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Abstract

Purpose. Mesh surgeries are counted among the most frequently applied surgical procedures. Despite global spread
of mesh applying surgeries, there is no current systematic analysis of incidence and possible prevention of adverse
events after mesh implantation. Materials and Methods. Based on the recommendations of IDEAL an in vitro test
system for biocompatibility of surgical meshes has been generated (Innovation). Coating strategies for biocompatibility
optimization have been developed (Development).The native and modified alloplastic materials have been tested in an
animal model over 2 years (Exploration and Assessment and Long-term study). Results. In 3 meshes, implanted in sheep
and explanted at 4 different time points (a, 3 months; b, 6 months; ¢, 2 months; and d, 24 months) over 24 months,
thickness of inflammatory tissue (TVT a, 35 pm; b, 32 pm; ¢, 33 pm; d, 28 pm; UltraPro, a, 25 pm; b, 24 pm;c, 21 pm;
d,22 um; PVDF a, 20 pm; b, 21 pm;c, 14 pm; d, | 5um), connective tissue (TVT a, 37 pm; b, 36 pm; c, 43 uym;d, 41 pm;
UltraPro a, 33 pm; b, 32 pm;c,40 pm;d, 38 um; PVDF a,25 pm;b,22 um;c,22 pm;d, 24 pm),and macrophage infiltration
(TVT a,36%; b, 33%; ¢, 23%; d, 20%; UltraPro a, 34%; b, 28%; c, 25%; d, 22%; PVDF a, 24%; b, 18%; c, 18%; d, 1 6%) revealed
comparable ranking characteristics at every time point after explantation.The in vivo performance of these meshes in
a sheep model was predictable with a previously developed in vitro test system. Coating of meshes with autologous
plasma prior to implantation seems to have a positive effect on the meshes biocompatibility. Conclusion.VVe have applied
IDEAL criteria on a new innovation for surgical meshes. The results permit the generation of a ranking of currently
available meshes with potential to optimize future meshes.
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safety studies, which, in reality, is difficult to assure.
Normally, once a product is set on the market, financial
support for further investigations decreases and ongoing
evaluation with unknown results is often not desired.

Introduction

In a public health notification issued in 2008, the
American Food and Drug Administration (FDA) reported

more than 1000 unexpected and severe adverse events,
mostly associated with transvaginal placement of surgi-
cal mesh to treat pelvic organ prolapse and stress urinary
incontinence.' In 2011, a second FDA warning has been
amended on the basis of 2874 newly identified Medical
Device Reports; 1503 associated with pelvic organ pro-
lapse repairs and 1371 associated with stress urinary
incontinence repairs.” Currently, regulatory changes are
considered, including an upgrading in risk classifications
for meshes, clinical studies to address the risks and ben-
efits of mesh used to treat pelvic organ prolapse and
stress urinary incontinence and expanded postmarket
monitoring of device performance.” Manufacturers
should be urged to initiate and complete postmarketing

When assessing quality standards of surgical meshes,
comparability to other meshes should be possible. Despite
the existence of several models for assessing different
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meshes with regard to their particular biomechanical
characteristics, there are currently nearly no standardized
tools for comparison among meshes.>* With regard to
this weak point, in a previous study, we developed a tis-
sue culture in vitro test system for the evaluation of bio-
compatibility of alloplastic materials (meshes).” On that
basis, we established a scoring systems for in vitro bio-
compatibility features. Without any doubt, in vivo behav-
ior of a particular alloplastic material cannot be reliably
extrapolated from in vitro studies, thus appropriate in
vivo approaches are required.

Compared with the strict regulations for drug devel-
opment and market implementation, the process of
adopting and improving surgical innovations is still
unregulated, unstructured, and variable. In 2009, The
Lancet dedicated a series to the topic of “Surgical
Innovation and Evaluation” and its current status.®® A
5-stage description of the surgical development process
has been proposed, the so-called IDEAL model
(Innovation, Development, Exploration, Assessment,
and Long-term study), which allows to assign every sur-
gical innovation to its particular corresponding step of
development. The aim of this study was to translate an
in vitro approach into an animal experiment in order to
assess the prognostic value of the in vitro test system
regarding biocompatibility of different meshes follow-
ing IDEAL recommendations.

Materials and Methods
In Vitro Test System

In a preliminary study, we randomly investigated 7 dif-
ferent mesh types, currently used in different indications
with regard to their adherence performance using an in
vitro tissue culture approach.” Meshes were incubated
with tissue representative for fibroblasts, muscle cells,
and endothelial cells originating from 10 different
patients. After 6 weeks, the meshes were assessed micro-
scopically and a ranking of their adherence performance
was established.

We did not remark interindividual differences con-
cerning the growth and adherence performance after
incubation with the different meshes in the investigated
10 patients. The ranking was consistent in all patients. In
this test system, polyvinylidene fluoride (PVDF) was the
mesh with the best adherence score (Table 1). The test
system was feasible and reproducible.

We expanded our in vitro test system to modify the mesh
surface and to evaluate a possible effect of plasma coating
on adherence performance. This additional approach was
also used for internal validation of the previous in vitro test
system. Meshes were incubated with 1 mL autologous
plasma from the respective patient. Over 12 hours, the

Table I. Mesh Ranking From Preliminary InVitro Study

Ranking® Mesh Type Adherence Score

I Polyvinylidene fluoride 22
(PVDF) Dynamesh, FEG
Textiltechnik

2 TFT Motifmesh, 2.0
ProxyBiomedical

3 Vitamesh, ProxyBiomedical 1.6

4 UltraPro Hernia System 1.4
Medium UHSM, Ethicon

5 Mersilene Band, Johnson & 1.2
Johnson

6 Proceed surgical mesh, 1.2
Ethicon

7 TVT polypropylene 1.0

“Ranking from previous in vitro study.®

meshes had to be dried and were then added to the tissue
culture and investigated as previously described.’

In Vivo Experiments

The animal experiment was conducted at the Institute for
Experimental Surgery of the University of Szeged, Hungary,
in accordance with the National Institutes of Health guide-
lines (Guide for the Care and Use of Laboratory Animals).
The experimental protocol was approved by the Animal
Welfare Committee at the University of Szeged (license/
permission Nr. V01353/2010).

Fourteen female sheep, weighing from 20 to 25 kg and
6 months old, were housed and cared for at Szeged
University’s farm for experimental animal studies. We
included 2 more animals than the needed 12 for safety
calculations. All animals had free access to food and
water, and were cared for by an educated keeper and rou-
tinely inspected by a veterinarian. On the basis of the pre-
viously described test system and the resulting ranking,
we selected three meshes representing good, intermediate
and poor in vitro performance (Table 1). Sheep were
operated on in a supine position. The animals were intu-
bated and an aspiration tube was introduced into the
stomach. Anesthesia with isoflurane 2% mixed with air
and O, (50%/50%) was then established. Surgery was
performed by using a longitudinal laparotomy. We choose
3 different locations in the sheep to implant the meshes
via open surgery. To represent different in vivo surround-
ing 3 meshes were placed in the following localization:
(a) interaperitoneally, (b) as fascia onlay, and (c) as mus-
cle onlay (fascia sublay). The size of the implanted
meshes was 3 X 5 cm. Then, 3 plasma-coated versions of
the same mesh type were implanted in equivalent local-
izations on the contralateral site of the torso. The meshes
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had to be incubated with autologous plasma at least 12
hours prior to implantation. This procedure was repeated
in 14 animals, resulting in 4 animals per mesh type (plus
2 animals with polypropylene TVT [tension-free vaginal
tape]/PVDF). Mean operation time was 1.5 hours.

After 3, 6, 12, and 24 months, 3 animals, respectively,
underwent surgery for mesh explantation. The meshes
were identified and then harvested, and the extent of local
reactions was described macroscopically. The animals
were sacrificed directly after mesh explantation and har-
vesting of probes of parenchymatous organs (liver, intes-
tine, kidney, lung, heart). The harvested material was then
assessed for foreign body reaction, scar formation, and
inflammatory reaction.

Morphological Studies

A single longitudinal section of mesh and adhesive tissue
was obtained from each explanted mesh. Tissue samples
were fixed in 10% formalin, then sliced into 0.3 X 1 cm
pieces and embedded in paraffin. Each 10 to 15 sections of
4 nm thickness were stained with hematoxylin and eosin,
as well as periodic-acid Schiff (PAS) plus diastase and
Elastica van Gieson (EvG). All mesh specimens were stud-
ied by light microscopy. Light microscopy was controlled
by immunohistochemistry, which was performed on the
material embedded in paraffin using the avidin-biotin
complex method with diaminobenzidine as a chromogen.
The procedure was repeated twice for every sample.
Antibodies used in this study included polyclonal rab-
bitanti-human CD3, 1:50 as pan-marker for T-lymphocytes
(DAKO, Hamburg, Germany), polyclonal rabbit anti-
human CDI138, 1:50 as pan-marker for plasma cells
(DAKO, Hamburg, Germany), monoclonal mouse anti-
porcine CD68, 1:50 (DAKO, Hamburg, Germany) as pan-
marker for macrophages, monoclonal anti-human CD15,
1:10 (Becton Dickinson, Heidelberg, Germany) as marker
for polymorphonuclear granulocytes, polyclonal rabbit
anti-actin protein, 1:200 (DAKO, Hamburg, Germany),
and monoclonal anti-CD34 1:200 (BIOMOL, Hamburg,
Germany) as markers for fibromyocytes well as monoclo-
nal porcine CD31, 1:10 (DIANOVA, Hamburg, Germany)
as marker for endothelial cells. The morphometric evalua-
tion consisted of a quantitative cell analysis of the inflam-
matory reaction and soft-tissue reaction. The cells were
counted each in 5 hematoxylin and eosin slides in 10 fields
ata grid of 10 points (100%, area 0.1 mm?) and in the inter-
face (0-300 mm, 400%, area 625 mm?). Parameters mea-
sured were the inflammatory infiltrate (um), connective
tissue (um), vessels (PV%), macrophages (%), leukocytes
(%), polymorphonuclear granulocytes (%), and fibro-
blasts (%) as well as TUNEL, Ki67, and HSP 70 express-
ing cells (%). The influence of the clinical data on the
tissue response was tested for significance by performing

an analysis of variance with least significant difference
modification according to Bonferroni. Statistical signifi-
cance was assumed at P <.05.

Results

After the surgical procedure of implantation we did not
see major complications in the animals. Only in one
sheep a seroma occurred at day 3 postoperatively, which
had to be drained. All animals survived and gained
weight during the investigation period. At each explanta-
tion time point, we microbiologically excluded zoonoses
through vaginal, nasal, oral smear. There were no clinical
infections or mesh-related complications during follow-
up. We explanted the meshes after 3, 6, 12, and 24 months.
When microscopically investigating the different mesh
reactions after explantation, main focus was set on
parameters measured for inflammatory infiltrate, connec-
tive tissue, and macrophages (CD68). The respective
quantifications are demonstrated in Tables 2-4. For each
explantation time point, we observed the same trend of
extent of the investigated parameter (Figure 1). High
extent of connective tissue reaction and inflammatory
reaction were assumed as indicative for reduced biocom-
patibility. The ranking originating from the in vitro test
system was reproducible, characterizing PVDF as the
mesh (among the 3 meshes investigated) with less for-
eign body reaction, scar formation, and inflammatory
reaction at every single time point. Reinforced polypro-
pylene (UltraPro) remained in second and polypropylene
(TVT) in third position. This constant ranking was
repeated along the entire experiment. In addition, the
modified coated version of the 3 meshes revealed the
same result at a lower level of the respective reactions
(Figure 1). The entire experiment suggested a beneficial
effect of plasma coating prior to implantation, which is
shown in Figure 2. The extent of improvement remained
variable in the different meshes.

Discussion

In vitro models to investigate biocompatibility features
of alloplastic materials like meshes have limitations with
regard to their predictability for in vivo surroundings. A
mesh, per se, is a foreign body that induces a foreign
body reaction. This foreign body reaction is triggered by
the initial acute phase reaction and the subsequent con-
struction of the implant matrix, mostly conducted by
migration of fibroblasts producing glycosaminoglycans
and collagen. There is controversy about which implant-
induced reactions are desirable and which are not. The
development of new meshes should be based on a solid
understanding of the mechanisms of foreign body reac-
tion.” In our in vivo study, the histologic investigations
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Table 2. Inflammatory Infiltration®

3 Months 6 Months 12 Months 24 Months
Mesh Native Coated Native Coated Native Coated Native Coated
UltraPro 25+ 11 20+ 8 24+7 19+5 21 10 17+ 4 22+ 11 18+6
TVT polypropylene 35+12 33%10 32+8 30+ 6 33+ 14 26+ 9 28+ 8 28+ 12
Polyvinylidene fluoride (PVDF) 20+ 9 16 + 4 21 £9 17+8 14+9 13+6 156 12+2
*Standard deviations are shown for every single measurement. Thickness of the infiltrate is displayed in micrometers (um).
Table 3. Connective Tissue Infiltration®

3 Months 6 Months 12 Months 24 Months
Mesh Native Coated Native Coated Native Coated Native Coated
UltraPro 3318 24+ 4 327 24+ 11 40+£19 33zx12 38+ 13 347
TVT (polypropylene) 3712 30+ 17 36+8 28+ 12 43+14 2019 41 £ 10 24+ 12
Polyvinylidene fluoride (PVDF) 25+ 12 197 22+9 23+ 10 22+9 179 24+5 19+£3
*Standard deviations are shown for every single measurement.Thickness of the infiltrate is displayed in micrometers (um).
Table 4. Macrophages (CD68)*

3 Months 6 Months 12 Months 24 Months
Mesh Native Coated Native Coated Native Coated Native Coated
UltraPro 3416 349 28 + 11 26+ 12 25+ 6 19+4 22+4 18+ 6
TVT (polypropylene) 3612 26 + 11 339 19+£3 23+ 4 18+5 20+ 6 21 £7
Polyvinylidene fluoride (PVDF) 24+ 4 22+8 187 16 £3 18+8 14+2 16 £5 15+ 1

*Standard deviations are shown for every single measurement.Values are percentages of recognizable cells at the implant surface.

for inflammatory infiltrates show a slight reaction associ-
ated with PVDF, which increases in reinforced polypro-
pylene (UltraPro) and even more in native polypropylene
(TVT). This reduced inflammatory reaction can be con-
sidered an expression of good biocompatibility. However,
this observed postoperative sign of an inflammatory
reaction was noninfectious as counts for cells involved in
infectious immune defense as CD3 remained unaltered at
low levels.'’ In addition, when investigating connective
tissue, the same trend is observable: PVDF exhibits the
thinnest layer for connective tissue, followed by rein-
forced polypropylene (UltraPro) and polypropylene
(TVT). We observe a macrophage decrease in all meshes
along postoperative follow-up; however, the highest
number of macrophages was seen in the TVT meshes and
the in vitro ranking was consistent regarding this marker.
Macrophages are key mediators, involved in the foreign
body immune reaction, suggesting that this reaction has
been stronger in polypropylene (TVT) than in the other
2 applied meshes. With regard to the 3 investigated

parameters, macrophage invasion, inflammatory tissue,
and connective tissue formation, in this study, the previ-
ously established in vitro ranking of the 3 investigated
meshes was confirmed and repeated along the entire
animal experiment after 3, 6, 12, and 24 months respec-
tively. Moreover, when modifying the meshes by preim-
plant coating with autologous plasma, the ranking
remained constant. This supports the assumption that the
recently developed tissue culture in vitro test system for
meshes is able to predict the in vivo performance of
meshes. Practically, the test system helps to distinguish
between meshes with good and reduced healing perfor-
mance. The previously described in vitro test system was
sterile, thus no physiological in vivo reaction as foreign
body reaction or inflammation could be imitated.” This
indicates that the adherence ability of a mesh is crucial
for subsequent foreign body reactions or inflammatory
processes that define the meshes in vivo performance. In
addition, as in the in vitro approach, we did not see indi-
vidual recipient features influencing the meshes perfor-
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Figure 1. In vivo ranking of polyvinylidene fluoride (PVDF), polypropylene (TVT), and reinforced polypropylene (UltraPro) meshes

High extent of inflammatory reaction, macrophages count, and connective tissue is related to reduced biocompatibility.

mance. Besides quality issues of the material, we assume
that the processes that determine the meshes toward a
foreign body reaction must have occurred in the early
period, before 3 months, after implantation since there
was no more trend change during the following explanta-
tions. In a recent comparable long-term study in sheep,
Zinther et al'’ investigated the shrinkage of intraperito-
neal onlay mesh using coated polyester mesh versus
covered polypropylene mesh. Besides individual differ-
ences of the investigated meshes they describe a peak for
shrinkage at 3 months without additional shrinkage in the
following 15 months, suggesting an early effect. This is
in accordance with our results, which indicate an early
process being responsible for the extent of a foreign body
reaction and the mid- and long-term performance of an
implanted mesh. This trend is independent of the location
of the mesh in the body, although its particular extent
varies depending on the site of implantation. Although
those results have to be confirmed in larger series this
could be a novel approach to predict the bio-performance
and integration of any available mesh, just using a stan-
dardized in vitro experiment.

Several animal studies have been proposed and
reported to investigate local reactions after implantation
of mesh graft. To the best of our knowledge the present
study is the first experimental study conducted in sheep,
with a 2-year observation period. Using sheep as animal
model has various advantages. Biological behavior of
human cells is comparable to cells in the sheep model.

Compared with other large-size animals, sheep demon-
strate limited growth potential, while the trend to adhe-
sion formation (intra-abdominally) is similar to
humans.'*" In our study, we did not observe a specific
reaction triggered by lymphocytes (B- and T-). Thus, it is
very unlikely that the different lymphocyte status of
sheep versus human may have had important influence
on the in vivo biocompatibility performance. However, to
exclude this potential bias, experiments in primates
would be necessary, although very unrealistic. Given the
advantages mentioned, the sheep model has potential to
serve as a template in future experimental mesh studies,
in particular when assessing meshes in the abdominal
cavity but also other intracorporal locations. Nowadays,
data on adequate functional performance and material
safety are in the focus of premarket review for mesh
devices. Thus, preclinical investigations in terms of bench
and/or animal testing are currently used to confirm that
engineering specifications are met and that the material
chosen for a mesh is biocompatible. Unfortunately, clini-
cal performance data are rarely used to support clearance
for meshes for whatever indication.

In the study presented here, we could show the predic-
tive value of a recently developed in vitro cell culture
approach for biocompatibility assessment of meshes
when translating it to in vivo circumstances. In a second
attempt, we investigated coating approaches for meshes
to improve their biocompatibility. In preliminary experi-
ments, mesh coating with autologous plasma was shown
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Figure 2. Effect of plasma coating prior to implantation

High extent of inflammatory reaction, macrophages count, and connective tissue is related to reduced biocompatibility. Statistically signifi-
cant differences in thickness of connective tissue or inflammatory infiltrate and percentage of invading macrophages are indicated by an

asterisk (*; corresponding to P < .05).

to reduce foreign body reactions in vitro and in vivo."
Here, we can show that the influence of plasma coating
seems to have a consistent improving effect on the perfor-
mance of the mesh regarding connective tissue develop-
ment and inflammatory local reaction at the implant site,
thus suggesting an improved biocompatibility. This pre-
clinical in vivo study was initially inspired by the first
FDA warning of unexpected and severe adverse events
when using mesh devices.! We raised the question if the
performance of a mesh would be predictable prior to its
implantation in order to reduce the probability of unex-
pected mid- and long-term events as reported and com-
plemented in 2011.% Although we did not selectively
investigate meshes for the indications reported as pelvic
organ prolapse and stress urinary incontinence, our sys-
tem (in vivo and in vitro) may easily be used with every
available mesh. However, in a considerably narrow time
frame as reaction to the first FDA warning we developed

an in vitro approach, a subsequent animal study and are
now translating our results into a clinical trial. This is to
conform to the recommendations of IDEAL, and shows
how surgical research may be concluded (independent
from any result) when strictly driven following standard-
ized recommendations. McCulloch'® specified the rec-
ommendations concerning IDEAL to the field of urology.
Although not mentioned in his review, we would add
mesh implementing procedures to be an interventional
option as topic of current controversy and debate in urol-
ogy/urogynecology, not only for safety purposes but also
for effectiveness considerations.'®"’

Conclusion

The recently developed in vitro test system for biocom-
patibility of meshes may predict in vivo performance of
the meshes in a sheep model. This effect is independent
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of the location of the mesh in the body, although its par-
ticular extent varies dependent on the site of implanta-
tion. Coating of meshes with autologous plasma prior to
implantation seems to have a positive effect on the
meshes biocompatibility.
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