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gradual narrowing of the perforation site by mucosal and 
limited muscular regeneration.
Conclusions  The equine pericardial patch was success-
fully used to repair a gastric defect in our experimental 
model, and it seems that it could have potential as a mate-
rial suitable for further research concerning the repair of 
upper gastrointestinal defects.
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Introduction

The repair of defects in the upper gastrointestinal tract con-
stitutes an integral part of gastrointestinal surgery and is 
usually accomplished through primary suturing. However, 
the size of the defect is occasionally such that alternative 
approaches are required to ensure adequate repair.

Stomach defects are usually encountered as a result of 
ulcer perforation or iatrogenic perforation. Perforated pep-
tic ulcers are usually repaired primarily with sutures or an 
omental patch (via either the Graham or Celan-Jones tech-
nique). The advances in laparoscopic surgery have made 
the laparoscopic approach increasingly popular due to its 
well-known advantages [1]. Although the technique has 
been well described by surgeons with extensive experience 
in laparoscopic operations [2–4], laparoscopic suturing can 
be a challenging task to perform, especially in the emer-
gency setting. Closure using a patch could greatly facilitate 
the laparoscopic approach. Aside from its use in sealing a 
perforation, a patch could be used as a scaffold for tissue 
regeneration, facilitating the preservation of the stomach 
contour, such as in cases where a large gastrointestinal stro-
mal tumor is excised.

Abstract 
Purposes  The objective of this study was to test the effi-
cacy of an equine pericardial patch for repairing full-thick-
ness defects of the stomach wall.
Methods  Circular defects, 1.5 cm in diameter, were cre-
ated on the anterior wall of the stomach of 12 female New 
Zealand rabbits. The defects were repaired by an equine 
pericardial patch. After euthanasia at different time inter-
vals (3  days to 8  weeks) a macroscopic evaluation of the 
abdominal cavity (including adhesion scoring), mechanical 
testing and a histological examination of the stomach were 
performed.
Results  The animals survived the surgical procedure and 
underwent an uneventful recovery until euthanasia. None 
of the patches failed. Adhesions were observed in all ani-
mals and were significant in 3/12 animals. Bursting pres-
sure testing indicated that the repair was durable and that 
adequate strength to prevent patch failure was achieved 
by the second week. A histological examination showed 
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Duodenal defects resulting from a perforated ulcer, 
injury or suture line dehiscence have been the subject of 
considerable debate as well as significant morbidity and 
mortality for the last 50  years [5]. The problem is espe-
cially acute in the presence of giant (>2 cm) defects, where 
approximation by primary repair is not always safe and 
can result in continued leaking of intestinal juices, dehis-
cence due to tension or gastric outlet obstruction [6]. The 
alternative techniques are difficult to perform and/or time 
consuming, while a patch repair could potentially minimize 
morbidity and mortality. The development of a patch repair 
technique could pave the way for the establishment of a 
minimally invasive approach.

The efficacy of different materials in closing upper gas-
trointestinal defects has been examined in a number of tri-
als, mainly in animal models, but also in humans. Despite 
the encouraging results obtained so far, many surgeons 
have reservations about the use of synthetic materials in an 
infected field with the intention of sealing the lumen of the 
gastrointestinal tract. Biologically derived materials, which 
act as a scaffold that undergoes remodeling by host tissue, 
have been proposed as an alternative, but again, the dura-
bility in this setting is doubtful. It is therefore important to 
evaluate a wide range of available materials and examine 
the type and durability of their incorporation into the host 
tissue.

Glutaraldehyde-treated patches derived from pericar-
dium have not been previously tested for their ability to 
bridge upper gastrointestinal defects. The cross-linking of 
collagen fibers in these patches enables them to resist deg-
radation, incorporate into host tissue and thus enable a host 
tissue response adequate to permanently and robustly seal 
the defect. Based on this background, we hypothesized that 
a new equine pericardial patch would constitute an excel-
lent bio-scaffold, allowing the healing of such a defect. 
We therefore decided to evaluate this material by studying 
its histological integration and mechanical strength in the 
repair of gastric and duodenal defects. We herein present 
the results of our first study of gastric defect repair in an 
animal model. Our aim was to evaluate the histological 
integration of equine pericardium and to assess whether it 
provided sufficient mechanical strength at different time 
points over a 2-month period.

Materials and methods

Study design and surgical technique

The research protocol was reviewed and approved by the 
veterinary department of the Prefecture of Athens (protocol 
number EL25 BIO 05) and the bioethics committee of the 
“Laiko” General Hospital of Athens.

Twelve female white New Zealand rabbits, each weighing 
approximately 3.5 kg, were used in this study. The animals 
were housed under standard laboratory conditions (22  °C, 
12 h light–dark cycle) and were left to acclimatize for 7 days 
before surgery, with free access to food until 12 h before sur-
gery. The body weight (BW) was measured prior to surgery 
and weekly thereafter. The rabbits were anesthetized using 
ketamine at 35–50 mg/kg BW and xylazine at 5–10 mg/kg 
BW, and were intubated. The abdomen was shaved, cleaned 
and prepared with povidone iodine solution. All procedures 
were performed under aseptic conditions using sterile equip-
ment. Surgery was performed via an upper midline laparot-
omy. The stomach was identified and mobilized with atrau-
matic forceps and a circular full-thickness defect of 1.5 cm 
in diameter was created on the anterior body of the stomach 
close to the greater curvature using scissors. The perforated 
stomach was left in the peritoneal cavity for 15 min before 
repair. A square patch of equine pericardium (Peripatch, 
PM Devices Inc.) was fashioned to measure 1.5 × 1.5 cm, 
and was secured with interrupted vicryl 3-0 sutures. After 
meticulous peritoneal lavage and drainage, the abdomen was 
closed with interrupted vicryl 2-0 sutures, and the skin was 
closed with a continuous intradermal 3-0 monocryl suture. A 
single dose of an antibiotic (fluoroquinolone 7.5 mg/kg BW) 
was administered. Postoperatively, the animals were checked 
continuously in order to evaluate their general condition and 
for signs of pain or distress. Pain medication was adminis-
tered as needed. The rabbits were fed liquids in the immedi-
ate postoperative period and reverted to their normal diet on 
the first postoperative day.

Euthanasia and macroscopic examination

The rabbits were euthanized in pairs at different time inter-
vals in order to observe the evolution of the healing process. 
The first group was euthanized after 3  days, the second 
group after 1 week, the third group after 2 weeks, the fourth 
after 4 weeks, the fifth after 6 weeks and the last group after 
8  weeks. Euthanasia was performed by an intramuscular 
injection of ketamine, midazolam and atropine with dosing 
depending on each animal’s weight, followed by an intra-
venous injection of a concentrated solution of pentothal 
and potassium chloride. The abdomen was opened and a 
macroscopic examination was performed. The condition of 
the intestines was assessed, the presence of intraabdominal 
collections or abscess formation was documented, and the 
viability of the patched segment of the stomach, including 
the presence of local inflammation, was noted. The degree 
of adhesion formation and the type of adhesions was meas-
ured using a previously described scoring system [7] [(0) no 
adhesions, (1) avascular, easily lysed but fails to bleed, (2) 
vascular, is easily lysed but bleeds at the time of lysis, (3) 
thick, requires extensive sharp dissection]. The stomach was 
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removed and placed in a container for mechanical testing, 
which was performed immediately after removal. Adhesions 
on the repair site, which could not be removed by gentle 
traction, were left in situ.

Mechanical testing

Bursting pressure testing was used to evaluate the integrity 
and mechanical strength of the repair. The esophagus was 
sealed and the pylorus was connected to insufflation tubing 
(Fig. 1a). The specimen was submerged in saline at a con-
trolled temperature of 37–39 °C. The stomach was gradu-
ally filled with air and the intragastric pressure was moni-
tored with a pressure transducer (RS pressure transducer, 
model 249-3864, range 0–1 bar), connected to a data log-
ger (NI SCXI-1520 8-Channel Universal Strain Gage Input 
Module, National Instruments, Austin, TX, USA), using 
the LabVIEW 6.0 software program (National Instruments, 
Austin, TX, USA). In order to calibrate the system, five 
normal rabbit stomachs were tested first. The bursting pres-
sure was measured and recorded for each specimen except 
for those excised from the first pair of animals (killed 

3  days after surgery). After testing, the specimens were 
conserved in formalin for the histological examination.

Histological examination

Samples were placed in 10 % buffered formalin solution, and 
4 μm paraffin-embedded sections were stained with hema-
toxylin/eosin. All specimens were evaluated by a pathologist 
blinded to the sequence of the biopsy specimens. Slides were 
evaluated with regard to the inflammatory reaction, type of 
inflammatory cells, development of granulation tissue, degree 
of granulation tissue maturation, possible degradation of the 
patch by multinuclear giant cells, re-epithelialization and clo-
sure of the defect. A microscopic evaluation was performed 
to quantify the number of foreign body giant cells, polymor-
phonuclear cells (PMNs) and mononuclear cells (MNs) at the 
patch area, as well as to evaluate the amount of collagen dep-
osition and the number of blood vessels, as described previ-
ously [8] (Table 1). Five fields per section were counted by the 
same individual at 400× magnification (Nikon, eclipse 50i) 
in a blinded fashion. Moreover, immunohistochemistry was 
performed to detect the possible expression of inflammatory 

Fig. 1   a Preparation of the stomach for bursting pressure testing. b A 
post-mortem view of the abdomen. c Adhesion of the omentum to the 
patched site. d Adhesion of the spleen to the patched site. e Lysis of 

adhesions by blunt dissection. f Bursting pressure testing. Shown are 
air bubbles indicating perforation originating at a point distal to the 
repair site
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cytokines, like IL-6, and angiogenic factors, like VEGF. The 
following antibodies were used: anti-IL-6 (goat, polyclonal, 
Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:100 
and anti-VEGF (clone G153-694, monoclonal, Pharmingen 
BD Company, San Diego, CA) diluted 1:75. The incubation 
time was 1 h at room temperature for VEGF and 18 h at 4 °C 
for IL-6. The buffers, blocking solutions, secondary antibod-
ies, avidin–biotin complex reagents and chromogen were 
supplied in a detection kit (LSAB detection kit; Dako). To 
enhance antigen retrieval, sections were microwave-treated in 
0.01 M citrate buffer (pH 6.0) at 750 W for 20 min.

Results

Surgical outcomes: macroscopic examination

The operation was concluded successfully on all animals. 
All animals survived the operation. The animals resumed a 
normal diet and activity with normal bowel function. There 

were no clinical signs of postoperative complications, and 
euthanasia was carried out according to the protocol. At 
relaparotomy, there was neither evidence of gross abdomi-
nal contamination nor any signs of intraabdominal sepsis 
or abscess formation in any animal (Fig.  1b). The repair 
was found to be intact. Adhesions were observed in all of 
the animals, and included the omentum, liver and spleen 
(Fig. 1c, d). It was possible to lyse adhesions with gentle 
blunt dissection in all but three cases (Fig. 1e), where the 
adhering organ was excised en bloc with the stomach so 
as not to disrupt the specimen before mechanical testing 
(Fig. 2a).

Mechanical testing

Calibration of the measurement technique and estimation 
of the normal bursting pressure of the experimental model 
was achieved using five normal rabbit stomachs. The mean 
pressure was 119 mmHg. Except for the first pair of ani-
mals, all other stomachs were subjected to the bursting 
pressure test. There were no air bubbles at the start of the 
insufflation, indicating a complete seal of the defect. The 
repair site failed in both animals in the second pair (1 week 
after surgery) at a pressure more than 40 % lower than nor-
mal (62 mmHg, 71 mmHg) and in one of the animals in the 
fourth pair (4  weeks after surgery) at a bursting pressure 
within the normal range (139 mmHg). All other stomachs 
failed at a location distant from the repair site (Fig. 1f) and 
exhibited a bursting pressure similar to that of the non-
operated stomachs. The usual failure point was located at 
the lesser curvature. The results of the bursting pressure 
test are demonstrated in Fig. 2b.

Table 1   The histologic scoring criteria for the microscopic examina-
tion

Category Score

0 1 2 3

Polymorphonuclear cells 0 1–5 6–10 >10

Mononuclear cells 0 1–5 6–10 >10

Foreign body giant cells 0 1–5 6–10 >10

Collagen deposition Absent Mild Moderate Abundant

Vascularity 0 1–3 4–10 >10

Fig. 2   a The grade of adhesions found in each animal. b The bursting pressure testing results. The first two animals were not tested. Columns 
with a red color denote an animal in which the patched site failed during testing (color figure online)



87Surg Today (2015) 45:83–90	

1 3

Histological examination

On day 3 and during the first week, edema and infiltration 
of the area by granulocytes was observed. In this area, an 
increased number of IL-6-positive cells were observed 
compared to the adjacent normal gastric wall (Fig. 3a). This 
newly formed granulation tissue showed marked neovas-
cularization as indicated by the VEGF immunohistochem-
istry findings (Fig.  3b). In two cases, polymorphonuclear 
collections organized into abscesses were noted. In week 
2, a granulomatous reaction with multinuclear giant cells 
was observed, indicating that degradation of the patch had 
started (Fig. 3c). In addition, some degree of closure of the 
epithelioid layer of the mucosa was seen. At 4 weeks after 
the operation, a fibrotic layer started to form on the outside 
of the patch which developed into a well-organized, vascu-
larized and structured layer during weeks 6 and 8. After 6 
and 8 weeks, some newly formed muscle cells crossing the 
perforation site were found. During these weeks, the perfo-
ration site was slowly narrowing (Fig. 3d, e). The scoring 
of the histological parameters is shown in Fig. 4.

Discussion

The present study has demonstrated that, in our rabbit 
model, an equine pericardial patch constitutes an appropri-
ate material for repairing a full-thickness gastric defect. The 
patch successfully sealed the repair site, and no evidence of 
leakage or abscess formation was observed even 3 days after 
implantation. The defect continued to shrink throughout the 
observational period, although it did not completely heal 
within 2 months, while the patch was being extruded into the 
bowel lumen. Moreover, a thick fibrous layer of tissue devel-
oped early on and further enhanced the sealing of the defect.

To facilitate laparoscopic repair of a gastric perfora-
tion, a lactide–glycolid–caprolactone (LGC) patch, or the 
“stamp” method, has been proposed and tested in rats, and 
compared favorably to omentoplasty [9, 10]. To investigate 
the feasibility of endoluminal gastrotomy repair, an absorb-
able plug was successfully tested in dogs [11]. The first 
report of using polytetrafluoroethylene (PTFE) for stomach 
repair was an experimental study using rats, which dem-
onstrated that it could seal a gastric defect with abnormal 
epithelialization [12]. The novel small intestinal submucosa 
(SIS) biomaterial was used to repair a 1 cm gastric defect 
in rats [13], resulting in limited mucosal regeneration after 
21  days. Functional evaluation in a similar experimental 
model showed muscle contraction in the regenerated part 
of the stomach, combined with complete mucosal, submu-
cosal and some muscular regeneration at 6 months [14].

A number of experimental studies have been performed 
to investigate the patch repair of a large gastroduodenal 

perforation. PTFE has been used in five studies, and has 
been shown to enable mucosal regeneration, although the 
resulting neomucosa was thin and could not completely 
bridge large defects [15–19]. SIS has been used in two 
models of duodenal defect repair: in a rat model, in com-
bination with a poly(lactic-co-glycolic acid) (PLGA) layer 
[20] and in a porcine model combined with a porcine 

Fig. 3   a IL-6 immunohistochemical staining. b VEFG immunohisto-
chemical staining. c Granulation tissue beneath the patch at 2 weeks 
after the operation, showing a marked inflammatory reaction and 
multinuclear giant cells. d An overview of the defect site: a thick 
layer of fibrous tissue had formed beneath the patch. e The defect 
site at 6 weeks: there was narrowing of the defect, an increase in the 
thickness of the granulation tissue and the inflammation has subsided 
considerably
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elastin layer [21], while an acellular porcine dermal col-
lagen matrix patch was tested in a model with a com-
plex duodenal wall defect [22]. The use of both materials 
resulted in complete mucosal and incomplete muscular 
regeneration [20–22].

The clinical use of prosthetic materials on upper gastro-
intestinal tract defects has been limited, but some reports of 
this do exist. A sutureless method for the laparoscopic treat-
ment of an acute perforated duodenal ulcer using a gelatin 
sponge plug and fibrin sealant was described in 1993 [23] 
and led to a randomized study, which showed that the pro-
longed laparoscopic operation could be reduced when repair 
with sutures was not employed, without increased mor-
bidity [24]. Controversially, a report by Gómez et  al. [25] 
described a case of a successful PTFE closure of a duodenal 
stump dehiscence. Similar cases have been reported [18].

In the last decade, there has been an increase in the num-
ber of studies on the use of prosthetic materials to repair 
gastroduodenal defects. There are several reasons for this, 
the first being the aforementioned need for an easy laparo-
scopic technique for gastric ulcer repair. This is perhaps the 
indication with the more promising results, as shown by the 
experimental and clinical data, reinforced by the progress 
accrued using endoscopic techniques, which have shown 
the feasibility of plug repair. The second reason involves an 
attempt to overcome surgeons’ reluctance to use prosthetic 
materials on hollow viscera. The successful (although pre-
liminary) results of ePTFE use are encouraging, and this 
material has potential, especially if an alternate manufac-
turing process can further enhance its ability to integrate 
into host tissue [18]. However, the new generation of col-
lagen-based biomaterials show great promise with regard 
to not only gastroduodenal repair, but also many other 
applications.

Our choice of material was based on a number of rea-
sons. Pericardial allografts, such as our material, have 

been used for several years with proven safety, efficacy 
and adequate strength for indications such as cardiac 
valve repair, aortic arch reconstruction, abdominal wall 
defects, tracheal reconstruction, diaphragmatic repair and 
as pericardial and dural grafts [26–32]. Since we needed 
a material that could be used in the upper gastrointestinal 
tract, the fact that pericardial tissue has been shown to be 
resistant to bile and pancreatic juice in vitro, and to have 
superior qualities compared to porcine dermal matrix [33], 
suggested that it might be more suitable for gastroduode-
nal repair. Furthermore, use in the gastrointestinal lumen 
necessitates a material which provokes the creation of 
robust repair tissue and has the ability to support it for a 
sufficient amount of time, qualities which we expected 
from our patch, since it has been subjected to collagen 
cross-linking, which inhibits immunogenicity and reduces 
collagenase-dependent degradation [34]. Another potential 
advantage is the equine origin of our patch: although peri-
cardial scaffolds from different sources are similar, with 
small differences in thickness and mechanical strength, the 
equine pericardium does not raise the same concerns about 
the potential spread of infectious disease (e.g., transmissi-
ble spongiform encephalopathies) as does the bovine peri-
cardium [35].

Our study confirmed that the equine pericardial patch 
we selected possesses the benefits we expected. It showed 
that the material could effectively seal a gastric defect and 
provide adequate strength to the stomach wall. Due to 
cross-linking, our patch tended to not only swiftly induce 
a robust fibrous capsule, rapidly sealing the defect, but also 
to resist degradation, remaining mostly intact even after 
8 weeks, attributes which make it suitable for bridging gas-
trointestinal defects. In summary, we herein showed that a 
glutaraldehyde-treated equine pericardial patch could act as 
an excellent bio-scaffold in the repair of gastric defects in 
our experimental rabbit model.

Fig. 4   Semi-quantitative scor-
ing of the number of inflamma-
tory cells, collagen deposition 
and vascularity of the patch 
repair. The values for each time 
point represent the mean for 
each pair of animals
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We acknowledge that there are a number of possible 
limitations associated with our experimental model. We felt 
that the inclusion of a comparison or control group in this 
study was not appropriate, as our main focus was to deter-
mine and evaluate the histological integration and mechani-
cal strength of the patch on the gastric wall. Through the 
application of this simple experimental model, we were 
able to acquire valuable information, without unnecessary 
morbidity, while keeping the number of animal subjects to 
a minimum.

In conclusion, this study demonstrated that an equine 
pericardial patch could be a reliable alternative in the repair 
of a gastric defect in our experimental animal model. The 
patch proved adequate to seal the defect, enabled mucosal 
regeneration, while the repair site achieved adequate 
strength to resist rupture by 2  weeks after implantation. 
This study shows that the equine pericardial patch is a 
promising biomaterial for repairing gastric defects. How-
ever, further laboratory-based research is required to ascer-
tain the feasibility and safety of the patch on moderate and 
large-sized gastric and duodenal defects in comparison to 
a simple “primary suture” control group before this can 
be considered for clinical evaluation in the form of rand-
omized trials.
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