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Abstract Permacol™ biological implant is a cross-linked
porcine dermal collagen biomaterial that has been successfully
used in abdominal wall repair. The purpose of this study is to
examine biopsies of the implant after use in abdominal wall
hernia repair and demonstrate its histological and immunohis-
tochemical characteristics in vivo. Three male patients, rang-
ing in age from 61 to 76 years, underwent biopsy of the
implant and surrounding abdominal wall tissue at 16, 36,
and 60 months after implantation. At 16 months, the implant
demonstrated excellent tissue integration, cellular and
neovascular response, and remodeling. The implant–host tis-
sue interface showed seamless integration with no fibrosis.
Tissue ingrowth into the material, new blood vessel formation,
and remodeling of the host–tissue interface were observed. At
approximately 36 months, organized remodeling of the im-
plant into functional, predominately host tissue was generally
seen. At more than 60 months, macroscopic and histological
characteristics resembled functional human tissue with immu-
nohistochemical evidence of the residual presence of porcine
collagen. Permacol™ implant supports controlled and natural
long-term remodeling into normal, functional host tissue.

Keywords Permacol™ .Hernia .Humanbiopsy .Abdominal
wall repair

Introduction

Acellular collagen-based implants appear to offer distinct
advantages over traditional methods in the repair of hernias,
especially in complicated clinical scenarios of direct apposi-
tion with bowel or contaminated areas (Hiles and Record
Ritchie 2009; Shaikh et al. 2007). These implants may allow
host tissue regeneration and restoration of functionwithout the
intense inflammatory response that characterizes the use of a
permanent synthetic mesh (Hammond et al. 2008a; Saettele
et al. 2007). However, a variety of limitations of biologic
materials have been surmised from human clinical trials, such
as restrictions on implant placement technique (Jin et al.
2007), abandonment of tension-free hernia repair principles
(Kolker et al. 2005), concerns regarding allograft harvesting
methods (Gupta et al. 2006), and xenograft processing tech-
niques (Chavarriaga et al. 2010). While these mixed results
are likely due in part to differences in the available materials,
such as biological source and processing methods, the optimal
biologic implant characteristics and methods of processing
remain in dispute.

Evidence suggests that cross-linking of collagen-based im-
plants by means of a variety of methods can be beneficial, and
that the specific clinical advantages may depend on a complex
interaction of such factors as the intended surgical application,
the sourcematerial, cross-linking technique, and other implant
processing methods (Billiar et al. 2001; Gaertner and Bonsack
2007; Kemp and Cavallaro 1995). Despite claims that infer-
ences as to clinical performance can be drawn directly from
broad characterizations of implant source and processing
(Sandor et al. 2008), ultimately the success of a particular
implant in achieving a specific clinical result is determined by
long-term clinical outcomes in humans. However, save for
further health problems, which would require surgical inter-
vention in the area of implantation, implant-related biopsies
are both rare and of extreme importance for understanding the

P. D. Sibbons : L. E. de Castro Brás
Department for Surgical Sciences, Northwick Park Institute for
Medical Research, Watford Road, HA1 3UJ Harrow, UK

R. D. Pullan
Department of Colorectal Surgery, Torbay District General Hospital,
Lawes Bridge, Torquay TQ2 7AA, UK

L. E. de Castro Brás (*)
University of Mississippi Medical Center, 2500 North State Street,
Jackson, MS 39216, USA
e-mail: ldecastrobras@umc.edu

Comp Clin Pathol (2015) 24:831–840
DOI 10.1007/s00580-014-1990-y

Biopsies of Permacol™ implant in humans after use in abdominal
wall repair: histological and immunohistochemical analysis

Paul D. Sibbons & Rupert D. Pullan &

Lisandra E. de Castro Brás



remodeling process and performance of biological implants in
this type of clinical setting.

Permacol™ biologic implant (Covidien plc, Mansfield,
MA, USA) is a hexamethylene diisocyanate cross-linked por-
cine dermal collagen device that has been successfully used in
clinical series of abdominal wall repair and reinforcement
(Shaikh et al. 2007; Catena et al. 2007; Cobb 2005;
Hammond et al. 2008b; Hsu et al. 2009; O’Brien et al. 2011;
Parker et al. 2006; Chand et al. 2014). However, more data are
needed to characterize the sequence of physiological events
that leads to long-term integration of the implant and support
of the repaired tissue in humans. The purpose of this study is
to examine the histological and immunohistochemical prop-
erties of Permacol™ implant and surrounding native tissue
after use in abdominal hernia repair. The opportunity to biopsy
any implant to allow study of its biological interaction with
human tissues is rare. In the cases reported here, patients
underwent further surgical procedures and biopsy with con-
sent was possible without hazard.

Materials and methods

Explicit informed consent to biopsy the site of previous repair
was obtained from each patient by the authors.

Case report 1

Explant from the anterior abdominal wall of a 76-year-old
male patient, 16 months post-implantation. The patient had
previously undergone panproctocolectomy for ulcerative co-
litis 20 years before. He underwent elective repair of a symp-
tomatic midline incisional hernia by open, preperitoneal
placement of synthetic mesh. Some 16 months before, an
elective repair of a symptomatic recurrent paraileostomy her-
nia had been performed placing an intraperitoneal sheet of
Permacol™ as reinforcement. This 10×10 cm sheet was
1.5 mm thick and the ileum had been brought through a
central cruciate opening. The Permacol™ implant had been
fixed in place with non-absorbable sutures. The edge of the
ileostomy repair site was adjacent to the incisional hernia
repair, and identifiable by a thickening in the tissues and the
sutures. A biopsy was taken.

Case report 2

Explant from a 63-year-old male patient, 36 months post-
implantation. This patient had had nine procedures for recur-
rent abdominal wall herniation after a childhood appendecto-
my complicated by peritonitis and later adhesive obstruction.
A Permacol™ implant (28×18 cm size; 1.5 mm thick) was
used in an intraperitoneal plane as a sublay and the rectus
sheath closed. This healed without complication. Three years

later, he developed a suddenly painful lower abdominal swell-
ing shown on CT scan to be fluid deep to the Permacol™
repair. As 3 years had elapsed, it was felt to be a new,
unconnected event perhaps traumatic in origin. This area
was explored through the lower portion of the repair and
found to be a resolving hematoma with serous fluid and
organized fibrinous material. The fluid was drained and a
biopsy of the previous repair taken. The biopsy consisted of
a thick sample based on a non-absorbable polypropylene
suture used to secure the implant 3 years before. The midline
repair remained sound.

Case report 3

Explant from a 61-year-old male patient, 60 months post-im-
plantation. This patient had an emergency subtotal colectomy
for perforated toxic megacolon complicating ulcerative colitis.
A large incisional hernia developed. An elective repair of this
hernia with an onlay of Permacol™ biologic implant was
performed at the same time as completion proctectomy and
ileoanal pouch formation with temporary defunctioning loop
ileostomy, which was closed later. Five years after the
proctectomy, the patient developed adhesive small bowel ob-
struction with extensive intra-abdominal interloop fibrous
bands. At conclusion of the laparotomy and adhesiolysis, a 5-
mm full-thickness biopsy of the abdominal wall was taken prior
to closure. Midline closure required a tapercut needle and was
tougher than a non-reinforced wall closure.

Histology

Biopsies were fixed in a 10 % neutral buffered formalin
solution. Blocks of tissue were taken from the fixed samples
and were processed to paraffin wax embedding by routine
automated procedures.

Two 5-μm sections were cut from each block in a trans-
verse orientation. One section was stained with hematoxylin
and eosin (H&E) and the other with a modified Picro/Miller
elastin stain for collagen and elastin identification. Sections
were visualized using an Olympus BX40 microscope
(Olympus Optical Co., Ltd., London, UK) with a CCD color
Olympus DP70 digital camera. Samples were examined for
implant presence, inflammatory and immune responses, cel-
lular penetration, cellular density, vascularization, collagen
and elastin presence and configuration, tissue/implant integra-
tion, and collagen degradation.

Immunohistochemistry

Anti-human collagen type I (AbD Serotec, UK) and anti-
porcine collagen type I (Novotec, France) antibodies were
used to identify species-specific collagen by immunohisto-
chemistry. Antigens within the sample were retrieved by two
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different methods depending on the antibody used: 1-h incu-
bation with 0.5 % hyaluronidase at room temperature (anti-
porcine) and 2-h pepsin incubation (1 mg/mL) at 37 °C (anti-
human). Endogenous peroxidase activity was blocked with
3 % hydrogen peroxide for 30 min and non-specific stain was
evaded by blocking the tissue with 2.5 % horse serum for 1 h.
Tissue sections were incubated with primary antibodies over-
night at 4 °C. ImmPress Kit reagent (Daco Laboratories, UK)
against the IgG of the animal species in which the primary
antibody has been raised was used to amplify the signal and
DAB was the substrate chosen to develop the final colorimet-
ric product (positive signal).

Results

Three tissue samples of explanted Permacol™ biological im-
plant were available for examination. Macroscopically, the
implants appeared completely integrated with the host tissue;
all biopsy specimens were identified by non-absorbable su-
tures securing the implant.

Case report 1

The interface between the implanted Permacol™ and the
native collagen was recognizable in some places, and tissue
integration between these two elements appeared to be excel-
lent (Fig. 1). After being implanted for 16 months,
Permacol™’s collagen fibers were remodeled and showed
the same structural orientation as the collagen fibers from
the host tissue. Probably as a consequence of the collagen
remodeling, immunohistochemical analysis did not stain for
porcine collagen but human collagen type I was identified
throughout the whole sample.

There was no evidence of inflammatory or immune re-
sponses. There was equal vascularity in both host and im-
planted material, and the integration was such that, in places, it
was difficult to define the junction between the two (Fig. 2).
Degradation of the implant or of the adjacent native collagen
was not observed. Picro Sirius red stain showed all of the
implant together with the host collagen to be of appropriately
good condition with no denaturation or mineralization. Neo-
collagenesis was observed within the implant and all collagen
present was not denatured and appeared to be of appropriately
good scar quality. Elastin fibers were absent from the tissue
samples examined.

Case report 2

The Permacol™ explant was taken from the abdominal wall
during drainage of an organized hematoma beneath the im-
plant. The tissue shows a well vascularized extracellular

matrix (ECM) and all tissue is heavily populated with cells,
mainly fibroblasts (Fig. 3). As a result, neo-collagenesis is
frequently observed, a normal feature for hernia-repair surgi-
cal site. Independent of the neo-collagen observed, mature
collagen showed natural birefringence, an indication of
good-quality collagen (Fig. 4).

Occasionally, focal areas show remains of a chronic inflam-
matory response, where lymphocytes, eosinophils, and plasma
cells are observed. Macrophages are visible in one localized
area but at low numbers (Fig. 5). It is not clear if this is a
reaction to the tissue or if the presence of these cells is related
to the organized hematoma. Nevertheless, the majority of the
tissue does not show evidence of a foreign body type reaction.

Histological analysis of the tissue from the Permacol™
repair site showed no evidence of the surgical implant but
instead a well-populated normal collagen structure similar to
surrounding tissue was observed. Permacol™ implant was not
identified by immunohistochemistry specific to porcine type I
collagen; however, the implant did stain positive for the pres-
ence of human type I collagen (Fig. 6). Porcine collagen was
used as control to confirm that the anti-human collagen type I
antibody was not cross-reacting with porcine collagen. Elastin
fibers and elastin bundles were occasionally observed within
the implant (Fig. 7).

Case report 3

Macroscopically, it was not possible to identify the
Permacol™ implant within the biopsy. Histopathology showed
a well-vascularized and cell-populated ECM (Fig. 8). Neo-
collagenesis and elastogenesis were both present.

As observed in the other case reports, the implant was not
easily identified, although some collagen fibers differentiated
from the surrounding tissue for its thickness and were struc-
turally similar to Permacol™ in one localized area of the
sample. An immunohistochemical stain for anti-porcine col-
lagen was performed, and within the collagenous matrix some
fibers stained positively for porcine collagen type I suggesting
that these fibers were part of the original implant (Fig. 9). The
remaining sample did not stain for porcine collagen but
stained for human collagen.

Lymphocytes were present in some localized areas, mainly
in the vicinity of vessels. The observed lymphocytes and some
inflammatory cells were localized away from the collagen
matrix where the porcine fibers were found. Tissue reaction
was restricted to one area in one extremity of the biopsy.

Discussion

The ideal prosthetic meshwould be biocompatible, resistant to
infection, induce low inflammatory and low immune
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reactions, be able to withstand physiologic mechanical stress-
es and strains, be capable of restoring normal tissue function-
ality, withstand sterility processes, provide tissue bulk where
required, be long lasting yet able to be removed if necessary,
allow host tissue ingrowth with good aesthetic results, offer a
rapid recovery time, and be accessible and non-expensive
(Matthews et al. 2003). In the search for biologic reconstruc-
tive materials, it is sometimes assumed that a graft that pro-
vokes early and profuse neovascularization and tissue in-
growth will invariably lead to successful functional outcomes
as host tissue rapidly replaces the implant. Alternatively, in
certain soft tissue augmentation procedures, resistance to rapid

resorption is desired (Sclafani et al. 2001). However, in ab-
dominal wall repair and many other reconstructive proce-
dures, where long-term strength of the repair is critical, con-
trolled biointegration and remodeling over time may be more
appropriate.

Permacol™ biological implant

Porcine dermal collagen implants stabilized against early en-
zymatic degradation by means of cross-linking have been
advocated for use in various reconstructive applications
(Abraham et al. 2000; Konstantinovic et al. 2010).
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Fig. 1 Complete integration
between Permacol™ implant and
host tissue, 16 months post-
implantation. The line follows the
interface between implant and
native matrix (H&E, ×100)

Fig. 2 Detail of complete tissue
integration between implant and
host tissue, 16 months post-
implantation. Arrows indicate the
interface between the two
matrices (H&E, ×200)
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Outcomes associated with the use of HMDI cross-linked
porcine dermal collagen (Permacol™ implant) in a range of
procedures have been generally favorable, with imaging-
diagnostic confirmed results in one rotator cuff repair study
with follow-up of nearly 5 years (Badhe et al. 2008). Hsu et al.
examined the role of Permacol™ implant in abdominal wall
reconstruction in 28 patients, documenting recurrent hernia in
3 of 28 patients on CT examination at a mean follow-up of
16 months (Hsu et al. 2009). Two additional independent
studies followed a total of 29 patients in large acute and
chronic abdominal wall defects for 18 months in each study,
with hernia recurrence in four patients, three of which oc-
curred within 6 months postoperatively in patients who had a

complicated surgical history (Shaikh et al. 2007; Parker et al.
2006). The authors concluded that the medium-term recur-
rence rate was comparable to synthetic mesh repairs. Recently,
a multinational retrospective study evaluated the use of
Permacol™ surgical implant on 343 patients in the repair of
213 incisional and 130 ventral hernias (Chand et al. 2014).
The study stated Permacol™ implant to be safe with relatively
low rates of hernia recurrence, and only one patient (0.3 %)
needed mesh removal.

Previous research in both animals and humans generally
demonstrates that Permacol™ implant integrates with the
abdominal wall in a gradual, organized fashion with minimal
associated inflammatory response (Hammond et al. 2008a;

Fig. 3 Thirty-six months post-
implantation, the extracellular
matrix is highly populated,
mainly with fibroblasts, on a
ventral hernia repair site. Vessels
are present (arrows) to sustain
cellular density and tissue
requirements (H&E, ×100)

Fig. 4 Neo-collagenesis is
identified by the small fibers in
green (yellow arrows). Collagen
mature fibers are thicker and
stained yellow (blue arrows),
36 months post-implantation
(Picro Sirius red/Miller stain
under polarized light, ×20)



Gaertner and Bonsack 2007; O’Brien et al. 2011; Macleod
et al. 2005; de Castro Bras and Shurey 2012). This character-
istic of Permacol™ implant in vivo is desirable in abdominal
wall reconstruction, where proximity to viscera and frequently
compromised wound conditions are common. O’Brien et al.
report that at 24 months, Permacol™ demonstrated durability
with excellent integration, vascular ingrowth and remodeling
with human collagen, and elastin deposition in the implant
(O’Brien et al. 2011).

In light of these studies and the present results, the early
deposition of healthy host collagen, eventually leading to a

fully integrated implant and potential long-term replacement
by native tissue, must be sharply distinguished from encapsu-
lation of the device. Encapsulation is classically associated with
a persistent foreign body response and chronic sequestration of
the implant that tends to become more severe as the duration of
implantation increases (Bellon et al. 1996; Formichi et al.
1988). Clinical evidence with a carbodiimide cross-linked por-
cine dermal collagen device that is processed using methods
that diverge from those used in producing Permacol™ implant
demonstrates that encapsulation of abdominal wall implants
frequently leads to postoperative wound complications and
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Fig. 5 Lymphocytes (L) and
macrophages (M) are evident in
the center of the explant in the
vicinity of vessels, 36 months
post-implantation (H&E, ×100)

Fig. 6 Human explants,
36 months post-implantation,
from a ventral hernia repair site,
collagen from the ECM stained
positive for human collagen type I
(anti-human collagen type I stain,
×20)



infections requiring graft removal (Chavarriaga et al. 2010). In
the case of Permacol™ implant, however, the wound compli-
cations tend to be within expectations and the device can often
be salvaged using topical wound care techniques (Parker et al.
2006; Chave et al. 2006).

Findings of the current study

In the current study, progressive graft incorporation and re-
modeling was observed in samples explanted at 16, 36, and
60 months, consistent with a gradual, controlled process of
biointegration, neovascularization, and restoration of func-
tional tissue. Histopathology showed that Permacol™ im-
planted for 16 months in a challenging ventral peritoneal wall
position (case report 1) integrated very well with host

collagen. There was equivalent vascularity in both host and
implanted material, and the integration was such that, in
places, it was difficult to define the interface between the
two. There was no evidence of inflammatory or other detri-
mental activity. There was neo-collagenesis within the im-
planted material and remodeling of the Permacol™ but not
such that it was unrecognizable as implant material. Picro
Sirius red/Millers elastin stain showed all of the implant
together with the host collagen to be non-denatured.

At 36 months after clinical repair of a recurrent midline
hernia, Permacol™ biological implant was remodeled and
well integrated with the host tissue (case report 2).
Occasionally, localized inflammatory cells were present
around blood vessels, but these may result from the nearby
organized hematoma and not as a response to the implant. The
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Fig. 7 Case report 2: Elastin was
observed in bundles (blue) within
the extracellular matrix of the
repair site. Elastin stained blue
and collagen dark pink (Picro/
Miller elastin stain, ×40)

Fig. 8 Sixty months post-
implantation, the extracellular
matrix was well populated,
vessels are present to support the
cellular population (H&E, ×100)



presence of high amounts of neo-collagen suggested good
healing of the wound and integration with the surrounding
tissue. The tissue was well vascularized and well populated by
fibroblasts. No bulging or diastasis of muscle was observed.
Overall, the histology of the Permacol™ repair site was in-
dicative of ordered and controlled integration and remodeling
of the Permacol™ collagen into functional, predominantly
host tissue.

After 60 months post-implantation, immunohistochemical
analysis of the Permacol™ biological implant sample (case
report 3) showed the presence of a small number of collagen
fibers of porcine origin, suggesting that in this particular clinical
situation the implant was gradually remodeled by the host tissue
and, although at a low level, it was still present. This result gives
evidence that Permacol™ biological implant can be used in
challenging situations when a resilient material is needed.

Overall, the results reported in this manuscript suggest that
Permacol™ implant remains macroscopically recognizable at
16 months, and tends to remodel into healthy native tissue by
36 months, with occasional porcine fibers still evident at
60 months. The inability to detect porcine collagen using
specific antibodies in the samples at 16 and 36 months may
be due to factors such as specimen fixation techniques.
Prolonged preservation of the specimen in formalin, for in-
stance, may mask the presence of such antigens. However, the
finding of human collagen staining in all biopsies, together
with the general absence of a recognizable implant at 36 and
60 months, suggests that remodeling of the implant in later
months and years leads to replacement of porcine collagen by
functional host connective tissue.

Published human abdominal wall experience

The histological observations made here may be instructively
compared to earlier histological and immunohistochemical

findings, at 1 to 24 months post-implantation (Hammond
et al. 2008a; O’Brien et al. 2011). Hammond et al. (2008a)
investigated the potential role of Permacol™ implant in rein-
forcing the connective tissues of the abdominal wall surround-
ing a temporary ileostomy site defect. In 10 of 11 biopsies,
taken at stoma reversal at a median of 7 months (range 1–8
months), a clearly defined interface between the implant and
host tissue was observed, with ordered deposition of host
collagen parallel to the implant surface. Only limited penetra-
tion of new collagen formation and neovascularization was
observed within the implant itself; however, fibroblast inte-
gration and proliferation into the native pores of the implant,
along with synthesis of ECM-associated proteins such as
fibronectin and laminin, seemed to be more pronounced in
biopsies taken in later months. Although the population in the
stoma reversal study was free of abdominal hernias at the time
of implantation in all cases, and subsequently in all but one
case, the finding of a well-integrated implant with organized
collagen fibers staining positively for human collagen is con-
sistent with an early stage of remodeling, in which the implant
remains virtually intact in most cases. Data fromO’Brien et al.
(2011) provide a glimpse into the histological and immuno-
histochemical characteristics of Permacol™ after biopsy from
the abdominal wall at 24 months, a time period that is not
represented in the current study. Researchers found that the
implant was still easily recognizable, but that human collagen
types I and III and elastin were present throughout the
explanted tissue, suggesting that a remodeling process was
well underway in which the porcine collagen was being
invaded and replaced by human collagen.

Performance in adverse wound conditions

In the present investigation, the wound from which the biopsy
was taken at 36 months was associated with a concurrent fluid
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Fig. 9 Anti-porcine collagen
type I antibody used in a human
explants, 60 months post-
implantation. In the center of the
sample, a few collagen fibers are
positively stained for porcine
collagen (arrows) (×20)



collection that required drainage. Porcine dermal collagen
appears only infrequently associated with mesh removal
caused by persistent postoperative seromas, in contrast to
microporous synthetic mesh (Kuo et al. 2010). In the case at
hand, the surgeon did not believe the implant to be a causative
factor in development of the fluid collection and examination
of the explanted tissue revealed no generalized foreign body
response. Furthermore, healthy human collagen was observed
at the implant site. The fluid collection in this case was
unusual, presenting so late after surgery and being only deep
to the implant. It contained fibrinous material and could have
been a hematoma caused by local wall tear or trauma.
Drainage stopped the pain and no re-accumulation occurred.
A reaction to the implant would not have been so easily
resolved. Seroma formation was reported with the use of
eight-ply porcine small intestinal submucosa (SIS) in a series
of ventral hernia repairs, prompting surgical treatment within
approximately 6 months after the initial surgery in 17 of 41
total patients (Gupta et al. 2006). Histological analysis of
explanted SIS material showed delamination of the outer
layers of the device, and an acute and chronic inflammatory
response. In the same study, human acellular dermal matrix
was used in a subsequent series of ventral hernia repairs.
Wound exploration during revision of recurrences revealed
incomplete incorporation of the mesh, while 45 % of patients
presented with abdominal bulging (Gupta et al. 2006). Despite
the presence of the seroma in the present study at 36 months,
no muscle diastasis in the explanted tissue was noted.

Reinforcement of the abdominal wall in each of these
challenging cases required a material either in direct
contact with the bowel, in a potentially contaminated
area, or both. Biological meshes such as Permacol™ are
suitable in this context providing durability of strength
retention, resistance to infection, minimal intraperitoneal
adhesion and fistulation, flexibility, and the opportunity
to repair abdominal wall function. The histopathological
analysis showed that Permacol™, implanted in challeng-
ing conditions, integrated very well with the native
tissue and underwent a gradual remodeling process,
leading to stabilization of the structural proteins present
in the ECM which allowed healing and strengthening of
the wound. Cross-linking of the collagen provides resis-
tance to collagenases allowing incorporation before ab-
sorption of the implant and clinically relevant longevity
of the repair, and in these cases, showed no tendency
for encapsulation. At 16 months, the implant was un-
dergoing a process of remodeling that included progres-
sive deposition of new collagen, while by 36 and
60 months, the implant was almost completely replaced
by functional human tissue. Clinical results with com-
parable long-term follow-up are needed to further delin-
eate the role of Permacol™ implant in abdominal wall
repair.
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