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Abstract

Background: After implantation, prostheses for hernia
repair become encapsulated tissue as the result of foreign
body reaction possibly causing structural deformations. The
aim of this study is to use X-ray microtomography to obtain
three-dimensional characterisation of pristine devices to
serve as references for explanted prostheses harvested at
reoperation and preserved in a solution of formalin. These
deformations and tissue interactions were investigated in
explants using X-ray micro-computed tomography and his-
tology alike to illustrate their complementary.

Methods: X-ray micro-computed tomography with a
laboratory X-ray source was selected to acquire volumetric
datasets of pristine devices and explanted hernia prosthetic
meshes in voxel sizes between three and seven microme-
tres. The explants previously fixed in a formalin solution
were imaged. The image segmentation of explanted pros-
theses allows visualisation of their in-situ configuration.
Qualitative and possibly quantitative three-dimensional in-
formation about tissue integration within a foreign structure
were obtained without disrupting the architecture. Histo-
logical investigations in scanning electron microscopy, light
microscopy and transmission electron microscopy helped to
explain and show biointegration of hernia prosthetic mesh-
es competing with scar tissue formation.
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Results: The selected pristine devices were success-
fully imaged in air. Imaging of meshes in water was less
conclusive due to the lack of contrast. The explants stud-
ied featured local deformations in prosthetic loops. Over-
lapping loops were more frequent in explanted prostheses
compared to controls. Histological analysis demonstrated
biointegration of prosthetic structures. Development of the
concentric fibrous capsule surrounding each synthetic yarn
contributed to the chronic inflammatory response. The en-
capsulating tissues did not exhibit any sinusoidal structure
and led to the formation of fibrosis. The collagen fibres or-
ganised themselves to run parallel to the prosthetic surface
and were accompanied by foreign body granulomas in the
pores between stitches.

Conclusion: Absorption-based X-ray micro-computed
tomography was used successfully with both pristine de-
vices and explanted prostheses. MicroCT allowed a better
understanding of the sole observation in textile analysis. In
vivo deformation in devices occurred locally at loop level as
revealed by segmenting and analysing X-ray datasets. The
methodology developed is requiring larger samples for bet-
ter assessment of global deformation. Pathology of explant-
ed devices proved to be complementary to biointegration
that evidenced in detail the formation of scar tissue with
granulomas bridging the polypropylene stitches.

Introduction

The elegant review of meshes for hernia repair by Wang et
al., [1] describes the multiple types of hernias with their risk
factors, and the treatment overview. Parietal defects such as
hernias in the abdomen or the groin are causing a large spec-
trum of symptoms such as pressure sensation, pain, lumps,
sexual problems, to name of few. They can be corrected with
a prosthesis selected in a flow of devices: synthetic or biologi-
cal composite [2]. From the beginning of modern abdominal
surgery introduced by Bassini in 1887 [3] and the popularity
gained after Lichteinstein et al.,[4] and Shouldice [5] gave rise
to recurrences that have plagued and frustrated generations of
surgeons worldwide [6,7]. This important health issue requires
surgical repair. Hernia repair is the most common general surgi-
cal procedure in industrialised countries [8]. History has shown
that surgeons have been creative to come up with effective so-
lutions to repair these defects and to restore proper abdomi-
nal wall functions N[9]. The best surgical option remains to be
found, but the actual trend is to use prostheses to reinforce this
wall defect. The different types of hernias depend on their loca-
tion and their cause. Abdominal wall reconstruction is a chal-
lenging and complex procedure that includes the restoration
of the original tissue structure and its previous functions. The
abdominal wall comprises distinct layers whose integrity shall
be maintained and reinforced. The elastic recovery and the ab-
dominal wall strength shall be guaranteed after reconstruction.
The surgical techniques influence considerably the fate of re-
construction at every tissue interface. They will also direct the
selection of prostheses: biological, synthetic or composites. The
most common synthetic materials currently in use are Polypro-
pylene (PP), Polyester (PE), Polytetrafluorethylene (PTFE), and
Polyvinylidene Fluoride (PVDF) [10], while biological ones from
diverse sources, such as human and porcine dermis, small intes-
tinal submucosa, are also chosen, mainly in contaminated surgi-

cal fields [11,12]. Although considered as the optimal surgical
intervention at the moment, hernia repair with open, laparo-
scopic or robotic techniques using prosthesis may bring com-
plications [13]. Visualisation of the current device configuration
within the tissue could be informative on the source of pain and
could provide insights for the future development of prostheses
[14]. It is accepted that several types of devices undergo some
shrinkage after implantation and a reduction of their physico-
chemical properties [15]. Prosthetic meshes could expand as
well as they shrink [16]. Despite the many designs available,
improvements would still be welcome in terms of the biointe-
gration capacity to regenerate fascia function in the body (with
similar strength and elasticity), or to allow the tissue ingrowth
to rebuild the abdominal wall, while avoiding adverse events
such as recurrence, chronic pain (both nociceptive and neuro-
pathic), infection or prosthesis rejection [17].

With a view to complement traditional histological fea-
tures [18] with investigations and physiochemical characterisa-
tion, the present work aims at exploring the potential of X-ray
micro-computed tomography (XR-uCT) in three-dimensional
documentation for the configuration of pristine devices and
explanted prostheses, to a resolution allowing the visualisation
of the fibres making them [19,20]. Our hypothesis is that X-ray
microCT, known to be a high-resolution non-destructive imag-
ing technique, can offer qualitative and possibly quantitative 3D
structural information for the prosthesis without disrupting its
architecture after explantation [21]. Similar to CT scanners in
hospital, X-ray microtomography scanners use a translate stage
to rotate the samples through hundreds of angular views while
computing a series of virtual sliced cross-sections [22]. A short
object detector and a large source to detector distances guar-
antee a high spatial resolution. We hereby report developing
a specific methodology to acquire and analyse 3D prosthesis
datasets, acquiring volumetric data collections on explants for
the treatment of inguinal hernia and obtaining qualitative and
possibly quantitative 3D information about explanted prosthe-
ses compared to controls. Finally, the capacity of this technique
to highlight the integration of human tissue through fibres for
prostheses using a 3D fashion design is addressed [23,24] in
tandem with histopathology [25].

Materials and methods
Selection of prostheses

Five models to serve as controls were selected (Table 1). The
AlloMax Surgical Graft is done in human dermis [26]. The Bard
Mesh (high weight) and the Bard Soft Mesh (light weight) are
polypropylene monofilament warp-knitted fabrics, with respec-
tively small and large pores [27,28]. The Composix L/P Mesh
consists of a lightweight monofilament warp-knitted fabric with
large pores to face the parietal side and an ePTFE barrier mem-
brane to face the visceral side. The Parietex Composite Mesh
is made of polyester monofilament warp-knitted fabrics on the
parietal side and a bovine collagen film on the visceral side.
The Surgimesh XB is in 100% thermally bonded polypropylene
mesh in silicone [29]. Three explanted Bard Mesh prostheses
were harvested at surgical explantation and made available for
research after pathology observation and fixation in a 10% solu-
tion of formaldehyde according to ethical regulations in Cana-
da. Patient-derived explants were by implementing the ethical
standards in Switzerland.
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Table 1: Selected prostheses.

Name Manufacturer Composition SEM
Allomax Surgical Graft Bard Human dermal collagen
Bard Mesh Bard Polypropylene mesh
Bard Soft Mesh Bard Polypropylene mesh
Large pore polypropylene mesh
Composix L/P Mesh Bard gep polypropy X
sewn on expanded PTFE film
. . o Polyester impregnated with a
Parietex Composite Mesh Covidien .
resorbable collagen barrier
Silicone rubber embedding polypro-
Surgimesh XB BG Medical g polyp
pylene mesh

Processing of the specimens

From pristine devices, specimens were trimmed in coupons
of 5 x 5 mm?. Larger samples of Bard Mesh and Bard Soft Mesh
were cut as well, but in size of 10 x 10 mm?. The explanted Bard
Mesh prostheses were prepared in samples of 5 x 5 x 5 mm?3
and 10 x 10 x 10 mm?3. These were inserted into Kapton tubes
(5 mm and 10 mm diameter and 30 mm to 40 mm long) used
as specimen holders during beaming time. Control devices were
beamed in air and water while the explanted ones were kept in
formalin. The specimen holders were vapour tight while being
transparent to X-rays.

X-ray microtomography set-up and acquisition

Control coupons and samples of explants were imaged with
the X-ray microtomography scanner at the Center for X-ray Ana-
lytics at EMPA, in DUbendorf, Switzerland (Figure 1). The data
acquisition was performed as follows. The element used was an
amorphous silicon flat-panel detector (Perkin Elmer 1621-CN3
ES) with 2048 x 2048 pixels. A thin layer of a CsJ scintillator in
front of the detector converts X-ray photons into visible light.
Those were then transmitted with a 2D array of amorphous Si-
based photodiodes converting finally the visible light into elec-
trical current. No X-ray filter was needed for all samples. Each
one was imaged in a 360-degree rotation. The source-to-detec-
tor distance remained constant at 1017 mm but the source-to-
sample distance varied slightly, and the geometric magnification
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for every sample varied accordingly, leading to a voxel size span-
ning the range from 2.8 um to 7.07 um, providing a final spatial
resolution for the tomograms was respectively 5 um to 14 pm.
The total acquisition time varied from 24.8 min to 67.5 min,
where a single acquisition in raw radiography lasted 68 ms and
the number of acquired radiographs per tomogram was either
721 or 1441. The X-ray tube voltage was set within the range
of 50 kV to 80 kV and the corresponding electrical current was
respectively 200 pA and 100 pA, no hardware binning for the
detector was applied. A dark current and a flat plate radiograph
were both acquired, for each tomogram, prior to fully imaging
the sample, for correction of the outputs by radiography. The
tomograms were reconstructed with the Octopus Reconstruc-
tion software (Inside Matters). First, sinograms were produced
out of the acquired radiographs. Then, a cone beam filtered
back-projection algorithm was used for the 3D tomographic re-
construction. The 3D image analysis was performed with the
Avizo software (FEI Visualisation Sciences Group) for segmenta-
tion and three-dimensional visualisation of the segmented
prostheses [30]. The reconstruction from the radiographs led
to a tomogram, a three-dimensional image of the object. It con-
sisted of stack-slice manipulations, i.e. axial cross-sections, the
plane of these slices being orthogonal to the rotation axis.

Data processing and analysis

The data processing and analysis are detailed in Appendix 1:
it includes a full analysis of the segmentation procedure for iso-
lation and visualisation of the prostheses with the Fiji software
[31] that implements the algorithm described by Buades [32].
It allows the assessment of the segmented prosthesis integrity
and the quantification at loop overlaps [33-35].

Histology

The samples of explanted prostheses and the AlloMax Surgical
Graft were divided into three fragments for scanning electron mi-
croscopy, light microscopy and transmission electron microscopy
[36]. The pristine synthetic devices were only trimmed for scan-
ning electron microscopy without post-fixation of the coupons.

Scanning Electron Microscopy (SEM)

After a post-fixation in a 1% osmium tetroxide solution, the
specimens were rinsed in distilled water and dried in ethanol
solutions of graded concentrations until absolute ethanol and
then transferred in absolute acetone. Final drying was achieved
in hexamethyldisilazane. After gold-palladium coating (Sputter
Coated Nanotech SEMPrep 2; Nano-Tech Burton-on-Trent, UK),
the specimens were observed in scanning electron microscopy
at accelerating voltages, from 15 kV to 25 kV (Jeol JSM-6360LV;
Tokyo Japan).

Light microscopy

The specimens were cut in narrow strips of 3 mm wide using
a microtome at 5 um thick and embedded in paraffin. Sections
were stained with haematoxylin and eosin (HE) for general ob-
servations, Masson’s trichrome (MT) for collagen and Verhoeff
for elastin fibres. The slides were seen in an Axio Imager M2
(Zeiss, Jena, Germany) and the photos were processed with the
AxioVision software (Release 4.2.2). For observing the slides in
polarised microscopy, they were stained in a Picrosirius red solu-
tion and rinsed in HCP prior to counter-staining in Harris haema-
toxylin. The slides were seen using the same microscope, and the
photos were done with the AxioVision 9.8_2.0 software [37,38].

Transmission electron microscopy

After a post-fixation in 1% osmium tetroxide solution fol-
lowed by uranyl acetate staining, the specimens were embed-
ded in epon, and then sliced using an ultra-microtome. Further
to additional stains, in lead citrate and uranyl acetate, they were
observed in transmission electron microscopy at a voltage of
80 kV (Jeol JEM 1230; Tokyo, Japan) [39,40].

Results
Microtomography

Imaging of the different pristine devices in air resulted in
clear 3D reconstructions. The coupons imaged in water offered
a loss of information or not at all. The polypropylene was dif-
ficult to separate from water because of similar densities. This
drawback did not appear with explants, following the incorpo-
ration of the mesh into scar tissues.

The overall geometry of explanted prostheses compared to
pristine devices was remarkably preserved. However, deforma-
tions were present in both. The first ones, more specifically
the Bard Soft Mesh, were fitted in the Kapton tube holding the
sample and these could not be eliminated based upon the light-
ness in the structure. As for the second ones, it was the result of
tissue encroaching with structural contraction. Therefore, the
guantitative analyses showed a great variability ranging from
4.6 mm = 1.3 mm to 10.4 mm 2.6 mm in the pristine device
and could not be reported in detail.

The three-dimensional visualisation of prostheses illustrat-
ing the capacity of microtomography to capture characteristics
of each type can be presented as follows. The AlloMax made
of human dermis allowed to clearly identify the collagen fibres
in air, whereas the structure of the prosthesis in water could
not be observed due to similar absorption coefficients. The mi-
crostructure of collagen bundles was successfully imaged in air
using microCT on this prosthesis, and with pixels of 3.1 um. The
level of detail permitted to analyse its structural density and po-
rosity (Figure 2: A1 and A2). A few inaccessible pores were still
filled with air and thus were visible in the specimens immersed
in water. The wet-dry subtraction from state images could not
be performed (Figure 2: B1 and B2).

From the Bard Soft Mesh, coupons were carefully cut to fitin
the Kapton tube having the same measurements to be imaged
in air with coupons of two sizes, 5 x 5 mm? and 10 x 10 mm?,
which resulted in pixels of 3.3 um and 7.07 um, respectively,
shown in Figure 3. A bigger pixel size, i.e. a lower spatial resolu-
tion, was enough to capture the geometry of this mesh. The
fibre yarn was sufficiently resolved in the whole image. The im-
ages acquired were the relaxed geometry of prosthetic mesh
because one alveolus had to be kept intact to preserve the
architecture. Figure 4 shows the linear correlation (in red) to-
gether with the 3D rendering of a tomogram from CT scanning
of Bard Mesh generated in air. The segmentation procedure was
further developed to permit a complete 3D visualisation of the
mesh (Figure 5). The other specimens from pristine devices at
5 x 5 mm? were based on a propylene fabric imaged in air or
water presenting a complex architecture with a sufficient con-
trast (Figure 6).

The tomograms of the composite prostheses are summarised
in Figure 7. Composix L/P is made of two layers, a polypropylene
knitted fabric sewn to a thin expanded PTFE film. The prosthetic
knit allows intra-abdominal fixation (parietal side) while the
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ePTFE layer (visceral side) prevents adherence. Parietex Com-
posite offers a specific structure, in a three-dimensional, hex-
agonal polyester fabric system (parietal side), applied against
a thin collagen sheet (visceral side). The 3D structure observed
in this microCT image, confirmed the relevance and interest to
acquire such a dataset in three dimensions. Surgimesh featured
a bonded polypropylene polymerised into a network impreg-
nated with silicone. To summarise, imaging of the different
prostheses in air resulted in clear 3D reconstructions.

The explanted Bard prosthesis as well as the corresponding
segmented images are provided in Figures 8 and 9. The differ-
ence in density between polypropylene yarns and surrounding
tissues, then the distinction between the polypropylene yarn
and the formalin solution can be reproduced in complex geom-
etries. The 5 x 5 x 5 mm? explanted specimens demonstrated
this reconstruction with a 3-4 um resolution. Excellent results
were also obtained with the 10 x 10 x 10 mm? specimens with
a resolution of 7 um.

The prosthesis was identified through its tissues. The poly-
propylene yarns were difficult to separate from the formalin
solution due to similar densities. The images clearly showed the
incorporation of the mesh into the fibrotic capsule surround-
ing the foreign body of the high and dense implant (Figure 10).
The overall geometry of the prostheses was well preserved.
The qualitative comparison of the two explanted Bard hernia
meshes vs. controls illustrated the deformation (Figure 11).
The average distance between loops displayed a great varia-
tion. For each stitch, an average distance between the mesh
loop branches and its standard deviation were both computed.
The stitches in the meshes as controls revealed a consistent
structure where the explanted specimens were deformed and
shrank. It was possible to segment one loop from the rest of the
prosthesis. The qualitative overlay shows that the scale of the
deformation was limited (Figure 12).

Histology

The histological analysis of the pristine devices was limited to
the AlloMax Surgical Graft and the explanted specimens inves-
tigated were the Bard hernia prosthetics. The biological device
displayed a skin structure in both light and scanning electron
microscopy. In transmission electron microcopy, the collagen
bundles were blurry and the bonding of filaments was poorly
evidenced because of the delay in the cadaver preservation
before skin harvesting and chemical processing. A degradation
process began before this process.

The explanted hernia meshes had complete biointegration
on the parietal side. The absence of any encapsulation was fre-
quent on the visceral side with dispersed tissues and accumula-
tion of blood debris. Observations in scanning electron micros-
copy evidenced the parietal aspect of the thick fibrous capsule
enmeshing the knitted fabric completely. This capsule was a
compact assembly of collagen fibrils. They were parallel to each
other and highly stretched under tension without any sinusoi-
dal pattern. The polypropylene yarn began to be weakened with
the appearance of thin longitudinal fissures (Figure 13).

Light microscopy confirmed the thick encapsulated device.
Numerous macrophages featuring foreign body granulomas
were surrounding the textile fibres in implantable meshes as the
result of the chronic inflammatory response due to surface oxi-
dation and polypropylene shredding. The Masson’s trichrome
and the Verhoeff’s stains allowed visualization of the stretched

collagen fibres. Neither bacteria nor infectious organisms were
observed in any of the explanted prostheses. The high level of
foreign body granulomas in the voids at the interface of yarns
was consequently the outcome of a chronic inflammatory reac-
tion caused by particles shredded that are detached from the
oxidised surface of polypropylene (Figure 14). The presence of
stretched collagen bundles accumulating in parallel layers and
surrounded fibres used in prosthetics was notable. The collagen
bundles concentrically lay flat around the mesh filaments. They
were frequently stretching until rupture, making the wound
very stiff. The absence of any waviness in the collagen encap-
sulation was illustrated in a Picrosirius red staining (Figure 15).

The Transmission Electron Microscopy (TEM) added another
input to assess the quality of collagen fibres surrounding the
explanted prostheses that were elongating under tension until
rupture. The filaments themselves are of good quality and par-
allel to each other. They showed no aggregation with well-indi-
vidualised filaments. The usual sinusoidal pattern was replaced
by stretched longitudinal fibres. This explained why the newly
constructed collagen structure that surrounded each yarn of
the prostheses was under increasing tension after implantation
(Figure 16).

Figure 1: X-ray microtomography set-up with the X-ray tube T
(A) and close-up of the Kapton tube holding sample (B).

Air

Water

B1 — B2 ——

2 mm

Figure 2: AlloMax hernioplasty prosthesis observed in air and
water. Voids are suspected in the cross-section in air (A1), the 3D
reconstruction illustrates a fibrous structure without any commu-
nicating pores (A2). The water fills the space between the prosthe-

sis and the tube (B1) on one side only (B2).
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0 1 2mm

Figure 3: Bard Soft Mesh prosthesis is seen in air. Coupons of
two sizes are shown: 5 x 5 mm2 (A) vs. 10 x 10 mm?2 (B): frontal
view (A1, B1) and cross-section (A2, B2).

f
0 250 S00um

Figure 4: Bard Soft Mesh prosthesis in air. The 3D label image
rendering (blue) (A) and corresponding lines (red) (B) illustrate the
frontal observation of both mesh and correlation lines. Close-up of
isometric frontal observation highlights the overlapping loops of
the warp-knitted fabric (C).

Figure 5: Bard Mesh prosthesis observed in air. The coupon
was inserted in a 10 mm diameter tube after segmentation: visu-
alisation of the tomogram using 2D cross-sections orthogonal to
each other (A); volume rendering of the raw tomogram (B); cross-
section after thresholding (C); volume rendering of the prosthesis
segmented by thresholding (D).

g 15
:‘J
Bl == B2 ™ imm B3 ™ 2

Figure 6: Bard Mesh coupons of 5 x5 mm2 in 3D visualisation in
air (A) and water (B): dataset from the tomogram (A1, B1), frontal
observations (A2, B2) and cross-sections (A3, B3).

Cross
Section

Tridimentional
Representation

Frontal
Observation

-~

Parietex Composix L/P

Surgimesh

Figure 7: Coupons of composite prostheses: frontal observa-
tion, tridimensional representation and cross-section of the Com-
posix L/P made of a lightweight polypropylene warp-knitted con-
struction with an ePTFE barrier on the visceral face (A1, A2, A3),
the Parietex in the same polypropylene fabric with an absorbable
film of collagen on the visceral face (B1, B2, B3) and the Surgimesh
XB whose polypropylene fabric is impregnated with silicone 100%

thermally bonded (C1, C2, C3).
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0 2 4mm E ¢ 2 4mm

- Figure 11: Coupon of a Bard Mesh prosthesis 10 x 10 mm2 vs.
an explanted specimen 10 x 10 x 10 mm3. The control fabric is flat
and the stitches are regularly ordered (A), whereas the explanted
specimens are shrunk to different levels (B, C) with eventually

— i i
B1 . — B3 H—zm some overlapping (D) or restructuration (E).

Figure 8: Explanted Bard Mesh prosthesis specimens of 5 x 5 x
5 mm3. Dataset from the tomogram (A1) incorporating a plug (B1),
frontal observations (A2, B2) and cross-sections (C1, C2).

Al

Figure 12: Loops in Bard Mesh prostheses: frontal (A1) and
cross-section (A2) of the pristine device, and frontal (B1) and
cross-section (B2) of the explanted specimen.

A

Figure 9: Filtered tomogram of an explanted Bard Mesh pros-
thesis specimen. The axial cross-section shows tissue encapsulat-
ing the fabric structure (A). The frontal view illustrates the irregu-
lar shrinking of the fabric (B) and the cross-section shows a regular
distribution of the fabric yarns (C).

Figure 10: Explanted Bard Mesh prosthesis of 5 x 5 x 5 mm3 ob-
served in a 10 mm diameter tube. The raw tomogram using axial,
sagittal and coronal 2D cross-section is illustrated (A), the volume
rendering of the tomogram shows the external tissue encapsula-
tion (B), and the multiple color scales confirming the tissue encap-
sulation of the mesh on the parietal side whereas the visceral side
is devoid of any encapsulation with an organised structure (C).

Figure 13: An explanted Bard Mesh specimen in scanning elec-
tron microscopy. The external capsule on the parietal side is made
of dense fibrous tissues (A, XXX), whereas the polypropylene fab-
ric on the visceral side is devoid of any encapsulation (A, arrows).
The connective tissues are well organised on the visceral side with
fibrous bundles running parallel to fabric (B, arrows). The polypro-
pylene yarns of the fabric demonstrate some level of fragility as
longitudinal fractures are evidenced (C, arrows).
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Figure 14: Explanted Bard Mesh prosthesis in light microscopy.
The monofilaments encapsulated in yarns of polypropylene show
striking differences between the parietal side (A, XXX) and the vis-
ceral side (A, XXXXX). Inflammatory cells are accumulating in the
vicinity of the polypropylene yarn that reveals early surface deg-
radation (A, arrows) (Masson’s trichrome staining). In the absence
of severe surface degradation, the encapsulation corresponds to
a scar tissue made of elongated fibres of collagen without any si-
nusoidal patterns, causing the stiffness of the abdominal wall (B,
arrows) (Haematoxylin and eosin staining). The surface oxidation
of the polypropylene yarn is associated with an encapsulation that
shows cracks (C1, blue arrows) and accumulation of macrophages
(C1, black arrows), leading to foreign body granulomas in between
the yarns (C2, circle) (Haemoxylin and eosin staining).

Figure 15: Observation of the polypropylene yarns after Picro-
sirius red staining in light microscopy (A) and polarised microscopy
(B). Inflammatory cells are accumulating in the vicinity of the poly-
propylene yarns whose oxidised surfaces are cracking (A, arrows)
whereas complete encapsulation with individualised elongated
collagen fibres of different diameters and embedded the yarn
structure (A, XXX). These fibres are predominantly made of type
| collagen with well-individualised fibrils in various diameters (B,
arrows). The complete absence of sinusoidal patterns explains the
lack of elasticity and the stiffness of the scar tissue.

Discussion

More than one million prostheses for a hernia repair are
implanted worldwide every year and the modern era started
in 1958 with the introduction of polyester and polypropylene
fabrics [41,42]. Depending on the technique used, it could be
open, laparoscopic or robotic surgery, the prosthesis is in contact
with different structures. There is no consensus regarding the
most common approach; however, the surgeons are following
the guidelines from Hernia Societies [43-45]. The procedure
will be considered as successful as the patient stays away from
infection, along an absence of short- and long-term recurrence
as well as chronic pain. This last point is frequently troublesome

Figure 16: Explanted Bard Mesh prosthesis in transmission
electron microscopy. The encapsulation of the polypropylene
yarns is made of elongated collagen bundles with various orienta-
tions, contributing in the elimination of any elasticity in the scar
tissue; such an elongation of the bundles without any sinusoidal
patterns can lead to fracture (A, arrow). The fibrils of collagen are
individualized, without any agglutination and sign of degradation
(B). Those fibrils show a regular banding resulting from the overlap
of the tropocollagen constituents (C).

for the patient and end up in medico-legal issues [46-48].

Each prosthesis offers specific characteristics, which make it
suitable for different applications in implantology according to
the surgeon’s practice [49,50]. Any prosthetic device requires
one or more components depending on the complexity of its
construction and the anticipated function as an implant. The
selection of synthetic prostheses for hernia repair is limited
to a few polymers, namely polypropylene, polyethylene
terephthalate (polyester), Polytetrafluoroethylene (PTFE) and
Polyvinylidene Fluoride (PVDF), whereas multiple biological
devices from a human or animal sourcing made of tissues
chemically processed are available. Most of hernioplasty
prostheses currently implanted are therefore made of knitted
textiles [51]. The characteristics of the structure, such as
inter-yarn distance and density, are important properties
taken into consideration when choosing a device to repair
an abdominal wall or inguinal defect. Any implant should
adhere to the 3 B concept: biofunctionality, biodurability and
biocompatibility. The biofunctionality can be defined as the
treatment of a deficiency, while the biodurability is related to
the stability without deformation and/or degradation whereas
the biocompatibility focuses on the biointegration in the
absence of an exacerbated chronic inflammatory response and
necrosis. The sourcing of synthetic polymers, more specifically
the polypropylene cannot rely on a sound traceability since
its degradation as reported [52] is frequently challenged. Any
prosthesis undergoes different processes once inserted in the
body, such as shrinkage, tissue encapsulation being exacerbated
or absence of it, adherence formation, structural deformation,
and/or chemical degradation of polymers [52]. Most prostheses
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are designed as a flat textile, because of knitting patterns. In the
meantime, surface treatment or addition of an anti-adhesive
coating on the visceral side results in three-dimensional (3D)
fabrication, which has been challenging to document, especially
when tissues are present [57]. Histological observations in light
and electron microscopy are being used to analyse explanted
devices. However, these technical approaches necessitate
further processing and lead to 2D findings. The information
about 3D structure is thus missing. Coda et al. subjected
explanted prostheses to a digestion process to eliminate the
tissues and found a wide range of alterations, such as shrinkage
or swelling of these prosthetic devices. But control prostheses
exposed to the same treatment displayed similarities, revealing
the sensitivity of materials to this digestion process [16].
Various opposite opinions were then expressed in the literature
for fresh tissues [58] and fixed tissues alike [59].

Another competitive strategy to record documentation is
Magnetic Resonance Imaging (MRI), for three-dimensional
in vivo imaging in rats and in case of human hiatal hernia
repairs, using MRI visible prostheses [60,61]. Changes in the
overall area of the prosthesis before/after the operation could
be followed. The microparticles to increase visualisation are
also possible, as shown in an image of a pelvic floor mesh at
a millimetre resolution [61]. However, in these MRI studies,
limitations of spatial resolution do not allow to assess in detail
the configuration of the prosthesis and its interaction with
surrounding tissues [62].

In medical applications, X-ray micro-computed tomography
(XR-uCT), which can reach micrometre-level resolutions, has
mostly been used in relation with orthopaedic, maxillary or
vascular surgery, as well as bone, tendon or endovascular
prostheses [63-66]. Other types of implants have been imaged,
either explanted ones or additional kinds of samples, as three-
dimensional data is found highly relevant in many instances, for
example in the deployment of a coronary stent [67]. All these
applications could go with microCT because of the difference
in density, like X-ray attenuation between the various studied
materials. To increase this last, a proposed method used special
meshes with barium-impregnated borders. However, fabrics
of hernia repair prosthesis have fine structure, materials with
low X-ray mass attenuation coefficients and so far have not
been thoroughly investigated with microCT. Only one study is
found using microCT to examine abdominal hernia prosthesis.
Sindhwani et al. documented in vivo condition of rats, the
geometric changes in the prosthesis after implantation at
a spatial resolution of 35 um per pixel and compared their
geometry to the ones in control device samples incorporated
into agarose gel [68,69]. The quality of datasets allowed the
capturing of dimension changes (up to 16%), those are probably
due to either a prosthesis folding or an aggregation of pores
during suturing. Further image processing identified decrease
in the interpore distance of 4%. A main conclusion of the
above-mentioned work is that the process of tissue integration
leads to a limited but significant change over time. Finally,
the authors state that clinical studies using microCT are not
possible because of technological limitations. In fact, standard
absorption-based X-ray tomography applied in situ on humans
cannot achieve sufficient spatial resolution, due to a minimizing
radiation dose [70].

MicroCT represents a step forward to better visualise and
characterise the implants and thus give directions to improve
the physico-chemical characteristics of the prostheses.

The surgeons could benefit from sound information on the
constructions and the porosity and density in devices. The
manufacturers could provide fine tuning to the most desirable
characteristics as the microCT of fabrics has gained great
respectability [71-74]. Nevertheless, the analysis of explanted
devices is a key issue because it guarantees the evolution for
the biofunctionality, corrections of the hernia, biodurability,
absence of deformation and/or degradation, biocompatibility
and biointegration without any exacerbated inflammation and/
or scar tissue growth.

Compared with the results so far reported in the literature
and obtained with standards in medical X-ray computed
tomography instruments, those outcomes presented in this
article carries information to a higher spatial resolution,
provided with the micron-size X-ray source which is typical of
microCT settings, by comparison with the millimetre one used
in the basic imaging methods. The micron-scale light leads to
a higher degree of the partial spatially coherent X-ray beam
generated, a physical feature which adds up partial X-ray with
based on refraction contrast (also called phase contrast in the
literature on the radiographs, thus to the final, reconstructed
tomograms. For radiographs whose contrast value of every
pixel is generated, not only by macroscopic attenuation but
by a mix thereof with X-ray refraction, they can provide more
information about the location of boundaries between material
phases (so-called the “edge enhancement”). As well, they can
have higher contrast for low-attenuation materials as with
biological tissues [75].

A continuation of such a study requires larger samples for
investigations in order to capture the most representative
section of the mesh. Also of interest, a method that combines
in vivo imaging, e.g., a low-dose CT with a microCT procedure
for analysing explanted meshes could give full information
on complete prostheses. Future research could allow us to
estimate in vivo configuration and aim at reproducing in situ
mechanical testing during ex vivo microCT.

This study clearly demonstrated the local three-dimensional
displacement of the mesh, particularly in loosening the loops
which were populated by human tissue. This in itself comprises
new information about the method of implanting meshes.
Compact collagen, i.e., scar tissue, infiltrates the loops in the
prosthesis, as seen in light microscopy [76]. The next needed
information would be to identify the type of tissue that is
embedding lower density meshes. Whether a low-density
structure experiences the same behaviour, or whether the
higher distance between yarns would allow for encapsulation
with sinusoidal arrangement of collagen fibres to grow in-
between them, it is expected by surgeons, patients and
manufacturers to preserve the elasticity of the abdominal wall.
However, the key issue is to demonstrate the capacity of the
microCT to differentiate a polypropylene prosthesis with tissues
of lower density [77].

For future clinical studies, a larger sample of explanted
prostheses could be imaged to provide a database and allowing
the comparison of the current mesh geometry, such as the
whole structure folding or shifting, versus its local shrinkage
or relaxation. Comparison of 3D information with the clinical
background of the patient history, and especially the pain
perceived or the symptoms described by him, could contribute
to a better identification of the causes. A larger database that
includes types of medical observations vs. imaging geometry
could lead to establishing a correlation. Ideally, the databank
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could be initiated with prosthetic devices from cadavers,
adding solid information from asymptomatic implants, thus
allowing a comparison between mesh biointegration with and
without medical symptoms [78]. The key issue is to determinate
the research direction to identify materials and structures
capable of curing hernias [79]. The elasticity of tissues shall be
addressed as the formation of straight and elongated collagen
fibres encapsulating the fabrics, leading to the formation of
a scan tissue. The sinusoidal patterns of wavy collagen fibres
observed in xenopericardia are necessary to achieve a soft
biointegration of the fabrics (Figure 17) [80]. The rigidity of
any tissue reorganisation and scar formation after damages
and diseases shall imperatively be handled, more specifically
in case of biomaterial implantation [81]. A plethora of research
programs are recommending new avenues to overcome the
issue of rigidity, but there will be a long wait after convincing
results obtained from the bench are transferred to prosthetic
fabrics [82,83]. MicroCT could be the best non-destructive
analytical tool to investigate the neo-forming tissues within a
polymer structure such as a fabric. However, those results shall
be validated in histology.

Figure 17: Donkey pericardium after Picrosirius red staining in
light microscopy (A) and polarised microscopy (B). Such a con-
struction offers an outstanding degree of elasticity based upon the
sinusoidal pattern of the collagen bundles. The development of
such a configuration to prevent the rigid encapsulation in any bio-
material is a model to actively pursue to guarantee the long-term
success of the prostheses. Such a structure would probably permit
the abdominal wall to preserve its elasticity in case of prosthetic
hernia meshes.

Conclusion

Volumetric visualisations of synthetic devices, in X-ray mi-
crotomography allow structural imaging of pristine devices and
explants, with incorporated human tissues. This methodology
twinned with detailed histology/scanning electron microscopy,
light microscopy and transmission electron microscopy yield re-
sults towards a more extensive understanding of the interaction
in vivo with a foreign prosthesis, and therefore explaining the
reasons for their explantation.
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Appendix 1
Data processing and analysis

Al. Segmentation procedure for isolation and visualisation
of the prostheses

Each tomogram was initially subjected to an edge-preserving
noise reduction filtering performed with the Fiji software (A1)
using the “Non-Local Denoising” plugin. It implements the al-
gorithm to increase the signal-to-noise ratio of the tomograms
without significant modifications of the interfaces between
different regions belonging to distinct material phases, e.g.,
between air and tissue, between tissue regions with different
mass density or of distinct histological types (A2). The latter
feature was the edge preservation property of the algorithm,
not only straight interfaces but also those that are very curvy.
Once filtered, the tomogram was segmented, i.e., its voxels
were divided into two classes corresponding to distinct material
phases. The voxels belonging to the prosthesis were assigned a
value of one while all the other ones a value of zero. The seg-
mentation was performed with the Avizo 3D software using a
simple manual threshold selection, with the voxels having val-
ues above the threshold being classified as prosthesis ones (A3).

The process to segment the mesh geometry from the back-
ground was straightforward for the pristine prosthesis imaged
in air. The contrast between the background (air) and the fore-
ground (mesh) was sufficient to allow the segmentation using
thresholding, without the use of a filter. The threshold was se-
lected manually based on a clear partitioning of the voxel value
histogram into two distinct Gaussian-like distributions with little
overlapping between them. The minimum point between the
two peaks of the two distributions was identified as the thresh-
old voxel value. The histogram voxel values in the tomograms
for explanted prostheses consisted of three Gaussian-like curves
slightly overlapping each other, with as many corresponding and
well-resolved peaks. The valleys separating two peaks allowed
the definition of threshold voxel values for a clear classification
of voxels belonging to air, tissue and mesh, respectively. A good
separation of the mesh from surrounding background air and
tissue was achieved. The relative homogeneity of the materials,
compared to the tissues helped identify the boundary between
the different parts, at the scale of the tomogram spatial resolu-
tion. The selection of voxel values was done iteratively in order
to segment the object volume from the surroundings.

A2. Details of analysis procedures

A21. Assessment of the mesh integrity in segmented pros-
thesis

The skeleton of the textile was visualised to verify that the
mesh was complete and not over-segmented. The centre line
of each yarn was traced using the “Cylinder Correlation” and
“Trace Correlation Lines” modules in Avizo 3D. The “Cylinder
Correlation” module was first applied to the segmented tomo-
gram. This computed normalised cross-correlation of an image
with a cylinder. The approach theory was described by Roseman
(A4) and this module implements specifically the algorithm out-
lined by Weber (A5). Two new datasets were produced: a cor-
relation field that stored the maximum cross correlating and the
orientation field in which the cylinder at each point is oriented.
The correlation field was a tomogram itself, i.e., a 3D image,
where larger voxel values corresponded to a better fit. This in-
formation was used by the “Trace Correlation Lines” module to
trace the centre lines (A6).

A22. Quantification of displacement at loop overlaps

The distance at overlap of loops in the mesh was selected as
the relative displacements within the textile. Such a distance
modification could be caused by the growth or presence of tis-
sue. This distance was measured in both explanted and control
prostheses. Ten mesh overlaps, or knots, were randomly cho-
sen in four datasets, two in pristine devices and many more
in explants, all segmented as explained in A21. Both Avizo 3D
software (different modules) and the Empa Bundle of Image)
Plugins for Image Analysis (EBIPIA) including the “Canny Edge”,
were applied at each segmented knot.

The segment tomogram was first imported into Avizo. Us-
ing its “Extract Subvolume” module, an area containing a stitch
was selected. A grey image where the voxels belonging to the
air surrounding the mesh were first assigned the value of the
shortest distance to the nearest branch to be computed. This
was done by applying the Boolean “NOT” operator module,
followed by the “Distance Map” one. The Euclidean distance
map of the (Boolean) “negative” of the stitch was subsequently
computed. Such map was a 3D image where each voxel of the
air surrounding the knot was assigned a value equal to the dis-
tance between the voxel itself and the next unit on this featured
structure boundaries.

The second step of the analysis was aimed at measuring
characteristic distances between the two mesh branches com-
posing the stitch. T, was used as the starting point to Euclidean
distance map image. The sole voxel values on the ridges of the
image itself were selected and their average was computed as
the final estimate of the distance between the two branches
the stitches. The Eucledian distance map of the surrounding
air could be thought of as a landscape in a 4D space; for each
point in space surrounding a stitch a topographical height was
assigned. The raised part of such 4D landscape was defined as
the geometrical locus where the height was locally maximised,
but also as the set of all points, on the two sides of the ridge
and along the direction orthogonal to a tangential line from it,
where the height decreased rather symmetrically. The features
of such points in space are similar to the two sides of the ridge
on a mountain top, where the height tends to decrease away
from the raised part itself. The ridge of such landscape had the
geometrical property of mirroring the curved mesh boundaries.
On the ridge of the Euclidean distance map derived from the 3D
image, its voxel values represented distances which were iden-
tical on both of its sides, thus their duplicates provided a unique
definition of the separation between the knot two branches
boundary surface. The ridge in a multi-dimensional landscape
(mage) is a type of edge, where the gradient of its height ac-
quires impulsively a very large (in theory infinite) value. There-
fore to obtain such ridge information, the 3D Euclidean distance
map representation of the first step was exported as a stack of
2D images and imported into Fiji. The “Canny Edge” plugin was
then applied to it to detect its edges, as explained by Canny. The
result was another grey value 3D image where the highest voxel
values at edge positions. An isosurface containing a continuous
collection of local maxima was then produced, thus locating the
ridges between the two branches of the knot. Once such isosur-
face was identified, its voxels were assigned value equal to one
while all the others to zero, in order to create a 3D binary mask
mapping out where the ridge was located (A7).

In the end, such mask for the raised part was multiplied by
the original Euclidean distance map to produce a final image
where only the ridge voxels have non-zero values, which cor-
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responded to half of the separation between the two meshes
comprising the stitch. Using an in-house developed MATLAB
script, the data was extracted and the mean value and standard
deviation of the non-zero voxels were computed and multiplied
by two, in order to obtain the average distance between the
two mesh branches at the knot region.

This procedure to determine the distance of the loops could
not be successfully applied to the centre lines alone, the ones
previously computed the “Cylinder Correlation” and “Trace
Correlation Lines” modules in Avizo 3D. An attempt was made
to calculate the distances using the same methodology as de-
scribes above, with the difference that, instead of the label im-
age of the meshes, one of the centre lines of those would be
used. This would measure the distance between the centres
of the meshes, instead of the separation between their edges.
The centre lines were computed in Avizo and were stored as a
“spatial graph”, a special software data format, which required
converting such 3D dataset into a 3D image in TIFF format with
the use of the “Convert geometry to label” module (A8-A11).
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