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Abstract: Early stages of pelvic organ prolapses are mainly associated with the pelvic floor disfunc-
tion as a result of elasticity changes in the connective tissues including the vaginal wall. In this
study, for the first time we used a compression optical coherence elastography (C-OCE) method
for assessing elasticity of the vaginal wall under prolapse conditions after intravaginal neodymium
(Nd:YAG) laser treatment. C-OCE was used for a comparative ex vivo study of vaginal wall average
values of stiffness (elastic Young’s modulus) in patients with age norm (n = 6), stage I-II prolapse
(n = 5) without treatment and stage I-II prolapse post 1-2 months Nd:YAG laser treatment (n = 10).
To verify the C-OCE data, the structural features of the submucosal connective tissue were identified
morphometrically by Van Gieson staining using quantitative textural analysis of the state of collagen
bundles. The results of a comparative evaluation of C-OCE and histological images demonstrate a
statistically significant tissue stiffness decrease in vaginal wall prolapse compared to the age norm
(73.5 £ 18.9 kPa vs. 233.5 & 48.3 kPa; p < 0.05). This agrees with the histologically revealed increase
in the space between the bundles of collagen fibers, which leads to a decrease in the uniformity of
their arrangement. After Nd:YAG laser treatment, we observed statistically significant connective
tissue stiffness increase compared to vaginal wall prolapse without treatment (152.1 4= 19.2 kPa vs.
73.5 £ 18.9 kPa; p < 0.05), which was associated with an increase in the local thickness of the collagen
bundles, a change in their orientation, and an increase in the uniformity of their arrangement. The ob-
tained results indicate that the C-OCE can be a robust method for detecting the early stages of vaginal
wall prolapse and assessing the elastic modulus increase in the vaginal wall after laser treatment.

Keywords: pelvic organ prolapse (POP); vaginal wall prolapse; submucosal connective tissue;
collagen; neodymium (Nd:YAG) laser treatment; compression optical coherence elastography
(C-OCE)

1. Introduction

Pelvic organ prolapse (POP) is a common urogenital condition affecting roughly
25-50% of women worldwide over the age of 40 [1-3]. This medical condition can have a
significant impact on a patient’s quality of life secondary to symptoms of pelvic pressure,
vaginal bulge, as well as urinary and bowel dysfunction. POP can involve descent of one or
more of the anterior vaginal walls, posterior vaginal wall, vaginal apex (vaginal vault or cuff
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scar after hysterectomy) or uterus (cervix), although it comprises a combination of these in
many cases [4,5]. Despite the introduction of new diagnostic methods and the improvement
of surgical techniques, the frequency of relapses and unsatisfactory treatment remains high.
Almost 30% of pelvic floor surgeries are performed due to disease recurrence [3]. Diagnosis
of the late stages of POP in women in most cases is not difficult and is based on clinical
methods. However, the disadvantages of the clinical methods include the difficulty of
detecting the earliest degrees of prolapse, in some cases insufficient objectivity in assessing
the degree of prolapse, and the lack of possibility of comparative analysis in dynamics. For
early diagnosis of the disease, it is important to determine the initial signs of destruction
of the elastic and collagen fibers of the vaginal wall. Today, determination of the quantity
and condition of elastic and collagen fibers in the connective tissue of the vaginal wall
is possible only with a biopsy followed by morphological and immunohistochemical
analysis. Currently, there are no diagnostic methods for the preclinical and asymptomatic
forms, and the traditional methods of pelvic organ examination, including ultrasound and
magnetic resonance imaging, indicate that the severity of objectively identified structural
and functional disorders do not correspond to the clinical manifestations of the disease. At
the same time, it is known that changes in the biomechanical properties of the vaginal wall,
connective tissues, and muscles are thought to be significant factors in the development
of POP [6,7]. Currently, the number of publications on ultrasound or magnetic resonance
elastography for visualization and assessment of biomechanical properties of soft tissue
is increasing [8-13]. However, resolution of those elastographic methods is insufficient
for reliable diagnostics. The recently developed elastographic techniques based on optical
coherence tomography (OCT) enable much higher (sub-millimeter) resolution for assessing
the biomechanical properties of vaginal tissues, which can allow one to assess not only
changes in elasticity in early stages of the prolapse, but also the restored elasticity after
using various treatment approaches. It should be pointed out that OCT already proved to
be one of the most successful imaging techniques for various clinical applications [14-16].
OCT enables micrometer-scale resolution (typically, 2-8 pm axially and 10-15 um) and is a
nondestructive, label-free, interferometric optical (often near-infrared) imaging technique
that yields real-time 2D or 3D images of subsurface tissue structure to a depth of the order
of 1.5 to 2 mm at a rather high speed (from tens kHz to millions of A-scans/s). A typical
field of view is of the order of several millimeters, but a larger field of view enables even
a larger imaging sizes, for example, 15 x 15 mm. The emerging OCT modalities, such as
polarization-sensitive OCT, OCT-angiography and optical coherence elastography (OCE),
as well as endoscopic and handheld scanning probes, significantly extend the prospects
and possibilities of the application of OCT techniques to various types of tissues and
organs [16,17].

The most common treatment options for POP, such as vaginal pessaries and surgery,
often do not provide entirely satisfactory treatment results and cause urological prob-
lems [18,19]. In the last decade, the alternative to the traditional treatment options was
provided by laser technologies, which are highly effective and minimally invasive and
became widespread in the treatment of patients with gynecological and urogynecological
pathology [20]. Depending on the goals of therapy, it is possible to use ablative [21-24] and
non-ablative [25-27] laser exposure. Research on laser therapy generally shows successful
results. However, these treatment approaches may be accompanied by pain, prolonged
healing, and tissue necrosis. Thus, there is an increasing demand for the use of new types of
non-ablative, laser-assisted procedures for the restoration of connective tissue in dystrophy
of the vaginal mucosa and POP, which can be used in addition to surgical interventions [28].

In this study, we use an innovative, minimally invasive, and non-ablative procedure
using a neodymium laser (Nd:YAG) with a wavelength of 1064 nm for the treatment
of vaginal wall prolapse at early stages. It is assumed that the treatment is due to the
photothermal effect. At the same time, there is no destruction of soft tissues or the associated
risks of complications, as well as a long period of rehabilitation. Radiation is absorbed to a
greater extent by deoxyhemoglobin and oxyhemoglobin of the microvasculature, and to a
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lesser extent by water and collagen [29-31]. Absorption of laser radiation and heating of
tissues leads to some damage of proteins due to the heat shock, which triggers the reaction
of aseptic inflammation and onset of neocollagenogenesis and neoangiogenesis [32-34].

A number of studies showed the first results of the clinical efficacy of the Nd:YAG
laser in gynecology [35-37]. However, the lack of an objective method for monitoring
the efficiency of a Nd:YAG laser treatment prevents its wide clinical application. Thus,
additional studies are needed to reliably assess the mechanisms of action of the new laser
therapy and describe the clinical experience of its use. In this study, we demonstrate the
use of OCT with a new physical modality, OCE, to evaluate restoration of the structural
and functional properties of the connective tissue of the vaginal wall in the correction of
the early stages of prolapse after a Nd:YAG laser treatment.

Previously, classical structural OCT was successfully used in gynecology for assess-
ment of vaginal epithelial damage and monitoring of its treatment with nonoxynol-9
vaginal gel [38], visualization of polypropylene mesh within the vaginal wall following
mesh-augmented prolapse repair [39], and detection of microstructural changes in ovarian
tissue associated with ovarian cancer [40-42]. More recently, the first encouraging results
of using OCT for tracking vaginal tissue changes after treatment with fractional pixel CO,
laser therapy for genitourinary syndrome were obtained [43].

Over the past decade, one of new the modalities of the multimodal OCT, called
OCE, became a high-contrast technique (with the resolution of ~tens of micrometers),
which outperforms the conventional structural OCT in terms of specificity and sensitivity
to some important pathological processes [44]. OCE enables visualization of absolute
values of stiffness (elastic Young’s or shear modulus) of mapping biological tissues [45-48].
OCE develops in two main directions: (i) the wave-based elastographic techniques [47]
and (ii) quasi-static techniques based on the compression principle [46]. In this study,
we used the compression OCE (C-OCE) method. Quantitative estimation of the tissue
elasticity in C-OCE is based on the comparison of strain in the examined tissue and the
precalibrated reference layer, which is usually made of weakly scattering silicone and is
placed between the studied tissues and the OCT probe. This method was mainly used to
study the stiffness (elastic Young’s modulus) of ex vivo tissues in oncological processes.
A high potential of the method was shown for assessing and detecting the boundaries
of breast cancer [49-51], as well as for evaluating the efficiency of various methods of
therapeutic treatment (chemotherapy and photodynamic therapy) of human and animal
tumor tissues [52,53]. In the field of gynecology, the first positive results were obtained
using OCE to characterize the elastic properties of normal and malignant human ovarian
tissues with a sensitivity of 93.2% and a specificity of 83% [54].

The purpose of this study is to apply C-OCE for assessing the elasticity of freshly
excised samples of vaginal wall tissue in various conditions. More specifically, we compare
the vaginal wall elasticity using C-OCE in three conditions: age norm, stage I-II prolapse,
and stage I-II prolapse after a course of Nd:YAG laser treatment. C-OCE demonstrates
its potential in assessing the elasticity changes of the vaginal wall in prolapse without
treatment and after laser treatment in view of the objective change in the structural and
functional properties of the vaginal connective tissue. To uncover the mechanism of
elasticity changes of the vaginal wall, a detailed comparison of the corresponding OCT and
histological studies is carried out for the first time.

2. Materials and Methods
2.1. Patients and Samples

A total of up to 21 patients with stages I-1I vaginal wall prolapse (according to pelvic
organ prolapse quantification system (POP-Q) [55]), as well as any other pathology of
pelvic organs requiring surgical intervention, were involved in the study. The patients” age
ranged from 35 to 50 years old.

All patients were divided into three groups according to their pathology: age norm
vaginal wall tissue without prolapse requiring surgical intervention in the pelvic area for
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reasons other than prolapse (n = 5); anterior and/or posterior vaginal wall prolapse without
preoperative treatment (n = 6); and anterior and/or posterior vaginal wall prolapse with
laser preoperative treatment (n = 10). In all the patients with anterior and/or posterior
vaginal wall prolapse, colporrhaphy was performed to correct POP. During the surgical
intervention, an incisional biopsy of the vaginal wall in the region of the posterior fornix
was performed, with the capture of the mucous and muscular layers for ex vivo examination
by the C-OCE method and subsequent histological examination.

This study was approved by the institutional review board of the Privolzhsky Research
Medical University (protocol #13 from 7 July 2021, protocol #2 from 4 February 2022). This
trial was prospectively registered on Clinical trial. gov, NCT05000957, registered 11 August
2021, https:/ /clinicaltrials.gov (accessed on 15 December 2022). All the patients included
in the study provided written informed consent.

2.2. Intravaginal Laser Treatment

The laser treatment of the vagina was carried out using the “Magic Gyno” laser—a
modification of the “Magic Max” laser (“MeLSyTech”, Ltd., Nizhny Novgorod, Russia). The
laser’s technical characteristics were as follows: Nd:YAG laser type; wavelength 1064 nm;
Q-switch mode; the energy of one pulse up to 1.5 mJ; the duration of one pulse 20-200 ns;
the pause between pulses 30 ps.

The laser treatment included two steps: the first one involved treatment of all vaginal
walls in circle with a conical mirror handpiece, the second one involved targeted treatment
of specific vaginal walls (anterior, posterior, or lateral, depending on the clinical situation)
with a corner mirror handpiece.

During the first step of the treatment, the laser beam with the diameter 4 mm scanned
the treatment area in 4 circles on all the vaginal walls with the step of 2 mm (50% beam
overlap). Total length of treatment area was 10 mm. When the handpiece was moved by
5 mm (50% treatment area overlap), the treatment was repeated. There were 3-5 repetitions
of the treatment along the entire vaginal length in the first stage. In the biopsy area the
characteristics of the treatment were the following: laser power was 8-19.8 W, time of
4 circles was 1-1.2 s, and repetitions of 4 circles in one area were 2—4.

During the second step of the treatment, the laser beam with the diameter of 4 mm
scanned treatment area in 4 circles on the targeted vaginal wall with the step of 2 mm
(50% beam overlap). The resulted diameter of the treated area was approximately 10 mm
on the targeted vaginal wall. When the handpiece was moved by 5 mm (50% treatment
area overlap), the treatment was repeated. There was one repetition of the treatment along
the entire vaginal length for each wall (if treated) in the second stage. In the biopsy area
the characteristics of the treatment were the following: laser power was 8-16.8 W, time of
4 circles was 1-1.2 s, repetitions of 4 circles in one area were 1-3.

The total energy exposition was 63-335 ] in the biopsy area (approximately 10 x 10 mm)
after two treatment steps in one procedure and after three laser procedures. Three laser pro-
cedures were performed with an interval of 4-6 weeks. Surgery with biopsy was performed
1-2 months after the last laser treatment. The procedure was performed without anesthesia.

2.3. Multimodal OCT Device

In this study, a spectral domain multimodal OCT system (Institute of Applied Physics
of the Russian Academy of Sciences, Russia) with a central wavelength of 1310 nm, spectral
width of 100 nm, and a receiving array enabling 20 kHz rate of A-scan acquisition was
used as described in, e.g., [56,57]. The SLD-based 1310 nm OCT system provides shot
noise limited imaging performance and offers better larger signal penetration depth in
general compared with OCT at 900 nm light. Therefore, it is more suitable if the imaging
range is required to be above 1 mm into the tissue. This device enables axial resolution of
10 um, lateral resolution of 15 um, and scanning depth of 2 mm in air. The OCT system
has a flexibly orientable OCT probe based on the use of single-mode isotropic fiber optics
with the use of the common path scheme. Scanning is performed in contact mode and
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takes 26 s to acquire a 3D data set. From the 3D data set, two types of images (structural
OCT and OCT-elastography (OCE) images) are acquired simultaneously in real time from
one tissue area.

2.4. Compression OCE Imaging

Elastic properties of the vaginal wall tissue were studied in ex vivo samples using the
phase-sensitive compression OCE (C-OCE) as described in [46,58-62]. The axial interframe
strain was estimated by finding axial gradients of inter-frame phase variations. To estimate
the phase gradients we used the “vector” method proposed in [61,62]. In this method, for
finding strains, the axial gradients of inter-frame phase variations are found by operating
with the complex-valued OCT signals as vectors in the complex plane. The phase is explic-
itly singled out only at the last step of signal processing. Finding the phase gradients using
this method obviates the necessity of phase unwrapping even for supra-pixel displacements
of scatterers. Additionally, the vector methods enable the possibility of amplitude weight-
ing with simultaneous suppression of especially strong phase errors ~m rad. The vector
representation also allows for flexibly tunable amplitude-weighted averaging over the
chosen processing window. Due to this, contributions of noisy small-amplitude pixels can
be efficiently suppressed. These features confer to the vector method exceptional robustness
with respect to various noises, including the strain-induced “decorrelation” noise. These
features make it possible to obtain strain maps of a decent quality even without periodic
averaging. This possibility is very important for one-directional loading of the tissue,
which is required for obtaining nonlinear stress—strain curves in a fairly broad strain range.
An additional advantage of the vector method is its high computational efficiency, which
requires only several seconds for elastographic post-processing of the OCT scans acquired
during the tissue deformation. Furthermore, even real-time realization of elastographic
imaging can be enabled using a “typical” desktop or even laptop computer without the
necessity of parallel computations on multi-core graphical cards [63].

To quantify the elastic properties of the tissue samples, we used the reference layer
of translucent silicone with pre-calibrated stiffness. This reference silicone layer was
placed between the output window of the OCT probe and the surface of the studied tissue
sample that was then slightly compressed by the OCT probe. The approach to OCT-image
processing, developed in [58,62], made it possible to perform mapping of the compression-
induced strains and quantitatively estimate the tangent Young’s modulus (in kPa) for a
preselected level of stress applied to the tissue. Details of this approach can be found in
previous publications [53,58,62-64]. The tangent elastic Young’s modulus of the tissue
is defined as the ratio of incremental strain in silicone multiplied by silicone stiffness to
the incremental tissue strain. The reference silicone layer used in this study had Young's
modulus of 40 kPa, this value being found the most suitable for the study of vaginal wall
stiffness (Young’s modulus) that could range from 10 kPa to 300 kPa.

The corresponding conventional structural OCT images were displayed in a split-
screen mode, and the OCE images were superimposed onto the corresponding structural
B-scan. In the resultant 2D OCE image, the resolution (on the order of 1/2 of the processing-
window size that was used to estimate gradients of interframe phase variations) was about
4 times lower than in the initial OCT images, i.e., ~40-50 um in both directions. The
so-obtained OCE-images were represented in the color-coded form, such that stiffer areas
(those with smaller strain) are shown in blue, and softer areas, where deformation is greater,
are shown in red.

It should be noted that quantitative estimates of the tangent Young’s modulus for a
preselected applied stress were made with averaging over the chosen region of interest
(ROI). The data obtained in different measurements could be meaningfully compared due
to utilization of the developed procedure of the applied stress standardization using the
reference silicone layers as optical stress sensors [58,64]. Without such standardization, the
intrinsic elastic nonlinearity of vaginal wall tissues may result in uncontrollable variability
of the estimated elastic modulus in different measurements, and even different parts of
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the same image [65]. For the quantitative estimates of tangent Young’s modulus presented
below, in all measurements, we used the stress range from 1 kPa to 3 kPa centered at
2 kPa. The local applied stress was estimated by measuring the strain of the reference
silicone layer. In this study, along with the stress standardization technique [58], when
estimating the tangent (current) Young’s modulus for non-infinitesimal deformations of
nonlinearly elastic samples, we applied the advanced variant of OCE with tracking of
supra-pixel displacements of particles in the compressed mechanically heterogeneous
samples to improve the quality of elastographic quantification as recently proposed in [66].

For comparative analysis of the stiffness (elastic Young’s modulus) values for various
studied conditions of the vaginal wall tissue, the ROI was chosen manually in the subep-
ithelial layer to enable exact comparison with the histological data. The characteristic size
of the ROIs was 300 x 900 pm, and usually we tried to choose the same size of ROI for
different samples. During this process, several characteristics of C-OCE image evaluation
were automatically calculated and displayed on a screen.

2.5. Histology Imaging and Analysis

In this study, histological examination was used to understand how the elastic proper-
ties measured by the C-OCE method correlate with the condition of the collagen bundles of
the vaginal connective tissue at the age norm and their changes during the development of
prolapse and after laser exposure.

To match the plane of the histological sections with the position of the OCT B-scan,
the scan area was marked on the sample with histological ink. Histological samples were
prepared according to the standard procedure and stained according to standard protocols
with hematoxylin and eosin for preliminary assessment of tissue structure and Van Gieson’s
stain (Figure 1a,f) for quantitative and qualitative assessment of submucosal collagen fibers.

Histological samples were examined using the EVOS M7000 Imaging System (Thermo
Fisher Scientific Inc., Waltham, MA USA) in transmitted light. The images were collected
as objective-calibrated TIFFs and subsequently analyzed and processed in Image]J /FIJI (Na-
tional Institutes of Health, Bethesda, Maryland, USA) [67]. Quantitative textural analysis
of collagen fibers was performed using Van Gieson’s stain stained slide images. Three
(random non-overlapping) 1200 x 1200 px (300 x 300 um) ROIs were analyzed for each
obtained sample of the vaginal wall, followed by calculation of the average value of the
obtained data. The ROIs were localized in the subepithelial zone due to the area of analysis
of the C-OCE data.

The algorithm for quantitative analysis of histological samples was as follows: First,
the images were deconvoluted with the Image] plugin “Colour Deconvolution 3.0.3” using
the methods described by Ruifrok and Johnston [68]. Color deconvolution was used to
selectively isolate collagen fibers stained with fuchsins in bright pink (Figure 1b,g). The
resulting 8-bit image representing dye transmittance was binorized using the Otsu thresh-
olding algorithm [69]. Then, the local thickness of the collagen bundles was determined
using the “LocalThickness 4.0.2” Image]J plugin, following the methods described by Saito
and Toriwaki, as well as Hildebrand and Riuiegsegger [70,71]. Quantitative orientation
measurement of collagen bundles was determined using the “Orientation] 2.0.5” Image]
plugin [71] based on the previously binarized images.

Quantitative evaluation of the histological samples involved obtaining the following
parameters: local thickness, orientation, coherence, and energy. Local thickness is calculated
as the largest sphere that fits inside the object and contains the point [71]. It represents the
median value of the thickness of the collagen bundles, calculated directly from the pixel
values in the resulting thickness map. Local thickness analysis with heat (color-coded) map
visualization is shown in Figure 1c,h.

Orientation is the angle of the dominant eigenvector measured from the positive
abscissa axis. The parameter reflects the angle of the dominant direction of collagen
bundles relative to the epithelium. To measure the orientation of collagen bundles, all ROIs
were oriented parallel to the border of the epithelium and submucosa (axial direction).
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Figure 1. An example of a quantitative analysis of collagen bundles on histological sections in
vaginal wall prolapse. Both samples have a different structure of collagen bundles: sample 1
(a—e) contains loose tissue with sinuous collagen bundles that have a dominant direction and are
not subjected to laser preoperative treatment; sample 2 (f-j) is represented by dense tissue with
numerous collagen bundles after laser preoperative treatment. (a,f)—original histological slide im-
ages; (b,g)—color deconvolution, resulting 8-bit image representing dye transmission of collagen
fibers; (c,h)—local thickness analysis with heat-mapped visualization (more purple/black = less
thick; more yellow/white = more thick), sample 1 has thin collagen bundles, sample 2 has thicker
collagen bundles due to the increase in tissue density (10.6 &= 12.4 vs. 14.9 £ 10.2 a.u.); (d,i)—HSB
color-coded map shows the orientation of collagen bundles relative to the axial direction and their co-
herence, hue—local orientation, saturation—coherence, brightness—original image; (d)—the collagen
bundles in sample 1 have an orientation close to the axial direction (2.2 & 1.9°) and high coherence
(0.33 £ 0.04 a.u.) due to the alignment of the bundles; (i)—the collagen bundles in sample 2 deviate
from the axial direction (17.8 £ 20.7°) and have reduced coherence (0.14 & 0.03 a.u.) due to the loss of
a single dominant direction; and (e,j)—the energy map shows high values at the border of collagen
bundles, sample 1 has less energy than sample 2 (6234 £ 965 vs. 8639 + 838 a.u.).

Coherence is directly proportional to the degree of ordering of the packaging of
collagen bundles. The parameter reflects the degree of alignment and tortuosity, as well
as the dominant direction of the bundles. Orientation and coherence hue-saturation—
brightness (HSB) color-coded mapping is shown in Figure 1d,i.

Energy is a measure of the orderliness of the image, also known as uniformity
(Figure le,j). High energy values occur when the gray level distribution has a constant or
periodic form. In our case, it corresponds to a high uniformity in the collagen distribution
in the field of view. Thus, this parameter indirectly reflects the density of collagen bundles
in the studied ROL

Importantly, the resolution of histological examination in the transmitted light is insuf-
ficient to reliably identify individual collagen fibers. Therefore, all calculated parameters
characterize collagen bundles, which are a spatial composite of collagen fibers [72].

2.6. Statistics

The variable for statistical intergroup comparison was the average stiffness (elastic
Young’s modulus) calculated from the C-OCE images, as well as the indices of the subse-
quent tissue morphometric study (local thickness, orientation, coherence, and energy).

For quantitative comparative analysis of normal vaginal wall tissue with vaginal wall
prolapse with and without laser preoperative treatment, all results are expressed as mean
(£SD). Box plots were used for graphical presentation of data. The Mann—-Whitney U-test
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with Bonferroni correction were used to detect significant differences in numerical data
between studied groups. The results were considered statistically significant if the p value
was <0.05.

The Spearman’s correlation coefficient (r) was calculated to determine the correlation
between vaginal wall stiffness values according to the C-OCE data and local thickness,
coherence, and energy parameters of collagen bundles according to histology data.

The calculations were carried out using the Statistical Package for Social Sciences 16.0
(SPSS, Chicago, IL, USA).

3. Results
3.1. Comparative Visual Assessment of the OCT and C-OCE Images for Vaginal Wall at Different
Conditions: Age Norm, Stages I-II Prolapse and Prolapse after Laser Treatment

A total of 63 data sets (3 images for each patient) of structural OCT, C-OCE, and the
corresponding Van Gieson'’s stained histology images from the 21 patients with different
vaginal wall conditions were acquired and analyzed: age norm, stages I-1I prolapse, and
prolapse post Nd:YAG laser treatment. The main focus of our study was the submucosal
connective tissue of the vaginal wall, where two zones were distinguished for visual
analysis: the subepithelial zone (up to about 100 pm from the basement membrane in depth,
highlighted in a black square in the Figures below) and a deeper located zone (100-500 pm
from the basement membrane, highlighted in a blue square in the Figures below).

Figure 2 presents a common example of examination results for age norm conditions
of the vaginal wall. Specifically, all the images display two-layer architecture with a clear
boundary between epithelium and submucosal connective tissue.

In the structural OCT image (Figure 2a) uniform connective tissue with a high level
of OCT-signal is visible when compared to the epithelium and signal background. This
indicates the presence of a fibrous structure of collagen bundles in the connective tissue.
C-OCE images of age norm vaginal wall (Figure 2b) also demonstrate a clear layered
structure with relatively low stiffness values (64 & 14 kPa) in the area of the epithelium
and higher stiffness values (239 £ 51 kPa) in the area of the submucosal connective tissue.
In the same image, pronounced epithelial ridges protrude into the submucosal connective
tissue of the vaginal wall in the form of an uneven edge at the border with epithelium. In
addition, in the C-OCE image (Figure 2b) in the area of the submucosal connective tissue, a
non-uniform distribution of stiffness values is observed. We visualize two layers, such as
on the histological image. Thus, the subepithelial zone with lower stiffness values (less than
200 kPa) compared to the deeper layers of the submucosa histologically corresponds to the
zone with thin, intertwined collagen bundles without a specific direction (Figure 2¢,(c1),
arrows). The deeper layers of the submucosa with higher stiffness values (more than
200 kPa) histologically correspond to thicker and more sinuous collagen fibers, which form
bundles with a predominant orientation parallel to the epithelium and practically no spaces
between them (Figure 2(c2)).

Figure 3 presents a common example of examination results for the stage I-1I prolapse
conditions of the vaginal wall. It can be observed from the OCT (Figure 3a), C-OCE
(Figure 3b), and histology (Figure 3c) images that vaginal wall prolapse is characterized
by substantial differences of the structure and tissue elasticity in comparison with the
age norm.

In this case, in the structural OCT image (Figure 3a), a two-layer structure with a
thinned epithelium with a low OCT signal level and the submucosal connective tissue with
a higher OCT signal level is visualized. However, the structural OCT image does not reflect
the true state of the vaginal wall submucosal connective tissue during POP and does not
allow for the distinguishing of it from the age norm.
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Figure 2. Representative depth-wise structural OCT (a) and C-OCE (b) images of age norm vagi-
nal wall with the corresponding histology (c—c2). The right column (c—¢2) is the histological slide
stained with Van Gieson’s, where (c)—an overview image of a well-organized two-layer tissue archi-
tecture with a sharp border between the glycogenated epithelium and the submucosal connective
tissue underlying it, arrows indicate the subepithelial region of the stroma (x100); black square
(c1)—subepithelial region of the submucosa, where black arrows point at very thin non-directional
collagen bundles (x1000); and blue square (c2)—a deeper area of the submucosa, which is char-
acterized by larger winding collagen fibers forming bundles and predominantly parallel to the
epithelium, There are practically no spaces between them (x1000). White dotted lines on OCT (a) and
C-OCE (b) images are the transition boundary between the calibration silicone layer and the tissue
under study. The green box on the OCT (a) and C-OCE (b) images is the area corresponding to the
histological image in (c). Abbreviations: E—epithelium, CT—connective tissue.

At the same time, the C-OCE image of the vaginal wall prolapse (Figure 3b) is mainly
characterized by the significant lowest stiffness (72 &+ 19 kPa) in the area of connective
tissue in the subepithelial zone compared to age norm. Relatively high stiffness values
(137 £ 21 kPa) were recorded only in the deeper submucosal zone (Figure 3b). This is
consistent with histological images with the subepithelial zone characterized by very thin,
loosely arranged collagen bundles (Figure 3c, arrows, and Figure 3(c1)). In the deeper
layer of the submucosal connective tissue there are thin, but parallel to the epithelium,
collagen bundles. At the same time, compared with age norm, collagen bundles are more
organized, and enlarged slit-like spaces are observed between the bundles (Figure 3(c2)).
This indicates that vaginal wall prolapse is characterized by a much softer and degenerated
tissue structure than the dense, collagen-rich structure of the age norm.

It is worth noting that in the vaginal wall prolapse, due to the close stiffness values of
the thinned epithelium (48 & 11 kPa) and submucosal connective tissue in the subepithelial
zone (72 & 19 kPa), the boundary between these layers is not visualized as clearly (Figure 3b)
as in the age norm (Figure 2b).
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Figure 3. Representative depth-wise structural OCT (a) and C-OCE (b) images of stages I-II vaginal
wall prolapse without preoperative treatment with the corresponding histology (c—c2). The right
column (c,c1,c2) is the histological slide stained with Van Gieson’s, where (c¢)—the overview image
shows the subepithelial layer of loosely arranged collagen bundles (arrows) and a deeper layer with
enlarged spaces between them, which indicates a decrease in the uniformity of their location (x100);
black square (c1)—the area of the submucosal connective tissue with thin, loosely arranged collagen
bundles (x1000); and blue square (c2)—deep area of the submucosal connective tissue with linear
organized collagen bundles (x1000). The white dotted lines on OCT (a) and C-OCE (b) images are
the transition boundary between the calibration silicone layer and the tissue under study. The green
rectangle on OCT (a) and C-OCE (b) images is the area corresponding to the histological image on (c).
Abbreviations: E—epithelium, CT—connective tissue.

The obtained results are consistent with the results of earlier studies suggesting a
distinct decrease in the elastic modulus of tissues in POP compared to normal tissue [65,73].
However, in this study we demonstrate for the first time what specific changes in the
collagen bundles of vaginal connective tissue are associated with a decrease in its elastic
properties in the early stages of POP. The obtained results highlight a greater potential of
the C-OCE method for assessing the condition of the submucosal connective tissue of the
vaginal wall.

Figure 4 presents a common example of examination results of Nd:YAG laser-treated
stages I-II vaginal wall prolapse. In the structural OCT (Figure 4a) and C-OCE (Figure 4b)
images thickened epithelium is well visualized, with a low OCT signal level and low values
stiffness (less than 100 kPa), respectively. This suggests normalization of epithelialization of
the vaginal wall and the recovery of the glycogenized cell layer ((Figure 4c). Additionally,
in the C-OCE image (Figure 4b), an uneven border between the epithelium and the submu-
cosal connective tissue is clearly visualized. Histologically, this corresponds to visualized
epithelial ridges that protrude into the subepithelial layer of the vaginal wall (Figure 4c).

The corresponding changes in the submucosal connective tissue were better visual-
ized in the C-OCE image (Figure 4b) compared to the traditional structural OCT image
(Figure 4a). A significant increase in the elastic modulus (142 + 21 kPa) was found in the
vaginal wall submucosal connective tissue in the C-OCE image (Figure 4b) compared with
the vaginal wall prolapse without treatment (Figure 3b). Morphologically, tissue thickening
occurs due to the formation of a dense network of thickened collagen bundles during the
reorganization of connective tissue in response to laser treatment (Figure 4c). At the same
time, it should be noted that according to histological examination, collagen bundles do not
have a predominant direction; there is practically no space between them, which indicates
an increase in the uniformity of their location (Figure 4(c1,c2)). There is no subepithelial
layer of thin, intertwined collagen bundles (Figure 4(cl)).
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Figure 4. Representative depth-wise structural OCT (a) and C-OCE (b) images of stages I-II vaginal
wall prolapse after Nd:YAG laser preoperative treatment and the corresponding histology (c—c2). The
right column (c,c1,¢2) is the histological slide stained with Van Gieson’s, where (c)—the overview
image shows a dense and homogeneous structure of the submucosal connective tissue without
slit-like spaces (x100); the black square (c1)—the subepithelial region of the submucosal connective
tissue consists of densely arranged collagen bundles (x1000); and the blue square (c2)—the deep
area of the submucosal connective tissue, the tissue becomes even denser, and there are no spaces
between the bundles (x1000). There is a well-organized two-layer architecture with a sharp interface
between nonkeratinizing stratified squamous epithelium and underlying connective tissue. The
white dotted lines in the OCT and C-OCE images are the boundary of the transition between the
calibration silicone layer and the tissue under study. The green rectangle in the OCT and C-OCE
images is the area corresponding to the histological image in (c). Abbreviations: E—epithelium,
CT—connective tissue.

To conclude, we demonstrated that, firstly, C-OCE differentiates three states of vaginal
connective tissues by the values of the elastic modulus: age norm, stages I-II prolapse and
prolapse 1-2 months after the Nd:YAG laser therapy. Secondly, C-OCE images correlate well
with the histological images. In the next “Section 3.2”, progressing beyond the descriptive
qualitative observations of Figures 2—4, we seek to quantify C-OCE and histological images
in order to numerically distinguish between vaginal wall prolapse with and without laser
preoperative treatment, as well as age norm.

3.2. Comparative Numerical Assessment of the C-OCE and Histological Images for Vaginal Wall at
Different Conditions: Age Norm, Stages I-II Prolapse and Prolapse after Laser Treatment

For the first time in this study, textural quantitative analysis of histological images
stained by Van Gieson was used to explain the relationship between elastic properties with
the state of collagen fibers of the vaginal wall tissue in three studied groups (age norm,
stages I-II prolapse and stages I-1I prolapse post laser treatment).

Figure 5 demonstrates the general trend of stiffness value changes and collagen bun-
dles structure parameters based on the quantitative assessment of C-OCE and histological
images for each vaginal wall tissue condition studied.
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Figure 5. Quantitative assessment of C-OCE (a) and collagen bundles structure parameters (b—e) in
three conditions of the vaginal wall: age norm, stage I-II prolapse and stage I-II prolapse after a
course of Nd:YAG laser treatment. (a) Box plot of mean stiffness according to C-OCE data; (b) box plot
local thickness of collagen bundles according to Van Gieson histological stain; (c) box plot orientation
of collagen bundles according to Van Gieson histological stain (values are expressed modulo); (d) box
plot organization (coherency) of collagen bundles according to Van Gieson histological stain; and
(e) box plot uniformity (Energy) of collagen bundles according to Van Gieson histological stain.
For each box plot, the center line represents medians, and “x” is the mean value of the analyzed
parameter. Box plot limits indicate lower/upper quartiles (25th and 75th percentile), whiskers are
minimum/maximum values within the 1.5x interquartile range of the first and third quartile, and
notches are approximate 95% confidence intervals of the median. Segment indicates a statistically
significant differences between the study groups, * and ** statistically significant (p < 0.05 and
p < 0.001, respectively) (Mann-Whitney U test with Bonferroni correction). a.u.—arbitrary units.

Numerical assessment of the elasticity of the vaginal wall prolapse showed that the
vaginal wall prolapse is characterized by a statistically significant decrease in average
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stiffness compared to the age norm (73.5 & 18.9 kPa vs. 233.5 £ 48.3 kPa, p < 0.05). It
was found that in the vaginal wall prolapse, a decrease in stiffness (Figure 5a) is likely
to be associated with a decrease in the local thickness of the collagen bundles (Figure 5b)
and the energy parameter (Figure 5e), which indicates a violation of the uniformity of the
arrangement of collagen bundles (Figure 4e) in the connective tissue of the vaginal wall.
Additionally, in the vaginal wall prolapse, there is a decrease in the orientation (angle of
inclination) of the location of the collagen bundles relative to the epithelium and an increase
in the coherence parameter (Figure 5d), which indicates a more dominant (organized)
direction of the location of the collagen bundles compared to the age norm. At the same
time, the energy parameter reflecting the uniformity of the location of collagen bundles
in the vaginal wall tissue turned out to be the only statistically significant parameter
distinguishing the submucosal connective tissue in age norm and in the early stage of
vaginal wall prolapse (8728 + 2827 a.u. vs. 5746 £ 944 a.u.; p < 0.05) (Figure 5e). The
decrease in energy during vaginal wall prolapse is likely to be associated with an increase
in the spaces between the bundles of collagen fibers (Figure 4(c2)), which naturally leads to
an increase in tissue heterogeneity.

After the laser treatment, the vaginal connective tissue is characterized by a statistically
significant increase in the average stiffness value relative to the group of patients with early
stage of vaginal wall prolapse (152.1 £ 19.2 kPa vs. 73.5 £ 18.9 kPa; p <0.05) (Figure 5a).
The increase in tissue stiffness after laser treatment is most likely due to an increase in
the local thickness of the collagen bundles, as well as the energy parameter, indicating an
increase in the uniformity of the arrangement of the collagen bundles. We demonstrate that
under laser exposure, the submucosal connective tissue of the vaginal wall is characterized
by a statistically significant increase in the local thickness of collagen bundles in relation to
both groups, with an early stage of vaginal wall prolapse and age norm (12.2 + 1.2 a.u. vs.
7+t13au. and 122 £ 1.2 a.u. vs. 8.7 £ 1.4 a.u.; p < 0.05) (Figure 4a). However, this does
not indicate a real increase in the thickness of the collagen bundles. It can be assumed that
the increase in local thickness is due to a change in orientation (Figure 5c) and an increase
in the uniformity (energy) of the beam arrangement (Figure 5e). This leads to the groups of
collagen bundles being recognized by the “LocalThickness” plugin as a single structural
element. It is worth noting that the values of the energy and coherence parameters of
the collagen bundles after laser exposure reach the range of values characteristic of the
age norm vaginal wall (Figure 5c,d). A change in orientation in the group with laser
exposure relative to the group with vaginal wall prolapse is accompanied by a decrease in
the coherence of the collagen bundles, which means that they lose their dominant direction
(Figure 4(c2)). In the group with laser exposure in relation to the group with an early
stage of vaginal wall prolapse, there is also a statistically significant increase in the values
of the energy parameter and a decrease in the coherence parameter (9960 + 1799 a.u. vs.
5746 £ 944 a.u. and 0.17 £ 0.05 a.u. vs. 0.26 £ 0.06 a.u.; p < 0.05).

The performed C-OCE examination and analysis of the complementary histological
images indicate that the stiffness values are affected by the local thickness, density and
heterogeneity of the collagen bundles. In particular, the stiffness reduction is observed
when the collagen bundles become thinner and less densely packed and demonstrate a
fairly clear dominant direction. The stiffness increase is associated with larger thickness of
collagen bundles when they are more densely packed and lose their dominant direction.

In order to analyze the relation between stiffness according to C-OCE data and collagen
bundles, structure parameters according to histology data of the Spearman’s correlation
coefficient were calculated (Figure 6). The correlation analysis identified three pairs of
correlated parameters only in the vaginal wall prolapse without and after laser treatment.
There was a high positive correlation between the vaginal wall stiffness and the local
thickness of the collagen bundles, as well as with the energy parameter of the collagen
bundles (r = 0.668, p = 0.006; r = 0.714, p = 0.003) (Figure 6a,c). At the same time, the
stiffness demonstrated negative correlation with the coherence parameter (r = —0.568;
p =0.027) (Figure 6b). Thus, this fairly high correlation indicates that the vaginal wall
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stiffness visualized by C-OCE with the resolution corresponding to the scales of tissue
organization is affected by the structural characteristics of the collagen bundles.
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Figure 6. Relation between stiffness according to C-OCE data and collagen bundles structure param-
eters according to histology data in the vaginal wall with stage I-II prolapse (blue squares) and stage
I-1I prolapse after a course of Nd:YAG laser treatment (black squares). (a) High positive correlation is
demonstrated between vaginal wall stiffness and local thickness of the collagen bundles (r = 0.668,
p =0.006). (b) An inverse relationship is demonstrated between vaginal wall stiffness and coherence
parameter of the collagen bundles (r = —0.568, p = 0.027). (c) High positive correlation is demonstrated
between vaginal wall stiffness and the energy parameter of the collagen bundles (r = 0.714, p = 0.003).
The dotted lines show 95% prediction intervals.

Thus, the results of a comparative numerical analysis of C-OCE and histological images
showed that with vaginal wall prolapse, the main focus of quantitative changes in the
submucosal connective tissue of the vaginal wall, reflects the development of destructive
processes. This is expressed in a decrease in stiffness values based on a quantitative
assessment of C-OCE images and the uniformity of the arrangement of collagen bundles
based on a quantitative assessment of histological images. On the contrary, the nature of
the reorganization of the vaginal wall tissues after Nd:YAG laser exposure is determined by
an increase in the quantitative indicators of the connective tissue structures of the vaginal
wall submucosal connective tissue in histological images and the restoration of elastic
modulus in C-OCE images, which indicate an intensification of regenerative reactions and
an improvement in the morphometric parameters of the tissue.

4. Discussion

In this paper, for the first time, we applied C-OCE technique for a comparative assess-
ment of changes in the elasticity of the vaginal wall tissue in different conditions: age norm,
stage I-1I prolapse, and stage I-1I prolapse after Nd:YAG laser treatment. The previous
applications of the C-OCE method by our and other research groups mainly related to
the field of oncology. In those studies, the high potential of OCE was shown to differenti-
ate benign and malignant tumors, such as prostate cancer [74], breast cancer [50,51], and
ovarian cancer [54], by absolute stiffness values. However, there are very few publications
in the world literature on the application of the OCE for assessing the elastic modulus in
non-tumor processes, particularly in the field of gynecology.

The use of C-OCE to assess the absolute stiffness values of the vaginal wall in prolapse
may have high potential due to objective elasticity changes of the vaginal connective
tissue. It is known that the predominant pathogenetic mechanism of POP is the decreased
synthesis and the increased breakdown of the extracellular matrix in the connective tissue
of the pelvic floor, with collagen being its main component [75]. Numerous mechanisms
are responsible for the disruption in the balanced collagen metabolism. Decreased estrogen
secretion, genetic predisposition, and oxidative stress can lead to a decrease in collagen
synthesis, activation of matrix metalloproteinases responsible for collagen degradation,
as well as changes in the amino acid sequence in procollagen chains. These processes
lead to a decrease in the biomechanical strength of the supporting connective tissues of
the pelvis. It is worth noting that early stages of vaginal wall prolapse are usually not
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easily detected on ultrasound or by direct visualization using colposcopy. This is caused
by the insufficient resolution of those methods to visualize the initial changes of elasticity
in the connective tissue of the vaginal wall just below the epithelium. Up to now, the
histological examination of biopsy samples remains the gold standard in the evaluation of
connective tissue in gynecology. However, such examinations are rather time consuming
and laborious. In comparison with such conventional techniques used in gynecology,
modern optical imaging methods have important advantages. Thus, the OCT method
used in this study is a non-invasive optical analog to ultrasound with significantly higher
resolution (4-10 pm), and a penetration depth of ~2 mm, enabling three-dimensional
high-speed imaging (nowadays, hundreds of frames per second are possible). The size
of OCT images is comparable with conventional histological images. Furthermore, the
emerging OCT-based modalities, such as OCE and possibilities of objective quantitative
analysis of the OCT data in combination with real-time imaging, additionally extend the
variety of clinical applications of OCT methods. In an earlier study, our group tested the
application of C-OCE technology to evaluate the vaginal wall state using postoperative
samples of patients with stage IV prolapse [65]. In this pilot study, we demonstrated
significant differences not only in the values of Young’s modulus, but also in the character
of elastic responses in age norm vaginal wall and stage IV prolapse. Here, we demonstrated
that stiffness of vaginal wall prolapse is significantly decreased and slightly varied with
compression, which clearly suggests the decrease in biomechanical properties of the vaginal
wall. The results of the current study on stage I-1I prolapse are in full agreement with
our previous results. Moreover, a comparative analysis of C-OCE numerical evaluation
data and histological images was used for the first time for objective data analysis. The
main clinical value of this study is demonstrating the ability of C-OCE to detect early
stages of prolapse using reduced stiffness values compared to the age norm of the vaginal
wall. As it was shown based on the analysis of histological data, significant decreases in
the stiffness value are due to a decrease in the uniformity and density of the location of
collagen bundles in the vaginal walls in patients with stage I-II prolapse compared with
the age norm vaginal wall. This confirmed that C-OCE imaging looks very promising for
detection of early stages of vaginal wall prolapse, with much higher contrast than, for
example, conventional structural OCT images. The structural OCT image of the vaginal
wall prolapse reflected only a decrease in the thickness of the epithelium and did not reflect
the true state of the submucosal connective tissue (Figure 3a). Our results on assessing
elasticity changes of the vaginal wall are also consistent with the data on the quantifying
vaginal tissue elastic modulus under normal and prolapse conditions by vaginal tactile
imaging based on principles similar to those of manual palpation [73].

It is important to note that the histological diagnosis of POP based on an assessment
of the condition of the vaginal wall submucosal connective tissue remains an unsolved
problem because histological changes in women with POP are inconclusive and relatively
limited [76]. Histological and immunohistochemical studies of collagen bundles have
contradictory results. Some studies identify molecular disorganization and fragmentation
of collagen fibers [77] and reduction in the immuno-staining of type I, III, and V collagen
in the vaginal wall [78]. Others report an increase in the number of collagen fibers and a
decrease in the number of fibroblasts in POP [79], as well as an increase in the expression
of type III collagen [80]. Therefore, there are no uniform ideas about the change in collagen
bundles in POP [76].

Currently, three different laser modalities for treating gynecological and urological
problems (genitourinary syndrome, dilated vagina syndrome, and stress urinary inconti-
nence) and for vaginal rejuvenation were reported on: (1) microablative fractional carbon
di-oxide (CO,) laser therapy (10,600 nm) [20-22]; (2) dual-phase erbium-doped yttrium
aluminium garnet (Er:YAG) laser therapy (2940 nm) combining fractional cold ablation and
thermal ablation [23,24]; and non-ablative Er:YAG laser therapy (2940 nm) with SMOOTH
mode technology [25,26]. In all three cases, laser therapy induces neocollagenesis, as well
as thickens and strengthens the anterior vaginal wall, which leads to improved support of
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the bladder and urethra [22]. For the first time, we used the C-OCE method to assess the
elastic modulus increase in the vaginal wall after laser therapy. Additionally, for the first
time, a neodymium non-ablative laser was used in treatment of stages I-1I prolapse. The
advantage of this laser is non-invasive exposure, absence of complications, and reduction
in the rehabilitation period to 1 week instead of 1 month after ablative laser exposure.
In addition, due to the low absorption of the main components of the tissue (water and
collagen), the effect is carried out on the entire depth of the mucosa, including its own plate,
while classical ablation lasers create micro-damage only in the surface layer at the depth of
several microns. Thus, neodymium non-ablative laser treatment of the POP can compete
with conservative methods [81-83], physiotherapeutic techniques [84] traditionally used in
the clinic today, as well as microablative laser therapy approaches that are being developed
today. At the same time, surgical correction remains the main method of treatment of POP,
with more than 30% of relapses being recorded [3].

In this study, we demonstrate that C-OCE images of vaginal wall tissue samples
in patients with stage I-II prolapse 1-2 months after the use of Nd:YAG laser radiation
treatment had significant differences compared to C-OCE images of vaginal wall samples
in patients with stage I-II prolapse without treatment. In contrast to vaginal wall prolapse
samples, the connective tissue of the vaginal wall after laser treatment on C-OCE images
in most cases was characterized by a significant increase in the tissue stiffness. As it was
shown based on the analysis of histological data, this was due to an increase in the local
thickness of the collagen bundles due to a change in their orientation and an increase in the
uniformity of their location (see Figure 5) with minimal slit-like spaces between them. It is
worth noting that quantitative textural analysis of collagen bundles based on histological
images stained according to Van Gieson with the aim to substantiate the elastic properties
of the vaginal wall was used for the first time. Earlier, textural analysis of histological
images was used to study the organization of collagen bundles in scars [85], classification of
histological images of breast cancer [86], and to find a connection between textural features
of the image and the parameters of polarization of invasive ductal carcinoma tissue [87]. In
this study, a similar approach was used to analyze the overall structure and organization
of specifically colored collagen bundles to reveal the connection with the variations in the
elastic modulus of the vaginal wall.

The performed study demonstrated rather high and statistically significant correlation
coefficients characterizing the relation of the elastic modulus evaluated using C-OCE
images, with the parameters of the local thickness, as well as coherence and energy of
collagen fibers estimated using histological images (r = 0.668, r = —0.568 and r = 0.714;
p < 0.05; respectively) for the early stage of vaginal wall prolapse without treatment and
after laser treatment. This allows one to utilize C-OCE images for estimating the structural
organization of the collagen bundles in the connective tissue. We hypothesize that the
not-so-high values of the correlation coefficients are related to the rather limited amount of
data. It may be expected that a study utilizing data from a larger number of patients would
demonstrate a higher correlation level among the analyzed parameters extracted from the
C-OCE and histological images.

It can be noted that much attention in biophotonics is paid to various ways of increas-
ing resolution of optical diagnostics methods, including utilization of nonlinear optical and
even quantum optical effects to achieve nano-scale super resolution beyond the diffraction
limit [88]. In this context, it should be emphasized that although the resolution of the
C-OCE technique (~several tens of micrometers) is significantly higher than for conven-
tional ultrasound elastography, at the same time, it is much lower in comparison with the
sub-cellular probing of elasticity enabled by atomic force microscopy. However, it should
be emphasized that sub-cellular resolution is too high when there is a need to study the
elasticity on a scale characterizing the organization of morphological components of tissues,
i.e., from several tens to a few hundred micrometers. Thus, the “mesoscale” resolution
enabled by C-OCE perfectly corresponds to such applications. In the above examples, the
changes in the structural organization of the collagen bundles were not directly resolved in
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C-OCE. Nevertheless, manifestations of these structural changes were perfectly observed
in our study through the visualized variations in the tissue elasticity.

It is also worth noting that using the C-OCE method, we were able to show that elastic
properties of the vaginal wall tissue after laser exposure do not recover to the normal
range of stiffness values, despite the fact that quantitative histological data demonstrate
the restoration of the studied parameters. This can be explained by the fact that collagen
bundles are not the only structural elements of the submucosal connective tissue responsible
for the elasticity of the tissue. Elastic fibers also have a significant effect on the stiffness of
the vaginal wall [89]; however, they were not studied in this pilot work. Moreover, it is also
possible to hypothesize that not enough time passed (no more than 2 months) to allow full
restoration of the elastic properties. Therefore, we intend to conduct further research on
a larger number of patients, with expanded histological analysis of data, and clinical and
OCT monitoring being carried out 6 and 12 months after laser therapy, which will allow
us to assess the efficacy and duration of the effect of laser exposure depending on the age
and other patient characteristics. In the future, we anticipate that repeated laser therapy
courses could be carried out to prevent a relapse of POP. The use of C-OCE could eliminate
the need for invasive (puncture biopsy) manipulations in patients for morphological and
immunohistochemical analysis before or after laser treatment. In addition, C-OCE can be
applied to tissue discrimination as a kind of “optical biopsy” for aiding diagnosis, assess
the efficacy of treatment, or even for guide biopsy sample harvesting in clinical examination
or surgeries in various organs.

Our findings demonstrate a significant potential of the imaging approach to examining
the vaginal wall structure using C-OCE that could serve as a basis for future in vivo clinical
studies. However, despite these promising results, it is also possible to foresee that the most
likely obstacle to the OCT application in gynecology in real clinical conditions would be the
need for an OCT probe of certain geometry, as well as the need for a correct interpretation
of the obtained OCT and C-OCE image data by a gynecologist in order to exclude the
possibility of an incorrect diagnosis. To address the latter challenge, automatic numerical
image processing would be essential to improve the diagnostic accuracy of OCT. Our future
research aims to target this task.

5. Conclusions

The results of this pilot study demonstrate that C-OCE can provide real-time and high-
resolution imaging to view vaginal wall structure with high consistency with histological
examination. C-OCE is capable of assessing the condition of collagen bundles in the vaginal
wall submucosal connective tissue objectively and accurately, thus holding promise as a
potential tool for earlier identification of vaginal wall prolapse in vivo and monitoring laser
treatment efficiency in future studies. This type of technology is missing in the field of
pelvic medicine today and has great potential. As we work to increase the accuracy of
this technology, we believe that it will become a valuable tool for monitoring treatment
response, contributing to individual treatment plans, and a potential guidance tool for
surgeons during minimally invasive surgery.
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