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Introduction

Incisional hernia is a common postoperative complica-
tion. Incidences range from 3% to 20% in the general 
population with an increased incidence of up to 39% in 
patients suffering from obesity or aortic aneurysms.1 
Correction of incisional hernias is nowadays most often 
performed with mesh reinforcement.2 The use of mesh 
radically lowered the 10-year recurrence rates after inci-
sional hernia repair.3 Meshes are produced in a large vari-
ety of materials, structures, and shapes, and even 
composites are available.4 Conventional synthetic meshes 
are still used most often in general practice and polypro-
pylene mesh is the most popular product.5

In laparoscopic incisional hernia repair, direct contact 
between the mesh prosthesis and the abdominal viscera is 
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Abstract
Background. In laparoscopic incisional hernia repair, direct contact between the prosthesis and abdominal viscera 
is inevitable and may lead to adhesions. Despite the large variety of mesh prosthesis, little is known about their in 
vivo behavior. Biological meshes are considered to have many advantages, but due to their price they are rarely 
used. A rat model was used to assess biological and conventional synthetic meshes on their in vivo characteristics. 
Design. One-hundred twenty male Wistar rats were randomized into five groups of 24 rats. A mesh was implanted 
intraperitoneally and fixated with nonresorbable sutures. The following five meshes were implanted: Parietene 
(polypropylene), Permacol (cross-linked porcine acellular dermal matrix), Strattice (non-cross-linked porcine acellular 
dermal matrix), XCM Biologic (non-cross-linked porcine acellular dermal matrix), and Omyra Mesh (condensed 
polytetrafluoroethylene). The rats were sacrificed after 30, 90, or 180 days. Incorporation, shrinkage, adhesions, 
abscess formation, and histology were assessed for all meshes. Results. All animals thrived postoperatively. After 180 
days, Permacol, Parietene, and Omyra Mesh had a significantly better incorporation than Strattice (P = .001, P = .019, 
and P = .037 respectively). After 180 days, Strattice had significantly fewer adhesions on the surface of the mesh than 
Parietene (P < .001), Omyra Mesh (P = .011), and Permacol (P = .027). After 30 days, Permacol had significantly 
stronger adhesions than Strattice (P = .030). However, this difference was not significant anymore after 180 days. 
After 180 days, there was significantly less shrinkage in Permacol than in Strattice (P = .001) and Omyra Mesh (P = 
.050). Conclusion. Based on incorporation, adhesions, mesh shrinkage, and histologic parameters, Strattice performed 
best in this experimental rat model.
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inevitable. This may lead to an inflammatory reaction 
resulting in abdominal adhesion formation. Despite the 
large variety of available mesh prosthesis, there is only lim-
ited knowledge on their in vivo behavior. Synthetic meshes 
have been used for many decades now; however, biological 
meshes have been introduced just recently.6,7 Biological 
meshes are matrices made from collagen containing tissues 
of human, porcine, bovine, or equine origin. Tissues such as 
intestines, heart valves, or skin are processed to remove any 
host debris (cells, cell components, and hairs) as well as 
various antigens present in the tissue.8,9 After decellulariza-
tion and degradation of these tissues, a 3D structure of col-
lagen and some protein remnants such as growth factors 
remains. After completing this step, additional chemical 
cross-linking can be done with chemicals like hexameth-
ylene diisocyanate, carbodiimide, glutaraldehyde, or photo-
oxidizing agents.10,11 Additional cross-linking is performed 
to increase the strength of the mesh, and to slow down the 
degradation of the mesh after implantation.8,12 During this 
phase of degradation, there is incorporation of host fibro-
blasts into the mesh and collagen replacement occurs. This 
so-called xenograft remodeling begins within a few hours 
after implantation and takes several months to years.

Biological meshes are said to have many advantages, 
but are also very expensive.6 Consequently, these meshes 
are only rarely used, which leads to studies with heteroge-
neous populations, mostly short-term follow-up, and little 
data on long-term results.13-15 Both biological and conven-
tional synthetic meshes were investigated in a physiologic, 
noncontaminated rat model in an intraperitoneal position 
to assess the in vivo characteristics of these prostheses 
with long-term follow-up. The aim of this study was to 
compare commonly used biological and synthetic meshes 
in an intraperitoneal environment on incorporation, 
shrinkage, adhesion formation, abscess formation, and 
histology after 30, 90, and 180 days. The working hypoth-
esis for this study is that biological meshes behave better 
than synthetic meshes in an intraperitoneal position.

Methods

Animals

One-hundred twenty male Wistar rats were obtained from 
a licensed breeder of laboratory animals (Harlan 
Laboratories, Boxmeer, The Netherlands). The rats were 
bred under specific pathogen-free conditions and kept 
under standardized laboratory conditions (environmental 
temperature 20°C to 24°C; relative air humidity 50% to 
60%; and 12 hours light/dark cycles). The rats were 
housed in pairs in individually ventilated cages. All rats 
were fed ad libitum with standard rat chow and water. The 
animals weighed upon arrival in the experimental facility 
250 to 325 grams each. The rats were acclimatized at least 
for 7 days prior to the start of the experiment. The 

experimental protocol was approved by the Ethical 
Committee on Animal Experimentation of the Erasmus 
University Medical Center, Rotterdam, The Netherlands.

Experimental Model

At the start of the experiment, all 120 male Wistar rats 
were randomly divided into five groups of 24 animals 
each. Prior to operation, the rats were anesthetized with 
inhalation anesthesia (mixture of isoflurane 
[Pharmachemie, Haarlem, The Netherlands] and oxygen) 
and they received a single dose of buprenorphine analge-
sia (0.05 mg/kg subcutaneously; Reckitt Benckiser 
Healthcare (UK) Limited, Kingston-upon-Thames, UK). 
The rats were weighed, their abdomen was shaved, and 
the skin was disinfected with 70% ethanol. The rats were 
positioned in supine position. The abdominal cavity was 
opened by a 3-cm midline incision and a sterile mesh of 
2.5 × 3.0 cm was inserted. This mesh was placed intra-
peritoneally and fixated transmuscularly with six nonab-
sorbable nylon sutures (5/0 Ethilon; Ethicon, Somerville, 
NJ). The fascia and skin were closed separately with a 
running absorbable suture of polyglycolic acid (5/0 Safil; 
B. Braun, Melsungen, Germany). After mesh implanta-
tion, all animals received a single dose of gentamicin (6 
mg/kg intramuscularly) and a dose of 5 mL sodium chlo-
rine 0.9% subcutaneously. Postoperatively, the rats were 
placed under a heating lamp to recover from anesthesia in 
the immediate postoperative phase.

Physiologic Rat Model

In this rat model, all meshes were placed in a physiologic, 
noncontaminated intraperitoneal environment to assess 
their characteristics in the absence of an infection. This 
model is contrary to a previous study from this research 
group in which the same meshes were examined in a con-
taminated intraperitoneal environment to assess their 
characteristics in the presence of a fulminant infection.16

Mesh Material

Five different meshes were implanted: polypropylene 
(Parietene, Sofradim, Trévoux, France; part of Covidien-
Medtronic, New Haven, Connecticut, USA), cross-linked 
acellular porcine dermal matrix (Permacol; Sofradim), non-
cross-linked acellular porcine dermal matrix (Strattice; 
LifeCell Corporation, Branchburg, New Jersey, USA), 
another non-cross-linked acellular porcine dermal matrix 
(XCM Biologic; Kensey Nash Corporation, Exton, 
Pennsylvania, USA, distributed by DePuy Synthes, 
Oberdorf, Switzerland), and condensed polytetrafluoroeth-
ylene (c-PTFE; Omyra Mesh, B. Braun, Melsungen, 
Germany). Prior to implantation, all meshes were prepared 
in a sterile environment to create smaller meshes of 2.5 × 3 
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cm. All meshes were handled according to the Instructions 
for Use of their manufacturers.

Postoperative Outcomes

Wellness and Survival of the Animals. Postoperatively, all 
animals were weighed on a daily base in the first week and 
thereafter on a weekly basis. Based on the weighing 
results mean weight loss was calculated by subtracting the 
rat’s weight at the start of the experiment and the maxi-
mum amount of weight loss during the first 7 days of the 
experiment. During weighing, the animals were assessed 
for signs of discomfort. To objectify these signs of dis-
comfort, the rat’s behavior was assessed with a 12-point 
wellness scoring system.17 Rats reached the humane end-
point if they suffered from ≥20% weight loss or a well-
ness score <5 points. All rats that reached the humane 
endpoint were euthanized. Euthanized or deceased ani-
mals underwent a necropsy. The data of euthanized or 
deceased animals were included for analyses.

Sacrifice. The experimental end points were 30 days, 
90 days, and 180 days after mesh placement. During sac-
rifice, a photograph was taken from the inner abdomi-
nal wall and the mesh site. Figure 1 shows a photograph 
taken at time of sacrifice showing inner abdominal wall 
and mesh site (non-cross-linked biological mesh). The 
black box in Figure 1 shows a schematic representation 
of the tissue sampling for histopathology. The following 
parameters were assessed: incorporation and shrinkage of 
the mesh and adhesion formation (coverage and strength).

Incorporation of the mesh. Incorporation of the mesh 
was assessed with a slide caliper. The number of milli-
meters of all sides of the remaining mesh were measured. 
The standard length and width of the implanted mesh 
were 30 × 25 mm. Thereafter, the number of millime-
ters of each side of the mesh that showed incorporation 
were measured. Both measures resulted in a percentage 
of incorporation. Full incorporation was incorporation of 
all sides taking any shrinkage of the mesh into account.

Shrinkage of the mesh. Shrinkage of the mesh was 
assessed by measurement of the surface of mesh that 
was present during sacrifice. The measurement was per-
formed with a standardized caliper and the mesh surface 
found during sacrifice was compared with the standard-
ized implant size (7.5 cm2) and expressed in a percentage 
of this standardized implant.

Adhesion formation. Adhesion formation was assessed 
in two ways. First, a qualitative analysis was performed 
using the Zühlke score.18 The Zühlke score was used to 
assess the strength and tenacity of adhesions. The score 

ranges from 0 (no adhesions) to 4 (very strong adhesions) 
(Supplementary data, Table S1, available online). Table S1 
shows the Zühlke scoring system for adhesions that was 
used to assess adhesions in this study. Second, the quantity 
of adhesions was assessed and expressed in a percentage 
of adhesions on the surface of the mesh. Two independent 
investigators assessed both parameters. Discrepancies 
were discussed between the two investigators and resolved 
together.

Abscesses. The presence of mesh abscesses was regarded 
as an expression of an ongoing intraabdominal infection. 
The presence of abscesses was assessed with a standardized 
visual inspection and examination of the abdominal cavity 
of all rats. If abscesses were present, their size was scored 
with the Abscess Scoring System19 (Supplementary data, 
Table S2). Table S2 shows the abscess scoring system.

Scoring system for the ranking of all meshes. The char-
acteristics that were assessed in this study were incor-
poration of the mesh, shrinkage of the mesh, adhesion 
formation, abscess formation, and histologic parameters. 
To assess the ranking of the meshes, all meshes received 
a score of 1 (worst performing mesh) to 5 (best perform-
ing mesh) for each individual parameter. Adhesions 
were considered to be the decisive factor, because of the 
intraabdominal position of the mesh.

Histologic Evaluation

After sacrifice, a full-thickness abdominal wall sample of 
1.0 by 0.5 cm was harvested from each rat. This sample 
was taken from one of the long sides in between the 
sutures and contained both abdominal wall and mesh 
(Figure 1). Figure 1 shows a schematic representation of 
the tissue sampling for histopathology. All samples were 
fixated in 4% formalin and embedded in paraffin. Samples 

Figure 1. Photograph taken at time of sacrifice showing 
inner abdominal wall and mesh site (non-cross-linked 
biological mesh). The black box is a schematic representation 
of tissue sampling for histopathology.
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were cut into 4-µm-thick slices and stained with either 
hematoxylin and eosin (H&E) or Sirius Red (SR) accord-
ing to standard diagnostic procedure.

The histologic evaluation of all slides was performed 
in a blind fashion by an experienced pathologist (MC-
vG). H&E slides were analyzed by a scoring system 
described by Peeters et al.20 (adapted from Jenkins 
et al.21). All cells were assessed under the microscope 
under 40× magnification and the number of cells per 
high-power field (40× magnification) was counted. No 
additional stains were performed. SR slides were 
assessed with the scoring system described by Deeken 
and Matthews.22 The histological analysis of the bio-
logical meshes focused on the periprosthetic area. The 
histological analysis of Parietene and Omyra Mesh 
focused on both the perifilamentary areas and the pores. 
Both areas were assessed and a grade was given for the 
overall number of cells per sample. In the SR slides, the 
amount of fibrous encapsulation around each mesh was 
assessed. The histologic scoring systems can be found 
in Supplementary data, Table S3, Table S4, and Table 
S5. Table S3 shows the histologic scoring system for 
inflammatory cell reaction. Table S4 shows the histo-
logic scoring system for mesh-specific parameters. 
Table S5 shows the histologic scoring system for col-
lagen deposition.

Statistical Analysis

Prior to the start of the experiment, a sample size calcula-
tion was performed. The sample size calculation was 
made regarding an expected decrease in amount of adhe-
sions of 25% to 30%. The expected mortality of the mesh 
model was 10%. Aiming for a power of 80% and a P 
value of .05, the necessary number of animals was 24 per 
group. All meshes were included in the experiment as 
equal study groups. None of the study groups served as a 
control group only.

In this experiment, only the data of incorporation of 
the mesh showed a normal distribution. All other param-
eters did not show a normal distribution; thus, statistical 
analyses were performed using nonparametric Kruskal-
Wallis tests for independent samples. If the overall statis-
tical test showed significant differences, pairwise tests 
were done to determine the groups causing the overall 
statistical significance.

Baseline characteristics like weight loss were summa-
rized in percentages, continuous variables using means 
and standard errors of the mean, and categorical values 
were summarized with medians and interquartile ranges. 
All P values were tested with a 2-tailed test of signifi-
cance, a P value of <.05 was considered statistically sig-
nificant, and all P values were adjusted for multiple 
testing using Dunn’s posttest. The statistical analyses 
were performed using SPSS version 21.0.

Results

Animals

All 120 rats survived the operation and thrived after-
wards. None of the rats reached the humane endpoint. 
The maximum postoperative weight loss varied between 
0% and 7% among the five groups and was more pro-
nounced in the Parietene group (P = .001) and the 
Permacol group (P = <.001). There were no differences 
observed in weight change or wellness score among the 
five groups. Table 1 shows an overview of the experimen-
tal groups in this experiment. In this table, the distribution 
of the animals per study group and per study time point 
can be found.

Incorporation of the Mesh

There was a fluctuating amount of incorporation in all 
meshes with most often first a decrease in ingrowth at 90 

Table 1. Overview of the Experimental Groups in This Experiment.

Parietene Permacol Strattice XCM Biologic Omyra Mesh

Mesh material Polypropylene Cross-linked collagen 
of porcine dermis

Non-cross-linked 
collagen of 
porcine dermis

Non-cross-linked 
collagen of 
porcine dermis

Condensed 
PTFE

Weight (g/m2) 78 NA NA NA 90
Pore size (mm) 1.0-1.6 NA NA NA 2.4
Number of animals 24 24 24 24 24
Postoperative deaths 0 0 0 0 0
Number analyzed  
 30 days 8 8 8 7 8
 90 days 8 8 8 9 8
 180 days 8 8 8 8 8

Abbreviations: PTFE, polytetrafluoroethylene; NA, not applicable.
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days compared with 30 days, followed by an increase 
after 180 days compared with 90 days. The amount of 
incorporation strongly varied between the mesh groups. 
One-hundred and eighty days after implantation, incorpo-
ration was most superior in Permacol (62 ± 11%), fol-
lowed by Omyra Mesh (58 ± 20%), Parietene (56 ± 
9%), XCM Biologic (43 ± 12%), and most inferior in 
Strattice (23 ± 13%). After 180 days, mesh incorporation 
was significantly lower in Strattice compared with Omyra 
Mesh (P = .037), Parietene (P = .019), and Permacol  
(P = .001) (Figure 2 and Table 2). Figure 2 shows the 
incorporation of the mesh after 30, 90, and 180 days. The 
mean incorporation is expressed in percentage. Table 2 
shows the results of macroscopic mesh-specific parame-
ters after sacrifice.

Shrinkage of the Mesh

All meshes shrunk after implantation; however, the 
amount of shrinkage varied strongly: 0% to 18% on dif-
ferent time points in different meshes (Figure 3 and 
Table 2). Figure 3 shows the shrinkage of the mesh after 
30, 90, and 180 days. Median shrinkage is expressed in 
percentage. Table 2 shows the results of macroscopic 
mesh-specific parameters after sacrifice. After 180 days, 
shrinkage was most evident in Strattice (18 [15-22] %), 
followed by Omyra Mesh (13 [8-30] %), XCM Biologic 
(10 [5-16] %), and Parietene (9 [5-13] %). Shrinkage 
was least prominent in Permacol (0 [0-4] % at 180 days). 
After 180 days, there was significantly less shrinkage in 
Permacol than in Strattice (P = .001) and Omyra Mesh 
(P = .050).

Adhesions

One-hundred and eighty days after implantation, the per-
centage adhesions on the mesh surface was highest in 
Parietene (85 [70-90] %), followed by Omyra Mesh (75 
[60-75] %), Permacol (68 [63-73] %), XCM Biologic (35 
[28-35] %), and lowest in Strattice (5 [0-5] %) (Figure 4). 
Figure 4 shows the adhesions on the mesh after 30, 90, 
and 180 days. The median value of adhesions is expressed 
in percentage. Strattice had significantly fewer adhesions 
on the surface of the mesh than Parietene (P < .001), 
Omyra Mesh (P = .011), and Permacol (P = .027) after 
180 days.

The tenacity of adhesions, expressed in the Zühlke 
score, was median 3 in Parietene, Strattice, XCM 
Biologic, and Omyra Mesh, and median 4 in Permacol at 
all time points. After 30 days, Permacol had significantly 
stronger adhesions than Strattice (P = .03). However, 
this difference was not significant anymore after 180 days 
(Table 2). Table 2 shows the results of macroscopic mesh-
specific parameters after sacrifice.

Abscesses

There were no abscesses found on either of the meshes or 
in the intra-abdominal cavity at all time-points.

Histological Evaluation

In one of the rats that had Permacol implanted, there 
was no mesh left 180 days after implantation. In all 
other samples, meshes were still present after sacrifice 
and histologic evaluation was performed. H&E stain-
ing of the samples revealed no significant difference in 
the total count of inflammatory cells between all 
meshes. There were however significant differences in 
the number of eosinophils, macrophages, mononuclear 
cells, and extracellular matrix deposition between the 
different mesh groups (Supplementary data, Table S6 
and Table S7). Table S6 shows the results of histologic 
evaluation after sacrifice. The results are presented as 
median (interquartile ranges). Table S7 shows the 
results of mesh-specific parameters after sacrifice. The 
results are presented as median (interquartile ranges). 
All histological findings will be discussed individu-
ally. Examples of the histological slides can be found 
in the Supplementary data, Figures S1 to S6. The H&E 
slides show samples 180 days after implantation  
(10× magnification). The samples contain Parietene 
(Figure S1), Permacol (Figure S2), Strattice (Figure 
S3), XCM Biologic (Figure S4), and Omyra (Figure 
S5), respectively. Figure S6 shows an example of a SR 
staining of Strattice 180 days after implantation  
(5× magnification).
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Figure 2. Mean percentage incorporation of each mesh at 
30, 90, and 180 days.
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Figure 3. Median shrinkage of each mesh at 30, 90, and 180 
days.
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Figure 4. Median percentage of adhesions on each mesh at 
30, 90, and 180 days.

Table 2. Results of Macroscopic Mesh-Specific Parameters After Sacrificea.

n
Incorporation of 

Mesh (%)
Shrinkage of 

Mesh (%)
Adhesions on 

Mesh (%)
Tenacity of 
Adhesions

Parietene
 30 days 8 49 ± 13 8 (5-13) 83 (78-90) 3 (3-3)
 90 days 8 36 ± 12 7 (5-14) 88 (85-93) 3 (3-3)
 180 days 8 56 ± 9 9 (5-13) 85 (70-90) 3 (3-3)
Permacol
 30 days 8 47 ± 18 11 (3-23) 75 (60-85) 4 (3-4)b

 90 days 8 42 ± 15 7 (3-11) 75 (70-78) 4 (3-4)
 180 days 8 62 ± 11 0 (0-4)c 68 (63-73) 4 (3-4)
Strattice
 30 days 8 35 ± 14 13 (7-18) 5 (5-10)d 3 (3-3)
 90 days 8 22 ± 11 15 (6-18) 5 (5-5)e 3 (3-3)
 180 days 8 23 ± 13f 18 (15-22) 5 (0-5)g 3 (3-3)
XCM Biologic
 30 days 7 38 ± 6 7 (0-7) 30 (25-55) 3 (3-3)
 90 days 9 35 ± 13 12 (8-14) 40 (35-45) 3 (3-3)
 180 days 8 43 ± 12 10 (5-16) 35 (28-35) 3 (3-3)
Omyra Mesh
 30 days 8 61 ± 11 16 (13-17) 53 (45-80) 3 (3-3)
 90 days 8 48 ± 21 17 (14-31) 63 (45-85) 3 (3-3)
 180 days 8 58 ± 20 13 (8-30) 75 (60-75) 3 (3-4)

aIncorporation of mesh values are mean ± SD. All other values are median (interquartile range).
bSignificant difference between Permacol 30 days and Strattice 30 days (P = .030).
cSignificant difference between Permacol 180 days and Omyra Mesh 180 days (P = .050), and Strattice 180 days (P = .001).
dSignificant difference between Strattice 30 days and Permacol 30 days (P = .023), and Parietene 30 days (P = <.001).
eSignificant difference between Strattice 90 days and Permacol 90 days (P = .011), and Parietene 90 days (P = <.001).
fSignificant difference between Strattice 180 days and Omyra Mesh 180 days (P = .037), Parietene 180 days (P = .019), and Permacol 180 days  
(P = .001).
gSignificant difference between Strattice 180 days and Permacol 180 days (P = .027), Omyra Mesh 180 days (P = .011), and Parietene 180 days  
(P = <.001).
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Parietene. Parietene mesh had a significantly higher num-
ber of eosinophils, neutrophils, and macrophages on vari-
ous time points when compared with Permacol, Strattice, 
and XCM Biologic (Supplementary data, Table S6). 
Table S6 shows the results of histologic evaluation after 
sacrifice. The results are presented as median (interquar-
tile ranges). After 30 days of follow-up, there was a sig-
nificantly lower number of mononuclear cells in the 
Parietene samples compared with XCM Biologic (P = 
.019). Collagen deposition was higher than in the other 
meshes; however, there was no significant difference 
when compared with other meshes.

The mesh-specific histological parameters revealed 
statistically higher scaffold degradation in the non-cross-
linked biological meshes XCM Biologic (P = .049) and 
Strattice (P = .018) when compared with Parietene 30 
days after implantation. Fibrous encapsulation was sig-
nificantly lower in Parietene than in XCM Biologic after 
90 days (P = .024). Cellular infiltration and neovascular-
ization were significantly lower in Parietene than in 
Strattice 90 and 180 days after implantation. Extracellular 
matrix deposition was low to moderate present in all sam-
ples and showed no significant differences with other 
meshes.

Permacol

Permacol contained only very few eosinophils and neutro-
phils, significantly less than in Parietene (at all time points). 
The number of macrophages and mononuclear cells was 
low to moderate, but there were no significant differences 
with other meshes. Collagen deposition was moderate, but 
significantly lower than in Omyra Mesh after 180 days.

The mesh-specific histological parameters revealed 
that fibrous encapsulation was very low and showed no 
significant differences with other meshes. Scaffold degra-
dation, neovascularization, and extracellular matrix 
deposition were significantly lower in Permacol than in 
Strattice after 90 days. Cellular infiltration was signifi-
cantly lower than in Strattice after both 90 and 180 days.

Strattice

Strattice mesh contained only very few eosinophils and 
neutrophils, significantly less than in Parietene (at all time 
points). After 180 days, only few macrophages were found 
in Strattice, significantly less than in Parietene (P = .004). 
The number of mononuclear cells and the amount of col-
lagen deposition was quite high, but diminished over time. 
After 180 days, the amount of collagen deposition was 
significantly lower than in Omyra Mesh (P = .003).

Scaffold degradation was significantly higher in 
Strattice at all time points. Fibrous encapsulation was low 
and showed no significant differences with other meshes. 

Cellular infiltration and neovascularization were signifi-
cantly higher in Strattice after 90 and 180 days, when 
compared with Parietene, Omyra Mesh, and Permacol. 
Extracellular matrix deposition was significantly higher 
than in Permacol after 180 days (P = .020).

XCM Biologic

XCM Biologic contained only very few eosinophils and 
neutrophils, significantly less than in Parietene after 30 
days (P = .001). After 90 and 180 days, the number of 
macrophages was significantly lower in XCM Biologic 
than in Parietene (P = .003 and P = .010, respectively). 
After 30 days of follow-up, there was a significantly 
higher number of mononuclear cells in the XCM Biologic 
samples compared with Parietene (P = .019). After 90 
and 180 days, collagen deposition was significantly lower 
in XCM Biologic.

After 30 days, scaffold degradation was significantly 
higher in XCM Biologic than in Omyra Mesh (P = .049). 
After 90 days, fibrous encapsulation was significantly 
higher in XCM Biologic than in Parietene and Omyra 
Mesh (P = .024 and P = .024, respectively). Cellular 
infiltration, neovascularization, and extracellular matrix 
deposition were moderate and did not show significant 
differences when compared with other meshes.

Omyra Mesh

Omyra Mesh contained only few eosinophils and neutro-
phils, but no significant differences were found with 
other meshes. After 90 days, significantly more macro-
phages were found in the Omyra Mesh samples than in 
the XCM Biologic samples (P = .003). Mononuclear 
cells were present in moderate amount, and there were no 
significant differences with other meshes. After 90 and 
180 days, there was a significantly higher amount of col-
lagen deposition in Omyra Mesh than in XCM Biologic 
(P = .070 and P = .014, respectively).

Scaffold degradation was significantly higher in most 
other meshes at all time points after implantation, when 
compared with Omyra Mesh. After 90 days, also fibrous 
encapsulation was significantly lower in Omyra Mesh 
than in XCM Biologic (P = .024). After 90 and 180 days, 
both cellular infiltration and neovascularization were sig-
nificantly lower in Omyra Mesh when compared with 
XCM Biologic. Extracellular matrix deposition was mod-
erate at all time points, and no significant differences 
were found compared with other meshes.

Discussion

This experimental study in a physiologic, noncontami-
nated rat model revealed that the use of biological meshes 
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in an intraabdominal position is feasible. Based on incor-
poration, adhesions on the surface of the mesh, adhesion 
strength, mesh shrinkage, and the histologic parameters 
scaffold degradation, cellular infiltration, neovasculariza-
tion, and extracellular matrix deposition, Strattice per-
formed best in this experimental rat model with 
intraperitoneal mesh placement.

Ever since the introduction of mesh-assisted abdomi-
nal wall hernia repair, there has been a search for the 
“ideal mesh.”23,24 The ideal mesh must be tailored to each 
patient’s needs in the current clinical situation.25 In case 
of abdominal wall hernia repair in the intraperitoneal 
plane, one needs a high incorporation of the mesh, little to 
no shrinkage of the mesh, few to no adhesions on the 
mesh, and if adhesions are formed, preferably adhesions 
of a low tenacity.23-25 None of the examined meshes in 
this study showed all the requested characteristics within 
one product.

In this study, the incorporation of the mesh was best in 
Permacol (62 ± 11%) and worst in Strattice (23 ± 13%) 
after 180 days. A previous study from this research group 
with the same mesh materials in a contaminated environ-
ment showed similar results for mesh incorporation in 
Permacol and Strattice.16 XCM Biologic, however, had a 
much higher incorporation of the mesh in a contaminated 
environment than in a physiologic, non-contaminated 
environment (88 [interquartile range [IQR]: 72-100] % 
versus 43 ± 12 SD % after 180 days). The other meshes 
showed a comparable incorporation after 180 days in 
both the contaminated environment (median [IQR]) and 
the physiologic, noncontaminated environment (mean ± 
SD) (Parietene 57 [32-87] % vs 56 ± 9%, Permacol 62 
[58-67] % vs 62 ± 11%, Strattice 21 [10-30] % vs 23 ± 
13%, and Omyra Mesh 54 [40-66] % vs 58 ± 20%).16 
When reviewing the histological parameters of XCM 
Biologic in a contaminated environment versus a noncon-
taminated environment, all the following parameters 
scored much higher values in the contaminated environ-
ment: the total number of inflammatory cells, macro-
phages and foreign body giant cells, mononuclear cells, 
and the amount of collagen deposition. It is possible that 
a more fulminant inflammatory response led to a better 
incorporation of XCM Biologic in a contaminated envi-
ronment. All other meshes did not follow this pattern and 
did not show an increase in total number of inflammatory 
cells, macrophages and foreign body giant cells, mono-
nuclear cells, and the amount of collagen deposition. As 
far as currently known, there is no literature on the head-
to-head comparison of mesh incorporation between 
meshes in a contaminated environment versus a noncon-
taminated situation.

There was a large variety in shrinkage of the mesh in 
this study: 0% to 18% of shrinkage on various time 
points. After 180 days, Permacol was shrunken 

significantly less than Strattice and Omyra Mesh (0% 
vs 18% and 13%, respectively). In a previous experi-
mental study of Mulier et al., Strattice and Permacol 
were compared alongside. In that study, the surface 
area of Permacol remained stable, but Strattice mesh 
expanded in size 12 months after implantation.26 This 
finding might be explained by the growth of the ani-
mals; however, it was only found in Strattice, not in 
Permacol. In this current study, no expansion of 
Strattice was found; however, this study only had a 
maximum of 6 months follow-up. Parietene and XCM 
Biologic showed a moderate amount of shrinkage (9% 
and 10% after 180 days) in this study. This is contrary 
to a previous study, in which a very high percentage of 
shrinkage was found in XCM Biologic (21 [4-36] % at 
30 days, 43 [38-66] % at 90 days, and 36 [34-51] % at 
180 days).16 It is unclear why XCM Biologic shrunk 
excessively in the presence of infection and shrunk less 
in a physiologic, noncontaminated environment. This 
finding could again be explained by a more fulminant 
foreign body response in XCM Biologic in a contami-
nated environment versus a noncontaminated environ-
ment. In the contaminated environment, a higher total 
number of inflammatory cells, macrophages, foreign 
body giant cells, mononuclear cells, and the amount of 
collagen deposition was found. Other meshes that were 
examined in both a contaminated and a physiologic, 
noncontaminated environment did not show the same 
pattern of shrinkage neither did they show the same 
pattern of foreign body response.

All meshes that were investigated in this study formed 
strong adhesions. The adhesions formed by Permacol 
were significantly stronger compared to Strattice after 30 
days. The amount of adhesions varied significantly 
among all groups and varied between 5% and 88% of the 
surface of the mesh. Strattice had significantly the lowest 
amount of adhesions, and Parietene had significantly the 
highest amount of adhesions. The amount of adhesions 
per mesh are comparable to results from previous studies 
from this group.14,27,28 No comparable studies of other 
research groups were found.

To summarize the findings of this study: when com-
paring all meshes head-to-head, Permacol and Strattice 
showed most often desired characteristics for intraperito-
neal mesh placement, but also some characteristics that 
are less eligible for use in the intraabdominal cavity. 
Permacol had a better mesh incorporation than Strattice, 
less shrinkage than Strattice, but a much higher adhesion 
percentage compared with Strattice. After 30 days, sig-
nificantly higher adhesion tenacity was observed in 
Permacol compared with Strattice. Strattice, however, 
had less mesh incorporation than Permacol, higher 
shrinkage than Permacol, but a much lower adhesion 
percentage.
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Since adhesions can lead to serious complaints and 
complications in patients, the surgeon’s aim should be to 
place a mesh that leads to the least possible amount of 
adhesions, when placed intraperitoneally. This mesh 
could be suitable for laparoscopic mesh placement in an 
intraperitoneal onlay mesh technique, or for patient with 
a giant abdominal wall hernia, in which closure of the 
fascia is not always possible and in which there could be 
an eminent risk for direct contact between the mesh and 
the viscera. Further studies are surgically relevant, 
because this study only assessed feasibility and in vivo 
characteristics like incorporation, shrinkage, adhesion 
formation, and histology. In this study, no analyses were 
performed regarding the biomechanical properties of the 
meshes. Properties like tensile strength, ball burst 
strength, and tear resistance resemble clinical parameters 
that are important for the patients’ abdominal wall hernia 
repair.29 Future investigations could target the assessment 
of biomechanical characteristics of the meshes, but more-
over postoperative assessment of patients that have 
undergone abdominal wall hernia repair with a biological 
mesh. This type of mesh seems feasible for different indi-
cations in patients, but a careful selection should be done 
preoperatively, to select the right indication for the right 
mesh.

The rat model in this study is suitable to assess the 
behavior of synthetic and biological meshes experimen-
tally in a physiologic, noncontaminated environment. 
There are however some limitations to this study. First, 
only the surface of the mesh could be adjusted; propor-
tionally the mesh implants were much thicker in the rats 
than that they would be in humans. This may lead to a 
decreased incorporation of the mesh in the abdominal 
wall. Second, in this model all meshes were placed intra-
peritoneally, whereas in the clinical situation one would 
be cautious to implant Parietene into the abdominal cav-
ity without an anti-adhesive layer. Previous studies 
showed a more pronounced inflammatory response and 
adhesion formation after intraperitoneal placement of 
these meshes compared with extraperitoneal place-
ment.27,28,30 However, closure of the peritoneum is not 
always possible in patients with large hernias, and contact 
between viscera and mesh might still occur. It is therefore 
important to assess in vivo mesh behavior of synthetic 
and cross-linked meshes in an intraabdominal environ-
ment. The translation of experimental results to the clini-
cal situation should however be done with caution.

Conclusions

Based on incorporation, adhesion surface, adhesion 
strength, and mesh shrinkage, and the histologic param-
eters scaffold degradation, cellular infiltration, neovascu-
larization, and extracellular matrix deposition, Strattice 

performed best in this experiment in a physiologic, non-
contaminated rat model with intraperitoneal mesh 
placement.
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