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Abstract
Introduction: In light of the fact that, to date, no information is available about titanium relative to its application
in prosthetic material employed for hernial repair, the
aim of the present work was to evaluate the fundamental
possibilities of titanium-coated polypropylene meshes.
Materials and Methods: In experiments with animals,
two groups, each containing 11 pigs, received either a
heavyweight polypropylene mesh (Atrium®) or an identical but titanium-coated mesh (titanium-coated Atrium)
implanted into the left groin using the totally endoscopic
extraperitoneal patchplasty technique. Results: A significant difference in the shrinkage behavior between conventional Atrium and titanium-coated Atrium was found
(14.9 vs. 8.8%, p ! 0.05). Furthermore, the partial volume
of the inflammatory infiltrate also proved to be smaller
with the titanium-coated mesh (14.9 vs. 12.4%). In addition, Ki-67 expression was lower in the group implanted
with titanium-coated mesh (21.0 vs. 15.0%). No differ-
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ence was observed with regard to the apoptosis index
(7.6 vs. 6.5). Conclusions: Heavyweight titanium-coated
polypropylene meshes induce a less pronounced foreign
body reaction in comparison with identical meshes with
no titanium coating, which, since the amount of material
implanted is identical, must be attributed solely to the
titanium coating.
Copyright © 2004 S. Karger AG, Basel

Introduction

Against the background of a dramatically escalating,
and possibly uncritical, use of prosthetic materials in hernial repair, in particular with regard to inguinal hernias,
pro and contra discussions have taken place in Germany
in recent years, and this despite the fact that the percentage of hernial repairs using mesh is considerably lower
than in such western industrialized countries as Great
Britain, Sweden and The Netherlands, or the USA [1, 2].
A positive ‘side effect’ of this debate has been an enhanced awareness of prosthetic use in hernia surgery, coupled with an appeal to surgeons and the industry to undertake greater efforts to develop better biomaterials [3].
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Currently employed heavyweight polypropylene
meshes are ‘overdimensioned’ and induce a severe
chronic foreign body reaction over the long term. This in
turn gives rise to scarring, which has a negative effect on
the mechanics of the abdominal wall [1, 2, 4].
On the basis of positive long-term experience with
titanium, in particular in the area of endoprostheses, an
attempt has been made to utilize this material for prosthetic meshes in hernia surgery as well. Since, to date, no
experience has been gained with the use of titanium in
conjunction with prosthetic materials for hernial repair,
the aim of the present study was to investigate the fundamental aspects of its potential application in this field, in
terms of healing and chronic inflammatory reaction. For
this purpose, a comparison was made of a heavyweight
polypropylene mesh with and without a titanium coating,
enabling any differences in behavior to be ascribed exclusively to the titanium coating.

Materials and Methods
In an animal experiment approved by the regional (Thuringian)
authorities (Ref. No. 341.43-2684-04-08-01/99), a conventional
heavyweight polypropylene mesh (Atrium®) was compared with an
identical mesh provided with a titanium coating (titanium-coated
Atrium). These meshes were implanted into two groups of 11 domestic pigs each.
To apply the titanium coating, a novel, so-called PACVD (plasma-activated chemical vapor deposition) technique, which was initially developed for the hardening of certain products, was employed.
In this process, a titanium compound is vaporized and passed into a
deposition chamber containing the material substrate. On the surface
of the latter, chemical reactions take place, and the gaseous titanium
compound is degraded, resulting in the deposition of the titanium on
the substrate. The energy required to activate the surface reaction is
not of a thermal form; rather, an electric field is employed to convert
the gaseous to a plasma state, so that the reaction takes place at a
temperature of only 45 ° C. This method permits not only the inexpensive and homogenous coating of even geometrically complicated
shapes, but also extremely thin coatings (here ! 30 nm) with a high
adherence [5].
After removal from their sterile pack, the Atrium meshes were
trimmed to the dimensions 9 ! 6 cm. Titanium coating was performed by GfE Nürnberg, Germany. Thereafter they were re-sterilized and packaged.
After appropriate premedication and sedation, the animals were
operated on under neuroleptanaesthesia. Implantation was carried
out using a minimally invasive approach as in humans, in the form of
a totally endoscopic extraperitoneal patchplasty (TEP). Following
appropriate preparation, a patch was placed over the three potential
hernia sites in the left groin [6].
After an in situ period of approximately 3 months, the experimental animals were killed with an overdose of trichloroethenediol.
Prior to autopsy, a laparoscopic inspection and evaluation of the in
situ implant was carried out, and the graft then removed en bloc
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Table 1. Operative data (means and SDs)

M:F ratio
Duration of operation, min
Initial weight, kg
Weight at sacrifice, kg
Increase in weight, %
In situ time, days

Conventional
Atrium

Titanium
Atrium

3:8
36.6B13.9
25.1B2.9
68.8B8.6
274
89.2B1.0

1:10
31.4B4.7
28.0B2.2
90.0B9.1
321
102.7B0.5

together with adherent adjacent soft tissue structures. Thereafter, in
order to assess the shrinkage of the patch, measurements were performed in the fresh, unfixed specimen taking care not to apply tension.
From each of the implants, five tissue specimens were obtained
from predefined sites within 300 Ìm of the interface (tissue/mesh).
Ten histological 5-Ìm-thick sections were then obtained and stained
with hematoxylin and eosin. Thereafter, the partial volume of the
inflammatory infiltrate (% PV) in the connective tissue was determined.
Also determined was Ki-67 (MIB-1) to evaluate the extent of cell
proliferation, and the TUNEL/ISEL marker to establish the apoptotic cell death – expressed as the apoptotic index. Ki-67 and TUNEL
staining was evaluated in six representative areas exhibiting the highest grade of inflammation. The positivity assessment was performed
by calculating the number of positive cells using an integration grid
under a microscope (Zeiss, Axioplan 2) (fig. 1). The results were presented as percentage of positive cells expressed as the median of all
the values calculated [7, 8].
Both the graphic presentation and the statistical analysis were
carried out with the aid of the software SPSS 7.0.1 for Windows
(SPSS, Inc., Chicago, Ill., USA). All parameters were tested for significance with the aid of Welch’s robust t-test for independent samples,
with a p value of 0.05 being considered significant. In comparison to
the classical t-test, this has the advantage of being applicable even
when there is a non-normal distribution of values in the two groups.
The results are presented in the form of box plots, the median,
95% confidence interval, and extreme values (o: up to 2 ! SD; *: up
to 3 ! SD). The box plot itself shows the interquartile range covering
50% of all values.

Results

In two groups of 11 domestic pigs each, a heavyweight
polypropylene mesh (Atrium®) or a titanium-coated, but
otherwise identical, heavyweight polypropylene mesh was
implanted. In both groups the patch was placed by the use
of the TEP approach, and both the operative procedure
and the mesh-handling properties were unremarkable in
each group (table 1).

Scheidbach/Tannapfel/Schmidt/Lippert/
Köckerling

Fig. 1. A, B Titanium Atrium, surface with little shrinkage (‘smooth surface’) and few inflammatory aggregates with
foreign large cells and few granulocytes and lymphocytes. C, D Conventional Atrium surface with shrinkage (‘broken
surface’), inflammatory infiltrate and calcification. HE. !10.

In neither of the two groups were relevant intraoperative complications to be seen, and the duration of the procedure was similar in each.
After a postoperative period of 3 months – during
which time all 22 experimental animals developed normally and showed a weight increase of approximately 3fold (Atrium 274%, titanium-coated Atrium 321%) – the
animals were killed. Laparoscopic inspection of the patch
and its bed prior to autopsy revealed neither migration
nor displacement of the implant in any of the animals.
Nor did any animal show any signs of patch infection or a

seroma. In 1 animal in the Atrium group, a tiny incisional
hernia was observed at the site of the camera port – otherwise all trocar sites had healed well.
With regard to shrinkage, a significant difference favoring the titanium mesh was found (Atrium 14.9%;
titanium-coated Atrium 8.8%; p = 0.031) (fig. 2). The histological investigation also revealed a smaller extent of
inflammatory infiltrate for the titanium-coated mesh
which, however, proved not to be significant (Atrium
17.3%; titanium-coated Atrium 12.4 %; p = 0. 15) (fig. 3).
The Ki-67 expression – reflecting the foreign-body-in-
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Fig. 2. Shrinkage as a percentage of original mesh size (conventional
Atrium mesh 14.9%, range 10–29%; titanium-coated Atrium 9.6%,
range 3–17%); p ! 0.05.
Fig. 3. Partial volumes of the inflammatory cells in % (conventional
Atrium mesh 17.3%, range 9–41%; titanium-coated Atrium 31.4%,
range 6–64%); NS.

duced proliferation rate – was also less pronounced in the
titanium-coated group (Atrium 21; titanium-coated
Atrium 15; p = 0.093) (fig. 4), but the difference was again
not significant.
No inter-group difference was to be seen in the apoptosis rate, with the means, medians and ranges all being
identical in both groups (Atrium 7.6; titanium-coated
Atrium 6.5; p = 0.49) (fig. 5).
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Fig. 4. Ki-67 (conventional Atrium mesh 21.0, range 8–36; titanium-

coated Atrium 15.0, range 5–31); NS.
Fig. 5. Apoptosis index (conventional Atrium mesh 7.6, range 2–14;

titanium-coated Atrium 6.5, range 2–12%); NS.

Discussion

Prompted by the fact that titanium is an excellent bioinert endoprosthetic material for use in trauma surgery,
an attempt has now been made to utilize its favorable
properties for prosthetic applications in hernia surgery. In
view of the total lack of experience with any such material
in hernial repair, the present study was conducted to
investigate the potential utilizability of titanium in terms
of healing behavior and chronic inflammatory reactions.
With a titanium coating of only a few atoms in thickness
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(approx. 30 nm), these meshes were, with the exception of
a somewhat duller appearance of the surface, completely
identical with the uncoated material, and showed no relevant differences with regard to rigidity, pore size and
structure. Nor were any differences to be seen in terms of
handling.
As has been shown in a number of earlier publications,
foreign-body-induced inflammatory reactions show only
minor changes after about 8 weeks in situ [9–14]. For this
reason, the present study allowed for an implant in situ
period of 3 months so as to ensure that the explantation
would be carried out in a phase in which no major changes
in the parameters investigated were to be expected.
Reports in the literature show that heavyweight polypropylene meshes undergo shrinkage – as a result of
inflammatory reactions and scar formation – of up to 20–
50% of their original size [10, 15]. In comparison, the
shrinkage of the Atrium mesh in our experiment was, at
15%, somewhat more favorable. In the case of the titanium-coated mesh, however, the shrinkage characteristics
were even more favorable (8.8%). This correlated with the
partial volumes of the inflammatory cells (17.3 vs. 12.4),
although a comparison of the mean values showed no statistical significance. There is a general consensus of opinion that the extent of the inflammatory reaction and
resulting scar formation is determined both by the
amount and the structure of the implant [10, 13, 15, 16].
Since the less pronounced inflammatory reaction and
resulting more favorable shrinkage properties seen in this

study were achieved with an identical amount of implanted material, it must be concluded that the effect is
due entirely to the titanium coating/surface structure.
In a study by Duchrow et al. [17], the authors showed
that human fibroblasts incubated at various cell concentrations with polypropylene meshes showed a significant
increase in apoptosis with a largely unchanged proliferation rate. Unanswered is the question as to whether this
influence on the apoptosis rate is due to a mechanical
effect, or possibly to substances liberated by polymers,
and their degradation products. It goes without saying
that this in vitro study over a period of only 48 h cannot
be compared without reservation with the present animal
experiments during which the meshes remained in situ for
3 months. The fact that in our study a heavyweight polypropylene mesh is associated with the same apoptosis
rates as an identical mesh with a metallic surface – and
thus quite different surface properties – strongly suggests
that the major influencing factor is of a mechanical
nature.
Be that as it may, in the light of the collected data and
the many years of utilization of polypropylene, it would
appear unjustified to draw conclusions about cancerogenic potential based on apoptosis rates [18].
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