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Complex investigation of mesh implants was performed involving laser confocal microscopy,
backscattered probing and OCT imaging methods. The growth of endomysium and fat
tissue with microcirculation vessels was observed in the mesh encapsulation region. Confocal
microscopy analysis shows that such pathologies complications such as necrosis formation and
microcavities were localized in the area near implant fibers with the size compatible with fiber
diameter. And the number of such formations increase with the increase of the size, number and
density of microdefects on the implant surface. Results of numerical simulations show that it is
possible to control implant installation up to the depth to 4 mm with a help of backscattering
probing. The applicability of OCT imaging for mesh implant control was demonstrated. Special
two-stage OCT image noise-reduction algorithm, including empirical mode decomposition, was
proposed for contrast increase and better abnormalities visualization by halving the signal-to-
noise ratio. Joint usage of backscattered probing and OCT allows to accurately ascertain implant
and surrounding tissue conditions, which reduces the risk of relapse probability.
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after effects and relapses.! Mesh implants are pro-

The purpose of numerous investigations of various
implants is to find an effective material and con-
struction, which would provide a combination of high
biomechanical characteristics with the efficiency of
transplantation and the absence of post-operation

duced by spinning of artificial fibers of various
chemical composition and thickness, using thin single
or complex filaments.”? These implants are about
several hundreds of micrometers thick, with the fiber
diameter in the range of 50—200 um. Generally, the
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most important characteristics determining the
choice of a particular implant are the absence of
toxicity, compatibility with organism tissues and the
possibility of fast and reliable sterilization. At the
same time, the transplantation efficiency in many
practically important cases depends on implant
localization among different anatomical structures,
stimulation of surrounding tissue regeneration and
formation of encapsulation area.

The post-operative control of encapsulation area
should be carried out for the reduction of relapse
probability after the implantation.” Implant instal-
lation may cause complications such as micro-
hemorrhages, intoxication and even the appearance
of the necrosis. Detailed investigation of encapsula-
tion area should be performed for clear under-
standing of implant and tissues splicing. Taking
account the common mesh implant fiber diameter
these studies should to be held with optical precision.

For high-resolution three-dimensional monitor-
ing it is necessary to ensure both resolution level of
several microns and penetration depth of a few
millimeters. This requirement may be satisfied by
differential backscattering probing and optical
coherent tomography (OCT). Differential back-
scattering can provide information about tissues
optical properties and correspondingly about type
of examined tissue, OCT technology allows non-
destructive imaging of the tissue at a depth up
to several millimeters with resolution about 5
microns.” High frame rate, signal-to-noise ratio
(SNR) and spatial resolution as well as the ability
to image over a large field of view are all equally
important factors for accurate visualization and
analysis of encapsulation area. Taken in account
that mesh implant as usual localized at a marginal
depth for OCT, the scattered effects makes OCT
images blurred, and thus OCT images have to be
optimized to improve their quality.

Several techniques for reduction of coherent and
incoherent noise in OCT images have been used,’
including cross-correlation image alignment fol-
lowed by weighted averaging,® compounding several
B-scans acquired at neighboring positions in the
sample,” and elastic spatial registration of several
OCT B-scans followed by averaging.® But the best
results may be achieved if the method of image
reconstruction will be based on characteristic tissue
structure changes of the encapsulation area during
intergrowth of mesh prosthesis and surrounding
tissue. Thus, it is very important to have true

knowledge of tissue structures and common types of
various complications in encapsulation area with
highest possible resolution not less than 1 um. Such
resolution may be achieved using confocal laser
microscopy,’ which yields high-contrast images.

2. Instrumentation
2.1. Laser confocal microscopy system

The confocal laser microscopic system was devel-
oped based on an inverted Olympus 1X71 optical
microscope with a Yokogawal CSU-X1 scanning
head, which operates as a Nipkov disk.'” The laser
source was an ALC-400 module with fiber acousto-
optic control of radiation of solid-state DPSS
lasers with wavelengths of 488 and 532 nm. Images
were recorded using an Andor iXONEM EMCCD
camera.

Inverted microscope Olympus was equipped with
eyepieces providing 20-fold increase and the system
with interchangeable lenses (magnification 20X and
40X). Was achromatic nonimmersive lenses from
UIS MPlan series with a numerical aperture of
0.4—0.65 which guarantee samples field of view in a
range of 0.275—0.55mm? The full width at half-
maximum (FWHM) resolution of the confocal laser
microscopy system was (0.466 microns.

Computer control of laser sources, digital camera
and filter drums made it possible to record up to
2000 optical slices per second. Special Andor iQ
software allowed us to use effective way of noise
reduction — averaging over several frames of
scanned image.

2.2. OCT system

In this study, we present first application of spectral
domain OCT for mesh implants monitoring (see
Fig. 1). The system comprises of a broadband
superluminescent laser diode (840 &+ 25nm wave-
length range, 20 mW output power) at the source
end, Michelson interferometer with 50/50 split ratio
to the sample and reference arms and a spec-
trometer at the detector end. The spectrometer
comprises of a diffraction grating (1200 grooves/
mm) and a CCD line scan camera (2048 pixel res-
olution, 29.3 kHz line rate). The interference signal
from the sample and the reference arms of the
Michelson interferometer is detected by the spec-
trometer and digitized by an image acquisition card
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Fig. 1. Spectral domain OCT scheme: 1 — broadband laser
source, 2 — 50/50 beamsplitter, 3 — sample arm, 4 — reference
arm, 5 — spectrometer with grating, 6 — CCD camera, 7, 8 —
computer with IMAQ.

(NI-IMAQ PCI-1428). Depth profile (A-line) is
obtained by converting the interference signal
detected by the IMAQ into linear k-space.

3. Laser Confocal Microscopy Study

Experimental studies were performed on 16 white
laboratory rats of both sexes, with a mass from
180—230g. All experiments were approved by Com-
mission of Animals Ethical Treatment of Samara
Medical University. Prolene Ethicon or Esfil stan-
dard propylene implants were implanted into the
abdominal wall of the rats under ether anesthetic.
The control group included four animals. The rats
were observed for nine months after the implan-
tation, after which they were killed with ether
overdose. The abdominal wall with a polypropylene
implant and adjacent tissue was extracted for
microscopic studies. The extracted material was
fixed in 10% neutral formalin. Serial sections were
made (thickness up to 0.5mm), which were dyed

with hematoxylin-eosin and picrofuchsin by Van
Gieson method (Schiff reaction according to
McManus).

There were no observed tissue changes in control
group [see Fig. 2(a)]. All control group animals
have strong muscle tissue in abdominal wall area.
After implant installation (in test group animals)
one can see a number of post-operative changes in
the encapsulation area (examples on Figs. 2(b)
and 2(c)). After nine months of Esfil implant
transplantation, the mesh cells were surrounded by
a strong connective tissue closely covering the
polypropylene filaments for most observed animals
from test group (four of six animals). The mature
collagen fibers are located concentrically, and large
rounded cells with large nuclei are directly adjacent
to the surface of fibers. There are some areas of
lymphocytic infiltration, which indicate micro-
hemorrhages and necrosis formation.

Signs of autoimmune process for Prolene Ethicon
implant were observed. In particular, the muscular
tissue is edematous, there is a proliferation of
endomysium and some fibers have myocytolysys
phenomenon. Macrophages are present near atro-
phied muscular fibers. The form of muscular tissues
is changed from polygonal to round. The irregular
growth of collagen fibers (immature granulation
tissue) is observed in the implant region around
polypropylene filaments. There are a large number
of adipose cells with thinned cytolemma and lots
of microvasculature vessels [see Fig. 2(b)]. The
cytoplasma is almost entirely occupied by vacuole
in adipose cells. Hyperemia is observed in the
microvascular.

The growth of endomysium and fat tissue (which
contains many microcirculation vessels) is observed
in the mesh encapsulation region for implants of
both types. Some regions between the connecting

Fig. 2. Confocal microscopy images: (a) normal muscle tissue from control group animal and pathologies in encapsulation area,
(b) the substitution of normal tissue by adipose cells, and (c) voids formation.
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tissue and fibers contain cavities [see Fig. 2(c)]. The
formation of voids on the tissue-implant fiber bor-
der poses a threat to the integrity of the entire
encapsulation area. In this situation, the implant
motions in tissue leads to its mechanical damage,
cutting and microtrauma formation. The prob-
ability of such microtrauma formation increases
with the increase of the size, number and density of
microdefects on the implant surface. These defects
not only expand the void size and change micro-
mechanical properties of implant but also prevent
normal encapsulation area formation and may cause
more significant damage of the tissue such as
haemorrhage. The timely diagnosis of such pathol-
ogies presence can help to avoid serious injuries of
tissues in encapsulation area and will decrease
relapse probability after transplantation.

4. Differential Backscattering
of Encapsulation Area

The microscopic studies show that the main patho-
logical changes during the recovery of encapsulation
area are related with normal tissue substitution by
adipose cells and necrotic tissue formation near the
implant fibers. Such pathological alterations are
accompanied by loss of normal tissue elasticity,
which leads to mechanical damage and possible
shift of the implant. The precise diagnostics of the

above-discussed pathologies in their early stage
makes it possible to start timely treating, which
reduce the risk of relapse. Note that, in view of the
wide wound field, monitoring of the post-operation
wound process and detection of possible pathology
development can be performed based on the differ-
ential analysis of scattered light and detection of
inhomogeneity related to the presence of necrotic
tissue and/or dystrophic changes in the tissue
adjacent to the region occupied by implant fibers.
The mathematical model of multi-layer biologi-
cal medium® was used for estimation of wound
process monitoring possibility with a help of optical
backscattering. The distribution of scattered light
intensity was determined by Monte Carlo tech-
nique'!; the numerical values of the optical
absorption and scattering coefficients were chosen
based on the analysis of the experimental and model
data''? with subsequent certification in numerical
model experiments. The form, topology and sizes of
mesh implants were chosen based on the samples
used in medical practice.” The RMS error does not
exceed 6.2% for all simulated numeric experiments.
The topology model is represented in Fig. 2, where
D — diameter of implant fiber and d — the thick-
ness of necrosis layer around the implant surface.
Mesh implant structure is represented in Fig. 2(b),
and frames reconstruction of three-dimensional
confocal microscopy images is shown in Fig. 3(c).
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Fig. 3. Topology of tissue with mesh implant: (a) normal tissue (1) and implant fiber (4) surrounded by necrosis layer
(3) in encapsulation area (2), (b) mesh implant cross-section on the depth h, and (c) confocal microscopy frames for 3D image

reconstruction.
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Fig. 3.

Actually, an implant is a distributed scatterer
with sharp optical boundaries, located at a certain
depth in a muscular tissue. Hence, the light scat-
tering coefficient of the implant is almost completely
determined by the Fresnel coefficients, and the
possibility of its detection is determined by the
absorption and scattering coefficients of the tissue.

Figure 4 shows the maximum depth at which the
implant’s grid may be resolved by Rayleigh criteria.
Curves 1 (scattering coefficients of 60 mm ! and the
absorption of 0.34mm~!) and 2 (the scattering
coefficients of 45mm~' and the absorption of
0.44mm~!) in Fig. 4 is actually “cuts” the area of
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Fig. 4. Dependence of the limiting visualization depth (h) of
mesh implant structure from the effective cell diameter (d)
and medium characteristics. Scattering and absorption coeffi-
cients are (1) 60 and 0.34mm~! and (2) 45 and 0.44mm~!,
respectively.

(Continued)

visualization corresponding to normal muscle tissue
absorption and scattering coefficients dispersion.
Saturation region starting with the value of h ~
5mm is due to the medium absorption.

The threshold depth when absorption becomes
dominant is about 5 mm and according to the Ray-
leigh criterion most mesh implants can be resolved at
a depth which exceeds 4mm. According to the
microscopic studies, encapsulation process may be
significantly affected by the necrotic formations
whose absorption spectra range corresponds to
440—600 nm. It is clear that the possibility to detect
necrotic structure will depend on its size and the
depth of mesh implant. Then, for characterization of
possibility to detect such pathology it is convenient
to introduce the effective diameter of necrotic for-
mation, which is defined as the ratio of the average
diameter of resolved necrotic formation d to the
diameter of mesh implant fiber D.

Figure 5 shows the dependence of the minimum
effective diameter on its location depth for the
model of Prolene Ethicon implant. One can see that
this dependence is linear up to a depth of 1.4 mm
(the minimum visible effective formation diameter
does not exceed the implant fiber diameter), and,
starting from depth h ~ 1.5 mm, it becomes highly
nonlinear due to the enhanced role of light absorp-
tion and diffusion. As usual, necrotic formation size
is comparable with the fiber diameter, so as one may
see from Fig. 5 that the backscattering light analysis
has substantial limitations in application of encap-
sulation area control.

The process of implant and tissue splicing is ac-
companied by changes in the encapsulation area
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Fig. 5. Dependence of the minimum resolved effective diam-
eter (D) of necrotic formations on the implant fiber surface,
normalized to the mesh fiber diameter, on the mesh location
depth (h).

optical characteristics. On the first day of implant
installation, surrounding tissue has a large number
of dead cells, which is characterized by a high
absorption in the encapsulation area; this fact does
not allow the visualization of fiber prosthesis. While
as the time passes, there is tissue repair and repla-
cement of dead cells with new ones. This leads to
changes in medium optical properties: strong
absorption (in the case of necrotic tissue) is replaced
by a much smaller absorption of normal muscle
tissue. A reflection of this fact is the change in the
optical thickness of encapsulation area. Conse-
quently, optical control of encapsulation area after
transplant surgery gives an indication of how well
the tissue is healing after surgery.

5. OCT in Encapsulation Area Analysis

Backscattering probe gives two-dimensional results,
and its resolution depends on the depth of the
implant installation. The main aim of OCT usage
was to ensure three-dimensional control of encap-
sulation area with higher resolution. Experimental
tests were performed on the model mediums which
were prepared on the basis of mesh implants coated
with biological tissue layers.

One of the frames of direct acquisition of OCT
data, which involves scanning a beam along two
directions, is presented on Fig. 6(a). Test implant
with mesh cell size 1 mm was formed by complex
multi-filament polytetrafluoroethylene fibers with

Fig. 6. OCT image of implant under the layer of mouse skin:
(a) raw and (b) EMD-filtered.

diameter 20 pum and tissue layer thinness was
1.7mm.

Recorded images have low SNR and likewise
all coherent imaging systems. OCT suffers from
speckle noise. We assume that the imaged struc-
tures either are static or undergo a slow periodic
motion that follows the breath. We also assume
that additive noise contributing to the image at
each space—time location follows a zero-mean ran-
dom distribution and is uncorrelated with the
signal.

We used two-stage OCT image denoising algor-
ithm for an accurate diagnosis of mesh implant and
encapsulation area: simple pre-filtering (interframe
averaging and linear smoothing) on the first stage
and empirical mode decomposition (EMD-filtering)
on the second stage. The aim of the first stage is to
remove ultrahigh frequency modes from the raw
data which as usual does not include any useful
information about the investigated object. The
second stage must reduce remaining noise spikes at
high frequencies without affecting the fine details of
the desired signal.
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Raw three-dimensional digital OCT signal can
be represented as a set of depthward cross-section
B-scan images. As OCT longitudinal resolution is
about 5pum each neighboring images cannot sig-
nificantly differ in structure details. Such first stage
of denoising algorithm may be realized as interframe
averaging of K adjacent C-scans with subsequent
3 x 3 spatial average linear smoothing (convolu-
tion) of each frame. The choice of parameter K is
individual and depends on images dynamics.

The second stage EMD-filtering is based on one-
dimensional algorithm of spatial frequency anal-
ysis'? with sequential filtering of high frequencies.
EMD-procedure is applied for each row (or each
column) of the C-scan. As a result, the original
signal is divided into a sum of N quasi-orthogonal
quasi-periodic intrinsic mode functions (IMFs) and
residual.

Authors in Ref. 14 proposed to reject first modes
for further noise reduction. But such procedure
leads to the loss of small-size image details. Taking
into account that the signal amplitude is much
larger than the noise amplitude we perform
thresholding over the first two IMF's, which replace
by zero all their spatial half-periods with amplitude
less than some pre-assigned threshold T. The results
of EMD-filtering is shown on Fig. 6(b). The figure
shows that the noise was reduced and the small
details were saved.

We estimate the values of SNR as Signal variance
value divided by Noise variance value for all C-scans
of 3D OCT image/ Method for estimation of Noise
variance has been described in Ref. 15. Noise re-
duction results are summarized in Table 1. Com-
parison of minimum and mean SNR values for noise
reduction algorithm stages was performed.

The first stage of noise removal leads to slight
increase of SNR (about 17%) while the second stage
greatly increases SNR up to two times and higher.
As one can see, the lower boundary of SNR also
increases. This allows drawing a conclusion of the
necessity of noise reduction of OCT images for

Table 1. SNR characterizations for 3D OCT image of
implant on Fig. 6.

After
Original  After 1st stage 2nd stage (EMD)

Mean SNR 0.748 0.877 1.863
Min SNR 0.023 0.219 0.680

correct mesh implant control. As it may be seen
from Fig. 6 it will enable the possibility of in vivo
OCT monitoring of implant and surrounding tis-
sues. The decrease of noise level helps to see even
small details, register and localize several microns-
size tissue anomalies and start up appropriate
treatment on the early stages of disease course.

6. Conclusions

In summary, with a help of laser confocal mi-
croscopy it was proved that the main pathologies
complications for mesh implants are related with
the substitution of normal tissue by adipose cells
and void formation, which leads to necrotic micro-
trauma in encapsulation area near the implant
fibers. In order to reduce relapse probability it is
necessary to perform post-operational monitoring
of implants and encapsulation area. Monte Carlo
simulations show the possibility of implant detec-
tion up to the depth of 4mm, but encapsulation
area details may be observed only up to the depth of
1.8 mm.

We have demonstrated the applicability of
backscattering probing for two-dimensional and
OCT imaging for three-dimensional mesh implant
control with the ability of accurate pathologies
localization. As OCT must operate on threshold
depth it was proposed and validated the two-stage
noise-reduction algorithm, including interframe
averaging, linear smoothing and empirical mode
decomposition.
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