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Abstract
Purpose  Incisional hernia (IH) occurs when there is a partial or complete solution of continuity of a fascia previously incised. 
Systematic reviews demonstrate that surgical treatment of IHs with the use of meshes are approximately 16%. Meta-analyses 
have demonstrated the superiority of mesh placement using sublay technique, but without a pathophysiological explanation. 
Thus, we aim to evaluate the different techniques of mesh positioning in an experimental model.
Methods  Fifty rats were distributed into five groups; control; simulation (SM)—submitted to laparotomy only; onlay—the 
mesh was positioned in onlay fashion; retromuscular (SL)—the mesh was positioned in a sublay fashion; intraperitoneal 
(IPOM)—positioning of the mesh adjacent to the transversalis fascia, inside the cavity. After 60 days, adhesions, tensiometry, 
histology, and immunohistochemistry were addressed.
Results  The IPOM group had the most adhesions, together with the SL group, with significantly relevant results. The SL 
group had higher values of tensiometric evaluation, while the IPOM group had the lowest mean in the tensiometry evaluation, 
being even lower than the SM group. Regarding histological and immunohistochemical findings, the SL group had a higher 
pixel number count compared to the groups, with statistical significance, in addition to higher expression of polymorpho-
nuclear infiltrate and CD68 markers.
Conclusion  The mesh positioning in sublay compartment is associated with the development of more pronounce minimum 
tensile force required for detaching the surrounding abdominal wall tissues it was incorporated. The intensity of these find-
ings correlates to the different histological and immunohistochemical profiles observed following each repair, since SL 
group was characterized by a higher proportion of collagen, inflammatory, and reparative elements. Characterizing these 
pro-healing elements and its counterparts will allow the development of new therapeutic tools which could be added to the 
still far-from-ideal current therapeutic options for IH treatment.
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Introduction

An incisional hernia (IH) occurs when there is a partial or 
total discontinuity of a previously incised and sutured fascia, 
allowing the extrusion of contents through the defect on the 
aponeurosis [1]. Despite the high prevalence of this disease, 
results of the available therapeutic options are still poor, and 
recurrence rates following surgical repairs are higher than 
15% even in high-quality specialized centers [2–4].

The mechanism of IH development is multifactorial. 
Associated risk factors include obesity, old age, malnu-
trition, inefficient metabolism, due to inadequate diges-
tion and/or assimilation of nutrients, pregnancy, dialysis, 
and previous infections. Irrespective of the cause, a com-
mon pathophysiology implicated in hernia development 
involves defective repair response, resulting in a poor 
wound-healing substrate and insufficient collagen deposi-
tion [5].

Many surgical strategies are available for IH repairs, and 
although the choice of the technique will depend on many 
variables such as the location and size of the abdominal wall 
defect, surgeon’s expertise, and economic conditions of the 
institution [6], it is a consensus that mesh application results 
in much superior results [4]. Mesh placement leads to an 
intense repair response that results in a dense fibrous tis-
sue with high mechanical resistance, which will prevent the 
defect from re-occurring [7, 8].

Among locations for mesh fixation, many are the tech-
niques available nowadays. The onlay technique, in which 
the mesh is placed immediately underneath the subcu-
taneous tissue layer over the anterior sheath of the rectus 
abdominis muscle, the sublay technique in which the mesh 
is placed between the rectus abdominis muscle and its poste-
rior sheath, and the intra-abdominal onlay mesh positioning 
(IPOM), in which the mesh is fixated in the parietal perito-
neum, under thee fascia transversalis. A meta-analysis has 
shown that techniques placing the mesh under the rectus 
abdominis muscle are related to lower wound infection rates, 
fewer early postoperative complications, and decreased her-
nia recurrences [9].

In line with those findings, a retrospective cohort study 
demonstrated the superiority of sublay over onlay tech-
nique regarding recurrence, without additional risks due to 
its higher complexity [10]. In addition, a meta-analysis has 
demonstrated the superiority of this technique concerning 
postoperative recovery, complications, and relapse rates 
[11]. Despite the strong clinical evidence favoring sublay 
technique, the exact mechanism responsible for this supe-
riority is unknown, and as already acknowledged from 
other examples related to improvements in medical science, 
including hernia disease itself, a clear understanding of such 

process will allow the development of better therapeutic 
options.

Aiming that, here, we performed primary suture, onlay, 
sublay, and IPOM mesh techniques in healthy animals, and 
analyzed response following those repairs. We chose to eval-
uate foreign body reaction, repair strength, intra-abdominal 
adhesions development, amount, and quality of formed 
collagen and to characterize the associated anatomopatho-
logical substrate since all these parameters are related to 
wound healing and the intensity of some of them is pro-
portional to the final quality of the repair. Surgical repairs 
were employed directly on healthy animals, without previ-
ous hernia induction, to avoid confounding factors related to 
hernia development. Our goal is to characterize and evaluate 
the induced fibrogenesis related to the techniques of treat-
ment of incisional hernias, aiming to understand the patho-
physiological process involved and to determine if there is 
an eventual effective superiority of any technique.

Methods

Animal studies’ experimental protocol was submitted to 
the Ethics Committee for the Use of Animals in Scien-
tific Experimentation of the Health Sciences Center of the 
Universidade Federal do Rio de Janeiro (CEUA-CCS), 
registered in the National Council for the Control of Ani-
mal Experimentation (CONCEA) under process number 
01200.001568/2013-87, and received approval for execu-
tion. Fifty Wistar rats weighing between 200 and 400 g were 
provided by the Experimental Surgery Laboratory of the 
Department of Surgery of the Universidade Federal do Rio 
de Janeiro (UFRJ).

They were kept in a specific pathogen-free environment, 
under standard animal allocation conditions (temperature 
between 20 and 24 °C, relative humidity around 50–60%, 
with 12 h of light period and 12 h of dark period), fed with 
specific feed and water ad libitum.

Surgical procedure

Specimens were randomly divided into five groups con-
taining ten rats each. A different surgical technique was 
applied to each group: IPOM, in which a dual sided mesh 
was positioned inside the abdomen and fixed under the fas-
cia transversalis; sublay (SL), in which the polypropylene 
mesh was placed between the posterior sheath of the rectus 
abdominis muscle and the rectus abdominis muscle; onlay 
(OL), in which the mesh was placed between the anterior 
sheath of the rectus abdominis muscle and the subcutaneous 
tissue; simulation (SM), in which laparotomy was followed 
by abdominal wall primary closure; and control (CT), in 
which no surgical procedure was performed.
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High-density non-absorbable Parietene® Standard 
(Medtronic®) polypropylene mesh was used for SL and OL 
techniques with manufacturer’s definitions specifying pores 
of approximately 1.7 × 1.7 mm diameter and an estimated 
weight of 75 g/m2. A dual sided mesh Symbotex® Compos-
ite, with a visceral side containing porcine collagen coating 
and a parietal side made of polypropylene, was used for the 
IPOM technique with manufacturer’s definitions specifying 
the hydration of the mesh before it is use. All animals were 
exposed to the same environmental conditions during the 
experiment.

Weight was measured immediately before the surgical 
procedure, to guarantee a similar drug dosage administra-
tion. Anesthesia was achieved using xylazine at the dose of 
10 mg/kg and ketamine hydrochloride at the dose of 50 mg/
kg via intraperitoneal administration. After that, trichotomy 
of the anterior abdomen was performed and the operative 
site was prepared with 4% chlorhexidine digluconate, fol-
lowed by 2% alcoholic chlorhexidine solution.

The surgical procedure was performed under sterile con-
ditions. A 4-cm midline incision was made, and dissection 
was performed, reaching the abdominal cavity. In rats allo-
cated to the IPOM group, dissection of the space between 
the anterior sheath of the rectus abdominis muscle and the 
subcutaneous tissue was performed bilaterally, generating 
flaps. Later, a dual mesh of standard size of 2.5 × 2.5 cm was 
correctly positioned after proper hydration and sutured with 
polyglactin 910 4.0 transfixing stitches. Then the aponeuro-
sis was sutured with a running suture of polyglactin 910 4.0. 
Afterward, skin synthesis with non-absorbable polyamide 
4.0 was performed.

In rats allocated to the sublay model, the precepts pub-
lished by Chevrel et al. and Rivers et al. were followed [12, 
13]. Briefly, dissection of the posterior sheath of the rectus 
abdominis muscle was performed bilaterally, generating 
flaps, which were sutured with absorbable polyglactin 910 
4.0. Then a polypropylene mesh of standard size 2.5 × 2.5 cm 
was placed over the posterior sheath and fixed with four sin-
gle stitches of polyglactin 910 4.0 (Vicryl®, Ethicon). The 
anterior sheath of the rectus abdominis was then closed with 

polyglactin 910 4.0, followed by synthesis of the skin with 
polyamide 4.0 (Mononylon®, Ethicon).

In rats allocated to the onlay group, dissection of the 
space between the anterior sheath of the rectus abdominis 
muscle and the subcutaneous tissue was performed bilater-
ally, generating flaps, which were sutured with polyglac-
tin 910 4.0. Then a polypropylene mesh of standard size 
of 2.5 × 2.5 cm was placed over the anterior sheath and 
sutured with four single stitches of polyglactin 910 4.0. 
Afterward, skin synthesis with non-absorbable polyamide 
4.0 was performed. Figure 1 shows the final aspect of the 
mesh implanted in the abdominal wall of OL and SL sub-
jects, and the final aspect of the IPOM technique implanted 
mesh (Fig. 1).

In rats allocated to the simulation group, synthesis of 
the abdominal wall was performed with polyglactin 910 
4.0, followed by synthesis of the skin with polyamide 4.0. 
Operative procedures were performed in a systematic way, 
with surgical times ranging from 10 min to a maximum of 
35 min. Only up to four rats were operated per day, to main-
tain standardization of the technique.

Since the biological cycle of the rat is faster than that of 
the human [5], an interval of 60 days between the first sur-
gery and euthanasia was standardized, allowing time enough 
for the initial phase of scarring to be completed [14], and 
an ideal integration between aponeurosis and mesh could 
be achieved. After the surgery, animals were returned to the 
animal facility under the previously described conditions. 
Postoperative analgesia consisted of dipyrone at the dose of 
90 mg/mL diluted in water and was administered for 3 days.

Rats were euthanized with lethal doses of xylazine and 
ketamine intraperitoneally, and the abdominal wall was 
removed in bloc (U shaped). The fragments of abdominal 
wall were composed of skin, subcutaneous tissue, rectus 
abdominis muscles with their aponeuroses, polypropylene, 
or dual mesh (when present according to the technique used) 
and mesothelium. During abdominal wall extraction, adhe-
sions were evaluated, followed by division of the abdominal 
wall fragment in three samples, which were then used for 

Fig. 1   Final aspect of mesh 
positioning; A Sublay. Addison 
are holding the upper aponeu-
rosis of the rectus abdominis 
muscle, and exposing the mesh 
position between the lower 
rectus abominis muscle and the 
rectus abdominis muscle itself, 
B Onlay, C Abdominal wall 
fragment with a mesh posi-
tioned in an IPOM technique.
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tensiometric analysis, histological and immunohistochem-
istry evaluation, separately.

Adhesions and tensiometric evaluation

Adhesions were evaluated macroscopically, using a qualita-
tive score according to Ricciardi et al. [15], which classifies 
them into six different grades as demonstrated in the follow-
ing table (Table 1).

Tensiometric evaluation was performed using a digital 
dynamometer with a load cell of 5 kgf, support for trac-
tion test and a software for data capture (Lutron Electronic 
Enterprise Co. Ltd, TW; Instrutherm, São Paulo—BR) 
from the Experimental Surgery Laboratory of UFRJ. To 
evaluate the strength of mesh incorporation into the tissue, 
one side of the fragment was fixed to the base of the tensi-
ometer with a clamp, with the mesh still on the fragment 
but not attached to the clamp. The contralateral side was 
grasped on the mesh by a retractable clamp, connected to 
the dynamometer, which pulled the mesh in the opposite 
direction to the fixed clamp at a determined speed of 60 mm/
min. The minimal tensile strength (MTS) for mesh removal 
from the surrounding tissue was electronically recorded in 
Newtons (N). In simulation (laparotomy only) and control 
(no surgery) groups, one of the aponeurotic borders laterals 
to the incision was apprehended by each of the clamps, thus 
assessing the minimal tensile strength (MTS) necessary for 
the aponeurotic suture to be ruptured by traction. Following 
this protocol, our goal was to record a parameter that could 
measure the quality of the surgical repair, concerning recur-
rence prevention.

Histology

For the microscopical study, a strip of the abdominal wall 
(transversal section) of about 50 × 10 mm containing the 
implanted mesh in the center, or from sham-operated ani-
mals were harvested and immediately fixed in 10% formal-
dehyde solution, for about 48 h. Then they were dehydrated 
in crescent solutions of ethanol, clarified in xylene and 
embedded in paraffin. Each paraffin block/section was coded 
to allow a blind evaluation. Sections (5 µm-thick) were cut 

in a rotatory microtome and stained with hematoxylin–eosin 
(HE) for topographical description and with a modified pic-
rosirius red (PSR) staining for collagen quantification [16].

Immunohistochemistry

For immunohistochemistry, the following primary anti-
bodies were used: mouse monoclonal antibody against rat 
CD68 (clone ED1, Abd Serotec, BioRad Laboratories, CA, 
USA, cat n. MCA341GA, 1:100), rabbit polyclonal anti-
body against mannose receptor (AbCam cat. n. ab64693, 
1:100) for macrophages M2, and rabbit polyclonal iNOS 
(Invitrogen, Thermo-Fisher, CA, USA, cat. n. PA1-036, 
dilution 1: 100). Briefly, paraffin sections were dewaxed, 
and rehydrated, submitted to blockage of free aldehyde resi-
dues with 50 mM ammonium chloride in phosphate saline 
buffer (PBS), pH 8.0 for 15 min, permeabilized with 0.5% 
Triton-X100-PBS solution (15 min), and incubated in a dark 
ambient with a 3% hydrogen peroxide in methanol (15 min) 
solution for endogenous peroxidase inhibition. After wash-
ing with PBS pH 7.4, sections were submitted to heat-medi-
ated antigen retrieval performed in a microwave (0.01 M 
acid citric-sodium citrate buffer, pH 6.0 for 3 min). After 
cooling, sections were incubated with the blocking reagent 
[5% bovine albumin serum (BSA), 0.005% gelatin, 0.05% 
Triton X-100, 0.025% Tween 20 in PBS pH 7.4] for 1 h, 
followed by the incubation of primary antibodies diluted 
with 3% BSA in PBS, containing 1% of normal goat serum 
(Sigma-Aldrich, USA) in a dark, humid chamber, overnight 
at 4 °C. Then after washing with 0.25% Tween–PBS solution 
(PBS-T), and sections were incubated with the secondary 
antibodies: Histofine® Simple Stain Rat MAX—PO (Mouse) 
and—PO (Rabbit) from Nichirei, Japan, cat (414171F and 
414181F, respectively, both for rat tissue), for 1 h and per-
oxidase was revealed with diaminobenzidine (Liquid DAB, 
Dako, cat. K3468), washed in distilled water and counter-
stained with hematoxylin. Negative control slides were incu-
bated with mouse or rabbit isotype immunoglobulins or with 
the antibody diluent solution.

Table 1   Adherence classification according to Ricciardi et al.

Grade Finding

0 Absence of adhesions
1 Small number of adhesions, easily undone
2 Firm adhesions between bowels, resistant to manipulation, without involvement of the abdominal wall
3 Firm adhesions between the abdominal wall and an organ or structure
4 Firm adhesions between the abdominal wall and more than one organ or structure
5 Firm adhesions between the abdominal wall and more than one organ or structure with enteric fistula
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Histomorphometry and histopathological analyses

A computer-assisted image analysis system comprising a 
Nikon Eclipse E-800 microscope connected to a computer 
with a digital camera (Evolution, Media Cybernetics Inc., 
Bethesda, MD) coupled to Q-Capture 2.95.0 software 
(Silicon Graphic Inc., Milpitas, CA) was used to perform 
histomorphometrical analyses. Fifteen high-quality photo-
micrographs (2048 × 1536-pixel buffer) of HE, PSR-stained 
sections as well as immunostainings (CD68, iNOS and man-
nose receptor) were captured from non-overlapping areas of 
the implanted meshes.

Histological assessments of tissue response to the 
implanted mesh were performed evaluating the numbers 
of polynucleated cells (polymorphonuclear, eosinophils), 
myeloid progenitor cells, lymphocytes, plasma cells, fibro-
blasts, multinucleated giant cells, and the number of vessels 
in the captured images (15 images/animal) of areas of slides 
stained with HE, using a 20 × objective lens (fibroblasts, ves-
sels, and giant cells) or 40 × objective lens (inflammatory 
cells). The collagen network induced by mesh implantation 
was quantified through images obtained from histological 
sections stained with modified picrosirius red. Fifteen pho-
tomicrographs also were obtained using the 40 × objective.

Afterward, fibrosis was assessed through images obtained 
from PSR-stained sections and the quantification was per-
formed using the ImageJ® software (version 1.53a, National 
Institutes of Health, USA) for indirect accounting of colla-
gen expression in the samples. Data acquisition and analysis 
were blinded in all cases.

CD68, mannose receptor, and iNOS surface density

Surface density of these markers were obtained from CD68, 
mannose receptor, and iNOS-stained sections, as previ-
ously described [17]. The results were expressed as the % 
of stained areas in the total area examined, and results were 
expressed as median (interquartile range) of the surface den-
sity of CD68 (macrophages), mannose receptor (M2), and 
iNOS (M1).

Statistical analysis

For statistical analysis, GraphPad Prism 5 software (Graph-
Pad Software, Inc., La Jolla, CA, USA) was used. For his-
tological data, results were presented as as median (inter-
quartile range) and evaluated with ANOVA non-parametric 
test (Kruskal–Wallis) followed by Dunn’s multiple compar-
ison test. For adhesions or biomechanical test, univariate 
ANOVA followed by the Tukey post hoc test when the p 
value was less than 0.05 in the intergroup assessment. 95% 
confidence intervals (95% CI) were calculated for the values 

found and a p value of less than 0.05 was considered an ideal 
measure to reject the null hypothesis.

Results

None of the 50 rats studied presented any complications 
throughout the experiment, and there were no deaths. Ani-
mals submitted to surgical procedures had a good and pre-
dicted postoperative recovery. During the study, no changes 
in rat behavior, such as weight loss or difficulty in mobiliza-
tion, were observed. There were no enteric fistulas.

Adhesions analysis

All animals were evaluated for the macroscopic appearance 
of the intra-abdominal and visceral adhesions in the immedi-
ate postmortem. In the IPOM group, six animals had grade 
3 adhesion and four animals had grade 4 adhesions, with 
no animals with grade 0, 1, 2 or 5. In the SL group, one 
animal had grade 0 adhesions, two animals had grade 1, 
four animals had grade 3, and three animals had grade 4. 
There were no animals with grade 2 or 5. In the OL group, 
three animals had grade 0, six animals had grade 1, and one 
animal had grade 2. There were no animals with grade 3, 
4 or 5. In the SM group, four animals had grade 0 and six 
animals had grade 1. There were no animals in this group 
with grade 2, 3, 4 or 5. In the CT group, there were no adhe-
sions. Comparison of adhesion grades between experimental 
groups revealed that IPOM was associated with a signifi-
cantly greater intensity of adhesion formation (IPOM: mean 
3.4 and standard deviation (SD) 0.54; SL: mean 2.75 and 
SD 1.16; OL: mean 0.8 and SD 0.63; SM: mean 0.5 and SD 
0.52; p < 0.0001).

In the univariate multiple comparisons, we can observe 
that comparing the IPOM and SL groups, we obtain a con-
fidence interval between − 0.37 and 1.67, with a p value of 
0.38. Analyzing the IPOM and OL groups, we have a con-
fidence interval that varies from 1.8 to 3.66; with the IPOM 
and SM groups, we found a confidence interval between 2.13 
and 3.99; with the IPOM group vs. the CT group, we have a 
confidence interval between 2.41 and 4.38; with the SL and 
OL groups, we obtain a confidence interval between 1.25 
and 2.87; with the SL and SM groups, we have a confidence 
interval between 1.62 and 3.2, and finally, with the SL and 
CT groups, there is a confidence interval of 1.89 and 3.6. All 
of them with a p value lower than 0.0001.

Comparing the OL and SM groups, there was a confi-
dence interval that varied between − 0.32 and 0.99, with 
a p value of 0.6. When comparing the OL and CT groups, 
the confidence interval measured was − 0.06–1.4 with p 
of 0.09. Finally, when comparing the SM and CT groups, 
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a confidence interval between − 0.4 and 1.06 was verified, 
with a p value of 0.7. (Fig. 2).

Tensiometric evaluation

Tensiometric evaluation was performed on abdominal wall 
fragments from all the animals. In IPOM group, measure-
ments of MTS ranged from 5 to 8.14 N, with a mean of 
6.58 N and SD of 1.45. In SL group, measurements of MTS 
ranged from 27 to 52 N, with a mean of 36.75 N and SD 
of 5.92. In OL group, the range was from 21 to 33 N, with 
a mean of 26.4 N and SD of 3.5. In SM group, the range 
was from 20 to 26 N, with a mean of 23 N and SD of 3.39. 
Finally, in CT group, the range was from 20 to 27, with a 
mean of 24.1 and SD of 2.51 (p < 0.0001).

In the univariate multiple comparison, we can observe 
that comparing the IPOM and SL groups, we observed a 
confidence interval between − 38.84 and − 22.96; compar-
ing the IPOM and OL groups, we visualized a confidence 
interval between − 25.02 and − 10.05; comparing the IPOM 
and SM groups, we observed a confidence interval between 
− 25.62 and − 10.65; and comparing the IPOM group vs. 
CT group, there is a confidence interval between − 25.64 
and − 9.75. All of them with a p value lower than 0.0001.

Comparing the SL and OL groups, we obtained a confi-
dence interval between 7.44 and 19.29; with the SL and SM 
groups, a confidence interval between 6.84 and 18.69 was 
detected; and comparing the SL group with the CT group, 
we observed a range between 6.71 and 19.68, also with 
a p value lower than 0.0001. Evaluating the OL and SM 
groups, a confidence interval ranging between − 5.89 and 
4.69 was detected, with a p value of 0.99. When compar-
ing the OL and CT groups, the confidence interval varied 

between − 6.08 and 5.75, with a p value of above 0.99. 
Finally, comparing the SM group with the CT group, we 
observed a range between − 5.48 and 6.35, with a p value 
of 0.99 (Fig. 3).

Histological results

The implantation site of the polypropylene meshes in ani-
mals of SL, OL, and IPOM groups showed presence of an 
intense infiltrate of myeloid cells (polynucleated cells mainly 
neutrophils, mononuclear cells), and multinucleated giant 
cells located around mesh fibers, but differing in amount and 
types within the groups. SL group showed large fibers totally 
degraded, and the predominant cell type infiltrating the mesh 
was mononuclear cells followed by neutrophils, and myeloid 
progenitor cells. In fact, these group of cells were signifi-
cantly increased in SL group compared to OL group.

The SL group showed a histological evaluation, micro-
scopic analyzes were performed to identify and visualize 
typical inflammatory infiltrate, polymorphonuclear infiltrate, 
red pixels count, presence of giant cells, findings compatible 
with neovascularization and the identification of fibroblasts. 
The CT and SM groups did not show noteworthy changes in 
the histological scrutiny, as there were almost no findings in 
the elements surveyed, and it was chosen not to describe the 
results extensively.

Polymorphonuclear, lymphocyte, and plasma cells 
infiltrate

When evaluating the presence of polymorphonuclear infil-
trate, we observed in the IPOM group an average of 3.83, 
with a SD of 0.59, in the SL group an average of 8.26, with 
a SD of 0.94 and in the OL a mean of 4.46, with a SD of 
0.92. When performing univariate multiple comparisons 

Fig. 2   Adhesion grades

Fig. 3   MTS values found
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on the typical infiltrate values found, we observed p values 
under 0.05 when comparing the IPOM vs. SL and OL vs. SL 
groups, with a global p value of 0.002 for this group.

In the lymphocyte count performed, we observed in the 
IPOM group an average of 2.06, with a SD of 1.72; in the SL 
group, an average of 6.29, with a SD of 0.98 and in the OL 
group, a mean of 0.69, with a SD of 0.70. When perform-
ing univariate multiple comparisons on the typical infiltrate 
values found, we observed p value under 0.05 only when 
comparing OL vs. SL group, with a global p value of 0.001 
in this subject.

Analyzing the presence of plasma cells in the analyzed 
abdominal wall fragments, we can observe in the IPOM 
group an average of 0.5, with a SD of 0.79 and minimal val-
ues in the SL and OL groups that did not generate a substan-
tial analysis. The global p value found in one-way ANOVA 
analysis was 0.0003 regarding and sustaining the fact that 
only the IPOM technique expressed those type of cells. Fig-
ure 4 summarizes the findings described.

Fig. 4   Polymorphonuclear deposition around mesh—Sublay, Onlay, 
and IPOM models, (A, D) and (G), respectively. Lymphocyte expres-
sion near the mesh region—Sublay, Onlay, and IPOM models, (B, E) 
and (H), respectively. Plasma cells presentation—Sublay, Onlay, and 

IPOM models, (C, F) and (I), respectively. H&E. 1:200 μm. Graph-
ics regarding histologic finding of PMN cells, lymphocyte cells, and 
plasma cells in J, K, and L, respectively. BM biomaterial (mesh)
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Giant cells and red pixels count

Regarding the evaluation of the presence of multinucleated 
giant cells, we visualized in the IPOM group an average 
of 3.74, with a SD of 0.2; in the SL group, an average of 
1.13, with a SD of 0.11; and in the OL group, an average 
of 1.06, with a SD of 0.21. When performing univariate 
multiple comparisons on the giant cell values found, we 
observed p values under 0.05 comparing IPOM vs. SL and 
IPOM vs. OL groups, with a global p value of 0.002 in this 
analysis (Fig. 5).

Pixel counting was performed on all abdominal walls 
studied, except for the control group, since the objective 
of this study does not include the evaluation of the physi-
ological anatomy of the animal model. In the IPOM group, 
we found an average of 562,540 red pixels, with a SD of 
276,362. In the SL group, an average of 897,399 pixels 
was obtained, with a SD of 214,124. In the OL group, an 
average of 768,463 red pixels was observed, with a SD of 
69,517 and in the SM group, an average of 833,257 pixels, 
with a SD of 178,769 was observed. Comparing the values 
found, after the pre-test evaluations and the post-test cor-
rections, a p value of 0.001 was determined.

In the univariate multiple comparisons, we can observe 
that when comparing the IPOM and SL groups, we obtain a 
confidence interval between − 352,163 and − 60,478, with 
a p value of 0.001. Evaluating the IPOM and OL groups, 
we visualize a confidence interval between − 244,942 and 
45,245, with a p value of 0.28. When analyzing the IPOM 
and SM groups, we observed a confidence interval between 
− 324,381 and 3163, with a value of 0.056. When inves-
tigating the SL and OL groups, we obtained a confidence 
interval between 35.55 and 212,909, with a p value of 0.04. 
Analyzing the SL and SM groups, a confidence interval 

Fig. 5   Statistics regarding giant 
cells found mononuclear cells 
deposition final aspect. Arrows 
demonstrating giant cells. Sub-
lay, Onlay, and IPOM models, 
(A, B) and (C), respectively. 
H&E, 1:200 μm. D summariz-
ing the statistics of giant cells

Fig. 6   Red pixels’ count
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between − 85,047 and 176,471 was detected, with a p value 
of 0.8, and finally, when evaluating the OL group with the 
SM group, we observed an interval between − 190,683 and 
69,163, with a p value of 0.61 (Fig. 6).

Neovascularization and fibroblasts

When evaluating the presence of neovascularization, we 
observed in the IPOM group an average of 3.3, with a SD 
of 0.86; in the SL group, an average of 3.76, with a SD of 
0.58 and in the OL group, a mean of 3.33, with a SD of 
0.46. When performing univariate multiple comparisons 
of the neovascularization values found, we observed no 
significant statistics between the groups, with a p value 
of 0.27.

Analyzing the presence of fibroblasts in the analyzed 
abdominal wall fragments, we can observe in the IPOM 
group an average of 2.73, with a SD of 0.32, in the SL group, 
an average of 7.86, with a SD of 1.16, and in the OL group, 
an average of 3.76, with a SD of 0.46. When evaluating the 

univariate multiple comparisons of the values of fibroblasts 
expressed, we found p value under 0.05 only comparing the 
IPOM vs. SL group, with a global p value of 0.0005. Fig-
ure 7 demonstrates the findings above.

Immunohistochemistry

The immunohistochemical analysis comprised the evalua-
tion of the expression of markers CD 68, mannose receptors, 
iNOS, and collagen density, using the average expression 
in the microscopic analysis, in percentage referring to the 
40-times magnification field. The CT group did not show 
noteworthy changes in immunohistochemical detail, as there 
were almost no findings in the elements surveyed, and we 
chose not to describe the results extensively.

CD 68

When evaluating the presence of markers for CD 68, we 
observed in the IPOM group an average of 2.57%, with 

Fig. 7   Summary of neovascularization and fibroblast expression. 
Arrows denoting vessels. Sublay model, (A) and (D). Onlay model, 
(B) and (E). IPOM model, (C) and (F). H&E. 1:200  μm. Graphic 

regarding statistics found for neovascularization and fibroblasts is 
shown in (G) and (H), respectively
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Fig. 8   CD 68 expression more 
abundant in sublay model. Sub-
lay, Onlay, and IPOM models, 
(A), (B), and (C), respectively. 
1:50 μm. D showing CD 68 
expression between the groups

Fig. 9   Mannose receptors 
expression (arrows). Sublay, 
Onlay, and IPOM models, 
(A), (B), and (C), respectively. 
1:50 μm. D showing mannose 
receptors expression throughout 
the groups
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a SD of 0.26, in the SL group an average of 3.56%, with 
a SD of 0.47, in the OL group a mean of 2%, with a SD 
of 0.51, with a p value of 0.001 and in the SM group an 
average of 0.001%, with a SD of 0.4. When performing 
univariate multiple comparisons, we observed a global p 
of 0.0002 and a significant analysis only when comparing 
SM vs. SL group (Fig. 8).

Mannose receptors

Regarding the evaluation of the presence of mannose 
receptor markers, we visualized an average of 0.59% in 
the IPOM group, with a SD of 0.29; an average of 1.01%, 
with a SD of 0.8 in the SL group; an average of 0.56%, 
with a SD of 0.22 in the OL group; and an average of 

0.0005% with a SD of also 0.0005 in the SM group. When 
performing univariate multiple comparisons on the values, 
we observed p values under 0.05 when only comparing SM 
vs. SL group, just like in the CD 68 evaluation and a global 
p of 0.005 regarding this analysis (Fig. 9).

iNOS

The analysis of iNOS receptors showed an average of 0.01% 
in the IPOM group, with a SD of 0.004; an average of 0.02%, 
with a SD of 0.004 in the SL group; an average of 0.004%, 
with a SD of 0.002 in the OL group; and an average of 
0.0005% with a SD of also 0.0005 in the SM group. When 
performing univariate multiple comparisons on the values, 
we observed p values under 0.05 when comparing SM vs. 
SL, SM vs. OL, and SL vs. OL groups and a global p of 
0.002 (Fig. 10).

Collagen density

The collagen density analysis demonstrated an average of 
213.7% in the IPOM group, with a SD of 8.1, in the SL 
group an average of 223.9%, with a SD of 2.71 and in the OL 
group an average of 216%, with a SD of 1.59. The SM group 
did not show a significant value, therefore being excluded 
from this univariate comparison analysis. When performing 
univariate multiple comparisons on the values, we observed 
p values under 0.05 when comparing IPOM vs. SL and SL 
vs. OL groups and a global p of 0.0006 (Fig. 11).Fig. 10   Percentages of iNOS receptor expression

Fig. 11   Final aspect of collagen density deposition. Sublay, Onlay, and IPOM models, (A), (B), and (C), respectively. 1:200 μm. D represents 
the collagen density expression results
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SL group showed in picrosirius sections a dense disposi-
tion of collagen fibers around mesh fibers or bundles as well 
as in the intermeshes spaces (Fig. 12A). Polarized images 
of picrosirius-stained sections revealed a predominance of 
red fibers (thick fibers), both around and in between mesh 
fibers (Fig. 12B). In contrast in OL groups, picrosirius 
stain demonstrated presence of thin collagen fibers dis-
posed in intermeshes location as well as around mesh fibers 
(Fig. 12C). It was seen that polarization microscopy of pic-
rosirius sections disclosed red fibers (thick fibers) disposed 
loosely around or inter meshes (Fig. 12D). In IPOM group, 
picrosirius-stained sections displayed a loose collagen net-
work around mesh fibers or bundles (Fig. 12E) containing 
rare or sparsely disposed red fibers with almost absence of 
collagen deposed between mesh fibers or bundles (Fig. 12F).

Discussion

Surgical approaches for the treatment of incisional her-
nias are continuously advancing as innovative solutions 
arise and a more profound knowledge of the mechanisms 

behind repair is achieved. The use of meshes has been 
well established as advantageous in long-term outcomes, 
and now the debate has moved to other dilemmas such as 
what is the ideal method for approaching the defect, and 
in which abdominal wall layer should the mesh be placed. 
Several studies have shown that placement under the rectus 
abdominis muscle and over the posterior rectus sheath, i.e., 
the sublay or retrorectus technique, reduces rates of wound 
infection, recurrence, and early postoperative complications, 
without significantly increasing the risk of adhesion-related 
complications [9–11].

A clinical trial comparing primary suture, onlay and sub-
lay techniques in primary prophylaxis of incisional hernias 
has also shown that the use of meshes is more efficient than 
primary suture; however, there was no statistically signifi-
cant difference between onlay and sublay groups address-
ing development incisional hernias [18]. Nevertheless, 
given the short observation time and the fact that the study 
group was composed of subjects with no previous hernia, 
we believe the conclusions obtained from this study can-
not be compared to the many clinical series confirming the 
superiority of sublay technique over onlay. Overall, it has 

Fig. 12   Representative images from the abdominal wall contain-
ing the polypropylene meshes stained with picrosirius red visual-
ized in light microscopy and polarized microscope  (A, C and E: 

clear field and B, D and F: after polarization) at mesh implantation 
location. A and B: SL group, C and D: OL group; E and F: IPOM 
group). 1:100 μm
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been demonstrated that sublay technique not only is equiva-
lent to the classically used onlay technique in preventing the 
development of incisional hernias, but also superior to it in 
preventing hernia recurrence.

Even though these results by themselves have already 
caused an impact in the surgical community, with sublay 
repair being increasingly elected as the technique of choice 
in many specialized centers, and despite strong clinical 
evidence favoring sublay technique, the exact mechanism 
responsible for superiority is unknown. This fact encouraged 
our group to perform the experiments described above, since 
we believe they could be the first step toward characteriza-
tion of the basic mechanism responsible for the superior-
ity of one technique over another. The importance of this 
relies on prospects of continuous improvement in hernia 
treatment, since it lays a foundation for future endeavors 
in perfecting meshes and surgical techniques, based on the 
effect of the mesh on biological tissue and the influence 
of the surrounding microenvironment, as observed in our 
experiment. Aiming for this, our present study was designed 
to specifically evaluate the effect of mesh placement in dif-
ferent compartments of the abdominal wall, avoiding the 
interference of confounding factors, such as those related to 
the hernia itself. Hernias in humans are extremely complex 
and singular entities with a multitude of factors involved in 
their genesis, many of them related to the role of the abdomi-
nal wall in our bipedal stance, and this fact adds difficulty 
in obtaining an ideal animal hernia model. Moreover, the 
goal of this study was not to create true incisional hernias 
or to compare the efficacy of the techniques, since this has 
already been evaluated in clinical studies, but to characterize 
the effects of mesh placement on separate locations of the 
abdominal wall. Therefore, a model of laparotomy immedi-
ately followed by repair at the same surgical procedure was 
preferred over a true incisional hernia model.

The laparotomy model demonstrates the differences in 
fibrous tissue induced by mesh placement according to the 
different techniques studied, while also minimizing con-
founding factors that would be present if separate proce-
dures were performed over time. The use of a true incisional 
hernia model, i.e., maintaining the defect after a laparotomy 
for weeks before correction, even though may mimic the 
pathophysiology of hernias, would interfere with the results 
of the study, as this model induces significant but varia-
ble formation of adhesions and other pathological features 
which would make the interpretation of the results much 
more difficult [16]. Considering the importance of trans-
lational results, we selected a high-weight polypropylene 
mesh, due to its widespread use for the treatment of hernias. 
Reasons for its vast use include low cost, easy access, effort-
less maneuverability, and the property of maintaining its 
tensile strength for an indeterminate period [19, 20]. This 
mesh induces a deep inflammatory reaction, resulting in 

appropriate incorporation into the tissues of the abdominal 
wall [21]. The fact that a mesh designed for humans has 
been used in 200–400 g rats may have implications on the 
degree of the inflammation and fibrogenesis observed. The 
weight, size of pores, and diameter of the polypropylene 
fibers are much larger for a rodent’s size, which may lead to 
a more intense foreign body reaction. However, intergroup 
comparisons between the SL and OL groups have shown 
significant differences that should be attributed to the layer 
of the abdominal wall in which the mesh was placed, not 
to the type of mesh used, since it was the same for both 
groups. Besides, the choice of a mesh already used in cur-
rent surgical practice makes these results more translatable 
to clinical medicine, unlike if a rat custom-made mesh had 
been used. This mesh can be used in different surgical tech-
niques, improving outcomes without increasing the cost of 
the procedure.

Differential positioning of the mesh resulted in several 
measurable and statistically significant disparities detected 
after intergroup evaluations. One of the most prominent dif-
ferences observed was concerning intra-abdominal adhe-
sions. The IPOM group presented more adhesions, with all 
the animals had grade 3 or 4, whereas in SL 70% had grade 
3 or 4 adhesions and the OL group had 60% grade 1 adhe-
sions (p < 0.0001). Current literature supports our findings 
described in IPOM and OL group, as several studies have 
demonstrated that the positioning of a mesh in the cavity 
stimulates the adherence formation in any technique cho-
sen and loose adhesions may arise after surgical corrections 
involving OL technique [15, 22, 23].

Nonetheless, this is the second descriptive study evalu-
ating the presence of adhesions in an experimental model 
using SL technique [8]. Human studies, however, have not 
shown increased complications related to adhesions, such 
as intestinal obstruction, in patients submitted to SL tech-
nique. This apparent discrepancy may be due to the closer 
proximity of the mesh to the intraperitoneal space in rats, 
since their posterior rectus sheath is much thinner than that 
of a human. The greater inflammatory foreign body reac-
tion caused by the heavier mesh, as discussed above, may 
also be a factor contributing to greater adhesion intensity in 
rats. Even though intense formation of adhesions may be a 
potential disadvantage of the SL model, there is no evidence 
indicating that this phenomenon also occurs in humans at 
levels high enough to be clinically significant and to cause 
adhesion-related complications. We ruled out the possibility 
that such adhesions were caused by preoperative or postop-
erative ruptures in the tissues separating the mesh from the 
peritoneal cavity by evaluating each adhesion individually 
and not finding any disruption of the posterior layer in our 
specimens.

Our hypothesis to explain the increased adhesion for-
mation in SL group is based on mesh proximity to the 
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abdominal cavity, paracrine factors present in the com-
partment in which the mesh is inserted and more intense 
inflammatory reaction. Experimental studies with composite 
mesh used in intraperitoneal techniques have shown intense 
formation of adhesions [23], even though these meshes are 
specifically designed to be in direct contact with abdomi-
nal viscera, corroborating the assumption that the closer the 
inflammatory reaction is to the cavity, the greater the forma-
tion of adhesions. Besides, it is possible that polypropylene 
in contact with the aponeurotic and muscular fibers strongly 
induces collagen formation and recruitment of reparative 
elements to this compartment, leading to a greater induc-
tion of cell proliferation, and consequently more adhesions. 
Higher surgical trauma required to place the mesh in SL 
compartment may also contribute to greater extravasation of 
pro-inflammatory cytokines, leading to more intense inflam-
mation and fibrogenesis.

Tension measurement is commonly used to estimate the 
progression of tissue healing. As days go by after the surgi-
cal repair, maximum tensile forces between tissues progres-
sively decline until they reach a plateau. By the 30th day, 
tissues already have a uniformity of tension lines generated 
by aponeurosis healing, with or without mesh placement 
[24]. The presence of macroporous meshes results in greater 
tension between the structures in contact with the mesh. A 
study comparing distinct types of meshes and their tensio-
metric correlations in an experimental model concluded that 
macroporous meshes present higher levels of resistance in 
all phases [25], with increasing performance as the weeks 
passed.

Minimum tensile strength (MTS) required for mesh 
removal from its surrounding tissues in the abdominal wall 
is a good parameter to interpret the resistance of the repair, 
since recurrence is secondary to mesh displacement, and 
mesh resistance is by far greater than MTS. Additionally, 
MTS values varied uniformly between the groups. Two 
groups with mesh placement (SL and OL) displayed greater 
MTS than SM group, which indicates that following mesh 
repair, aponeurotic-induced fibrogenesis itself is not the only 
mechanism responsible for healing and strengthening of the 
abdominal wall. However, the IPOM displayed a poor result 
of MTS, demonstrating that there was no resistance whatso-
ever between the abdominal wall (p < 0.0001).

Neovascularization induced by the presence of mesh 
and by surgical trauma itself also has a significant role in 
determining final tensile strength, because the greater the 
suture tension for tissue synthesis, the greater the chance of 
local ischemia, leading to alterations in collagen and fibro-
blast proliferation [26]. The amount and quality of collagen 
formed is particularly important as well, since the forma-
tion of denser, more cohesive bands of collagen results in a 
greater force required to rupture the tissue.

Among groups in which the mesh was employed, SL 
specimens required a much greater MTS in comparison to all 
the groups, indicating a higher tensile strength in the former 
group. In fact, after statistical analysis, OL group showed no 
significant difference in tensile strength compared to SM. 
Higher MTS observed after SL repair is likely due to the 
formation of a better-quality fibrous tissue, as fibrogenesis in 
this group appears to be more cohesive and mature, resulting 
in a more consistent fixation of the mesh. Those findings are 
compatible with the conclusion of several clinical studies 
reporting lower recurrence rates using SL technique [9–11]. 
In this line of thought, one could argue that such difference 
in fibrogenesis among the three techniques could be related 
to the different cellular composition of each of the abdomi-
nal wall compartments. Adipose tissues have the capacity of 
modulating inflammation and, therefore, could be involved 
in reducing fibrogenesis following OL repair [27]. At the 
same time, the posterior rectus abdominis sheath appears to 
be a more favorable environment for the development of an 
optimized fibrous tissue.

Histological and immunohistochemical analysis of all 
groups revealed involvement of the same type of tissue 
repair, characterized by the predominant presence of a 
chronic granulomatous inflammatory process induced by 
polypropylene, with Langhans giant cell and foreign body 
giant cell formation, associated with variable sparse or 
aggregated histiocyte proliferation.

In the three main models (IPOM, SL, and OL), the sub-
strate profile is compatible with the intermediate prolifera-
tive phase of inflammation, although a great heterogeneity 
in such staging was observed, even within a single area. 
Considering this, we assume collagen deposition and matu-
ration are variable, gradual, and heterogeneous processes 
evaluated across specimens. We believe those results from 
the fact that collagen biosynthesis depends on the type and 
location of the abdominal wall injury.

Concentrations of repair elements throughout the wounds 
of rats from OL group were more homogeneously distrib-
uted, probably due to the uniformity of mesh placement on 
the abdominal wall, causing less trauma to tissue structure 
and, therefore, less inflammatory and reparative responses. 
In this model, the distribution of the constitutive elements 
of repair was less variable, and resulted in bimodal curves 
of collagen deposition, and no major variation of the other 
components. This group also presented comparatively high 
concentrations of fibroblasts and neovascularization. This 
may translate into a more advanced maturation phase of the 
repair process in these cases, favoring deposition of neocol-
lagen over inflammatory or proliferative elements, resulting 
in a more uniformly organized fibrous tissue.

The histological analysis of SL group demonstrated with 
higher densities of inflammatory elements, such as polynu-
cleated cells and myeloid progenitors. Indeed, previously it 
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was characterized that the myeloid cells cause a persistent 
inflammation after implantation of polypropylene meshes. 
CD68 is routinely used as a histochemical marker of cells 
of the macrophage lineage such as monocyte/macrophages 
[28], multinucleated giant cells, and other tissue resident 
macrophages [29, 30], but not in dendritic cells [31]. CD68 
can be significantly upregulated in macrophages responding 
to inflammatory stimuli [32, 33], and therefore is considered 
as a marker of activated macrophage [34]. Previous studies 
have demonstrated that the macrophages participating in 
implanted polypropylene meshes are CD68+ macrophages 
[34–36].

Macrophages are a heterogeneous population of cells that 
are activated/polarized by microenvironmental cues toward 
distinct functional phenotypes: the pro-inflammatory M1 
phenotype or an anti-inflammatory M2 phenotype. The M1 
phenotype is classically associated with pro-inflammatory 
host defense functions such as antimicrobial activity and 
phagocytosis, serving as immune effectors whereas the alter-
natively activated M2 phenotype is involved with various tis-
sue remodeling responses including resolution of inflamma-
tion and wound healing [37]. In the normal wound-healing 
process, M1 macrophages appear first to clean the injured 
site, followed by M2 macrophages to complete the wound-
healing process; furthermore, in general, immune responses 
exhibit a mixed population of the two phenotypes with a pre-
ferred ratio. That is, a high M1/M2 ratio develops first, and 
a low M1/M2 ratio develops later to regenerate the tissues.

Implantation of surgical meshes in experimental studies 
in animals have demonstrated that at least within 12 weeks 
after implantation, mainly M1 macrophages surrounded the 
mesh fibers and formed the foreign body granuloma [38, 
39]. Similarly, but in humans, the implantation of a light-
weight, wide-pore polypropylene mesh used for repair of 
pelvic organ prolapse and stress urinary incontinence also 
showed the predominance of the M1 subtype, with signifi-
cant increase of M1 and M2 cytokines/chemokines, MMP-9 
(pro- and active), and MMP-2 (active) in explanted meshes 
[40].

In humans, the interface of the polypropylene surgical 
meshes in the abdomen about 60% of macrophages had an 
M2 phenotype whereas only 6% had an M1 phenotype [41]. 
Besides that, these authors observed that the M2 response 
was accompanied by abundant collagen deposition, and 
fibrosis. Collagen type I was deposed directly at the interface 
to the meshes where percentage of M2 was highest while 
collagen III was in zones distant from the mesh at places 
poor in M2 macrophage [41]. The co-localization of mac-
rophages with type I collagen especially at the mesh–tis-
sue interface (> 50%) could indicate that M2 macrophages 
are responsible for collagen I degradation via a mannose 
receptor mediated (CD206) pathway after MMP cleavage37. 
Additionally, macrophages may be involved in the synthesis 

of collagen I, since the synthesis of other collagen types has 
been demonstrated in animals and humans [42, 43].

Implantation of biomaterials in the body is accompanied 
by immune responses formed against biomaterials them-
selves, and against tissue injuries that occur during implan-
tation, and include acute and chronic inflammation, and for-
eign body reactions. Multinucleated giant cells (MNGCs) 
appear when macrophages are unable to phagocytose bioma-
terials because of their size. Therefore, they fuse together to 
form MNGCs, and they release cytokines that are different 
from the cytokine-release profiles of the M1 and M2 mac-
rophages and produce reactive oxygen species, which can 
damage implanted biomaterials. Furthermore, it was previ-
ously shown that MNGCs express M1 (TNF-α, iNOS, and 
IL-1β) and M2 (IL-10 and Arg1) markers [44]. Indeed, this 
study showed that IPOM group induced the highest level of 
MNGCs, and presence of plasma cells. It could be hypoth-
esized that the ongoing activity of these cells in degrading 
the membranes could elicit the formation of plasma cells.

Therefore, we conclude that in rats, mesh positioning in 
sublay compartment is associated with the development of 
more pronounce minimum tensile force required for detach-
ing the surrounding abdominal wall tissues it was incorpo-
rated. The intensity of these findings correlates to the differ-
ent histological and immunohistochemical profiles observed 
following each repair, since SL group was characterized by a 
higher proportion of collagen, inflammatory and reparative 
elements. These findings are related to a different profile 
of cellular and molecular elements, associated to optimized 
cicatrization process. Characterizing these pro-healing ele-
ments and its counterparts will allow the development of 
new therapeutic tools which could be added to the still far-
from-ideal current therapeutic options for IH treatment. Fur-
ther studies are necessary to improve our knowledge about 
this subject, especially regarding the cellular mechanisms 
involved in fibrogenesis induced by mesh positioning in vari-
ous parts of the abdominal wall.
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