived from porcine
dermis and undergoes a proprietary processing that
removes cells and signiWcantly reduces the key components
believed to play a major role in the xenogeneic rejection
response. This reconstructive material demonstrated revas-
cularization, cell repopulation and white cell migration as
early as 2 weeks post implantation, and mature vascular
structure at 6 months post implantation [9].

The chief proposed beneWt of collagen cross-linking is to
mechanically strengthen the biologic mesh and delay deg-
radation of biologic scaVold, thus prolonging the lifespan of
the tissue reinforcement [10]; of the xenograft biologic
meshes available, only two have signiWcant clinical data
evaluating their performance [7]. We proposed to compare
the cross-linked mesh, Permacol™, with the latest porcine-
derived biologic, Strattice™, which is not cross-linked, in
the areas of adhesion formation, tensile strength of mesh,
surface area and thickness of mesh and “incorporation” of
mesh (evaluating rat collagen type I and III and endothelial
in-growth into the biologic) at various intervals over a
period of 1 year.

Methods

Eighty-nine, female Sprague-Dawley rats weighing
between 250 g and 275 g were randomized into two groups:
Permacol™ and Strattice™. Each rat had a midline incision
and 3 £ 3 cm skin Xaps excised. A 3 £ 3 cm biologic mesh
was sewn into place using running 4–0 monoWlament non-
absorbable suture, and the skin was closed using staples or
with absorbable polyglycolic acid suture.

At 1, 3, 6 and 12 months, six rats in each group were
sacriWced. The anterior abdominal wall skin was elevated
and a subsequent trap door incision was created. The parie-
tal surface of the mesh was evaluated for adhesion forma-
tion utilizing a previously validated adhesion grading
system [11], and the adhesions were photographed. The
entire abdominal wall, including the implant, was excised
and rephotographed to determine surface area utilizing
ImageJ (NIH; http://www.rsbweb.nih.gov/ij/). The imaging
program was validated by comparing its results to the sur-
face area as measured by tracing on transparency Wlm. The

thickness of the mesh was also measured at numerous areas
using a digital caliper. The biologic mesh was then har-
vested in order to perform tensile strength measurements.
A 0.5 £ 2 cm central portion of the mesh was excised along
with a 0.5 cm wide portion of mesh/muscle interface, from
a lateral area, perpendicular to the interface (Fig. 1a,b).
Both of these excised portions were tested to Wnd the break-
ing strength of the mesh itself, and that of the mesh/muscle
interface, using an Instron-Sacks biaxial testing system in
uniaxial mode. A 2 cm gauge length and a strain rate of
0.825 mm/min were used for the mesh; the strain rate was
increased to 1.625 mm/min for the mesh/muscle interface.
A portion from the peripheral segment of the mesh, abut-
ting the muscle, was sent to pathology for anti-rat collagen
type I and III, anti-rat endothelial cell CD31 antibody,
hematoxilyn and eosin (H&E), Trichrome, and Sirius red
staining.

Fig. 1 Schematic of a where and b how the sample of tissue and mesh
were excised for pathology to give a consistent cutting width
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Statistical analysis

Adhesion tenacity and tensile strength were compared
using two-tailed t test comparing means, with P < 0.05
being considered statistically signiWcant.

Results

Of the initial 89 animals, 17 out of 42 implanted with Strat-
tice™ and 24 out of 47 implanted with Permacol™ had to be
sacriWced due to complications that consisted of skin separa-
tion and early herniation (Table 1). This complication rate is
to be expected secondary to not utilizing drains to prevent
seromas and utilizing the mesh in a bridging position.

At 1, 3, 6 and 12 months, neither adhesion tenacity nor
adhesion area were signiWcantly diVerent between Perma-
col™ and Strattice™ mesh implants (Fig. 2a,b).

The surface area of the implanted mesh did not diVer in
either Permacol™ or Strattice™ animals at 1, 3, or
6 months at the time of ex-plantation. However, the surface
area of the implanted Strattice™ was signiWcantly greater
when compared with animals implanted with Permacol™
at the ex-plantation time of 12 months (Fig. 3a). The thick-
ness of the control Permacol™ and Strattice™ was fairly
uniform, at 1.1–1.3 mm and 1.1–1.5 mm, respectively.
Both Permacol™ and Strattice™ lost 0.2–0.3 mm of thick-
ness over the Wrst 30 days but that loss was not statistically
diVerent from either control measurements or between the
two groups. Mesh thickness in animals implanted with Per-
macol™ were statistically higher at 3, 6 and 12 months
post-implantation when compared to animals having Strat-
tice™ implanted (Fig. 3b).

Pre-implantation tensile strengths of Permacol™ and
Strattice™ biologics were not statistically diVerent from
one another nor were they at 1 month post-implantation. At
3, 6 and 12 months post-implantation, Permacol™ biologic
implant demonstrated statistically higher tensile strengths
when compared to their Strattice™ cohorts (Fig. 4).

Initial histological evaluation did not demonstrate any
signiWcant diVerences in H&E staining for the 1-month
time point. Both had endovascular in-growth as well as host
collagen inWltration. By the 3-month time point there was a
signiWcant increase in inXammatory cells within the Strat-
tice™ mesh; however, there was no signiWcant diVerence in

collagen or vessel density between either mesh. The 6-month
histology did not demonstrate a signiWcant diVerence in
vessel density but showed a continued increase in inXam-
matory cells and a disorganization and decrease in collagen
content in the Strattice™ mesh. The 6-month vessel density
was 74.66 vessels/cm2 and 64.68 vessels/cm2, for Perma-
col™ and Strattice™, respectively. The vessel density at
12 months for Permacol™ was 34 vessels/cm2 (Fig. 5a).
We were unable to perform vascular density analysis with
any conWdence secondary to the signiWcant thinning of the
Strattice™ mesh at 12 months (Fig. 5b). There was a sig-
niWcant inXux of inXammatory cells and disorganization in
much of the mesh that was harvested.

Discussion

Multiple methods for abdominal wall reconstruction have
been used with diVerent rates of success. Most are in

Table 1 Randomization of the study animals

Strattice™ Permacol™

Died prior to end experiment 17 24

Completed study 25 23

Total animals randomized in study 42 47

Fig. 2 a Adhesion tenacity and b adhesion area of Permacol™ and
Strattice™ at 1, 3, 6 and 12 months
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general agreement that midline fascial approximation with
a mesh underlay, plus or minus component separation, pro-
vides better outcomes. However, we chose to utilize a
bridging technique rather than an underlay technique for a
multitude of reasons. Our main purpose was to evaluate the
remodeling process of the respective biologic implant.
Using an underlay would have added numerous variables to
our immunohistochemistry analysis of the mesh as well as
tensile strength testing. Our bridging technique provided us
an opportunity to evaluate the mesh itself without uncon-
trolled variables.

Biomeshes have been introduced to the hernia repair
Weld with potential beneWts of superior biocompatibility,
reduced adhesion formation, degradability, and decreased
risk of post-op infection in contaminated operation Welds
[12]. With these goals in mind, we set out to determine
whether there was an observable diVerence in using

Fig. 3 a Surface area and b thickness of Permacol™ and Strattice™
at implant and at 1, 3, 6 and 12 months. *Statistically signiWcant

Fig. 4 Tensile strength of Permacol™ and Strattice™ implants at 1, 3,
6 and 12 months. *Statistically signiWcant

Fig. 5 Representative photos of excised a Permacol™ and b Strattice™
at 12 months post-implant
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non-cross-linked and cross-linked biological meshes in the
repair of ventral hernias over the period of 1 year.

Following the implantation of biomaterials, the body ini-
tiates a reparative process that either aids in the integration
of the biomaterial or induces a disproportionate inXamma-
tory response that could end in excessive Wbrosis with
resultant scarring and encapsulation or rapid mesh degrada-
tion, leading to graft weakening and hernia repair failure
[10]. The use of Permacol™ and Strattice™ biologic
meshes had an observed wound complication rate of
19–26% in our model of ventral hernia repair. These com-
plications consisted of skin separation and early herniation
secondary to separation of the implant from the host muscle
as determined upon autopsy. Bridging defects in clinical
studies also reveals similar early hernia recurrence rates.
The rate of seroma formation in both groups accounted for
the vast majority of wound complications. Seroma forma-
tion after ventral hernia repair is one of the most common
post-operative complications [13]. Drains were not used as
would be our practice in human patients to control seroma
formation.

The pre-implantation mesh thicknesses did not vary sta-
tistically between Permacol™ and Strattice™ biologics.
However, there was a higher degradation rate observed in
the Strattice™ biologic starting at 3 months and continuing
until the end of the experiment at 12 months. This higher
degradation rate was also noted in the Strattice™ mesh sur-
face area at 12 months post-implantation. This is suggestive
that cross-linking has a beneWt in lessening the degradation
rate of the implant.

In addition to adding initial strength, one of the primary
functions of biologic meshes is to act as a natural scaVold
through which the body’s reparative process ultimately
replaces the mesh by gradually degrading and/or reabsorb-
ing, remodeling and replacing the mesh with native tissue.
Proper mesh integration depends on cellular and Wbrova-
sular in-growth, followed by tissue remodeling [10].
A bridging method utilizing both cross-linked (Permacol™)
and non-cross linked (Strattice™) biologic meshes was
used to observe the migration of host cells from the periph-
ery as well as to observe the role that peritoneal Xuid played
in re-vascularization and re-collagenation in-growth into
the biologic implant in the rat, and to assess neocollagen
deposition. Cross-linked materials may prove more useful
in the remodeling process as suggested by the increased
thinning and increased weakness beginning at the 3-month
time point in the non-cross-linked biomesh.

More studies evaluating the remodeling process and
durability of emerging biologic mesh products are needed.
Animal models have demonstrated the lack of durability
and eventual failure of human dermis-derived biologic
meshes when used in abdominal wall repair [5]. Thus, such
studies could provide valuable data regarding eYcacious
and appropriate use of costly products in clinical settings.
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