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Abstract

:

Vaginal wall prolapse is the most common type of pelvic organ prolapse and is mainly associated with collagen bundle changes in the lamina propria. Neodymium (Nd:YAG) laser treatment was used as an innovative, minimally invasive and non-ablative procedure for the treatment of early-stage vaginal wall prolapse. The purpose of this pilot study was to assess connective tissue changes in the vaginal wall under prolapse without treatment and after Nd:YAG laser treatment using cross-polarization optical coherence tomography (CP OCT) with depth-resolved attenuation mapping. A total of 26 freshly excised samples of vaginal wall from 26 patients with age norm (n = 8), stage I–II prolapses without treatment (n = 8) and stage I–II prolapse 1–2 months after Nd:YAG laser treatment (n = 10) were assessed. As a result, for the first time, depth-resolved attenuation maps of the vaginal wall in the B-scan projection in the co- and cross-polarization channels were constructed. Two parameters within the lamina propria were target calculated: the median value and the percentages of high (≥4 mm−1) and low (<4 mm−1) attenuation coefficient values. A significant (p < 0.0001) decrease in the parameters in the case of vaginal wall prolapse compared to the age norm was identified. After laser treatment, a significant (p < 0.0001) increase in the parameters compared to the normal level was also observed. Notably, in the cross-channel, both parameters showed a greater difference between the groups than in the co-channel. Therefore, using the cross-channel achieved more reliable differentiation between the groups. To conclude, attenuation coefficient maps allow visualization and quantification of changes in the condition of the connective tissue of the vaginal wall. In the future, CP OCT could be used for in vivo detection of early-stage vaginal wall prolapse and for monitoring the effectiveness of treatment.
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1. Introduction


Pelvic organ prolapse (POP) is a condition when organs inside the pelvis drop due to weakening of the supporting muscles and tissues of the vaginal wall. The prevalence of POP increases with age, affects the quality of life of the patients and can lead to social problems [1]. The cause of prolapse is multifactorial but is primarily associated with pregnancy and vaginal delivery, which both lead to direct pelvic floor muscle and connective tissue/collagen injury [2,3,4]. Epidemiological data also point to a genetic predisposition (polymorphisms of collagen-related and extracellular matrix-remodeling genes) and, therefore, the need for early detection of POP and timely treatment [5].



Normal pelvic organ support is provided by the interaction between the levator ani muscles and the connective tissues that attach the uterus and vagina to the pelvic side walls [6]. In the case of dysfunction of the supporting apparatus, the vaginal wall is subjected to pressure from the other pelvic organs, which leads to prolapse of the anterior, posterior or apical segment of the vagina. While pelvic floor muscle insufficiency is usually associated with vaginal birth and injury to the levator ani muscles [6,7], connective tissue insufficiency is explained by changes in the content, structure, biomechanics and catabolism of collagen [8,9]. It is collagen, organized into fibers and bundles, that normally provides tensile strength to tissues. It has previously been demonstrated that vaginal wall thickness decreases in women with prolapse, and this may be due to changes in the collagen bundles [10]. Histological changes in pelvic floor tissue showed that collagen fibrils lost their native well-organized, tightly packed morphology and acquired loose, disorderly and discontinuous structures [11]. However, research into changes in collagen bundles in the tissue of the vaginal wall is limited and controversial [12]. We suggest that studies using new high-resolution optical techniques to assess collagen bundle changes in the vaginal wall would be useful.



Further issues requiring discussion are the treatment options for POP. The vaginal wall is the component of the pelvic support system that is targeted for treatment in the early stages of POP. Traditional treatments include observation, physical therapy for the pelvic floor, vaginal pessaries and surgery, but these approaches often do not provide entirely satisfactory results and can even cause urological problems [13,14,15,16]. Currently, the alternative to such traditional treatments for patients with early-stage POP is provided by various laser technologies (ablative and non-ablative laser exposure), these being highly effective and minimally invasive during treatment [17,18,19,20,21]. However, laser treatment does not provide complete recovery, but it enables strengthening (tissue compaction) of the vaginal wall by remodeling the collagen framework to improve the results of further surgical treatment.



Intravaginal neodymium laser (Nd:YAG) with a wavelength of 1064 nm provides innovative, minimally-invasive non-ablative treatment of early-stage vaginal wall prolapse. The advantage of this approach compared to other laser technologies is that the treatment uses a photothermal effect. Laser radiation is absorbed predominantly by the deoxyhemoglobin and oxyhemoglobin of the erythrocytes in the microvasculature, causing a controlled increase in the temperature of the connective tissue of the vaginal wall and activating overexpression of heat shock proteins [22,23,24]. The result of such thermal exposure is the remodeling of collagen bundles in addition to activation of angiogenesis and collagenogenesis [25], which leads to an increase in the density of the connective tissue and, accordingly, the supporting function of the vaginal wall [26]. In addition, due to the low absorption by the main components of the tissue (water and collagen), the effect is carried out over the entire depth of the mucosa (several millimeters), therefore including the lamina propria, whereas classical ablation lasers create micro-damage in the surface layer to the depth of only a few microns [27].



A number of studies have demonstrated the initial results of the clinical efficacy of Nd:YAG lasers in gynecology [28,29,30]. The advantages of this type of laser are the non-invasive exposure, the absence of complications and the reduction of the rehabilitation period to 1 week from 1 month following ablative laser exposure. At the same time, however, the lack of an objective method for monitoring the efficiency of Nd:YAG laser treatment has so far prevented its wide clinical application. It is necessary to use new high-resolution and non-invasive methods for visualization of the microstructure of the vaginal wall in order to obtain objective assessments of pathological changes in the lamina propria connective tissue before and after laser treatment without the need to take biopsies.



Optical coherence tomography (OCT) is a high-resolution (5–15 μm) optical imaging technique that can be clinically used for noninvasive assessment of the cervical and vaginal mucosa to an image depth of 1.5 mm—approaching the biopsy depth for histological examination and the corresponding depth of neodymium laser exposure. In earlier studies, conventional OCT has been successfully used to quickly identify vaginal epithelial damage [31], for monitoring its treatment with nonoxynol-9 vaginal gel [32] and for analysis of human ovarian tissue [33,34]. The first encouraging results of using OCT in vivo for tracking vaginal tissue changes after treatment with fractional-pixel CO2 laser therapy for genitourinary syndrome of post-menopausal women have also been obtained [35,36]. The emerging OCT modalities, such as polarization-sensitive (PS) OCT, OCT-angiography and OCT-elastography, 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 [37,38,39]. More recently, it has been shown that compression optical coherence elastography (C-OCE) can provide a robust method for the detection of the early stages of vaginal wall prolapse based on significant decreases in tissue stiffness of the vaginal wall and can be used for assessing the increase in stiffness of the wall after laser treatment [30].



PS OCT mode allows qualitative and quantitative assessment of the collagen fibers’ state (optically anisotropic structures) in different types of biological tissue using birefringence properties. Birefringence is a phase retardation change with depth which characterizes orientation and spatial collagen fiber organization [37]. Cross-polarization OCT (CP OCT) is a variant of PS OCT that allows imaging of collagen fibers state not only due to its birefringence but also cross-scattering properties. CP OCT devices have two channels to register the backscattered light: co-channel for waves which retained the initial polarization state and cross-channel for waves with a changed polarization state to the orthogonal one. It has been shown that OCT signal intensity in cross-polarization channels depends on the thickness, orientation and density arrangement of collagen fibers [40]. The attenuation coefficient of the OCT signal is commonly used to quantify the CP OCT data. It helps to improve the assessment of the collagen state, for example, in non-tumorous and tumorous tissues [41], in the identification of an early stage of vulvar lichen sclerosus [42], and in the detection of areas of inflammation vs. norm and necrosis [43]. More recently, it became possible to build depth-resolved attenuation maps in the B-scan projection for the earlier detection of ovarian and fallopian tube malignancy [44]. It has been shown that depth-resolved attenuation mapping of the structural B-scan helps better visualization of the borders between the epithelium and the lamina propria.



The purpose of the current study was to assess connective tissue changes in the vaginal wall under prolapse and after treatment with a neodymium (Nd:YAG) laser, using CP OCT with depth-resolved attenuation mapping. To the best of our knowledge, this study is the first to demonstrate B-scan attenuation maps of human vaginal wall tissue in various conditions in the co- and cross-polarization channels. In future, this technique might also be useful for in vivo detection of early stages of vaginal wall prolapse and assessment of the efficacy of laser treatments.




2. Materials and Methods


2.1. Patients and Samples


The study involved three groups of patients from whom 26 freshly excised samples of the vaginal wall were taken for ex vivo CP OCT and histological examination. The patients’ ages ranged from 35 to 50 years old. The first group was the age norm (n = 8), where surgical intervention in the pelvic area was performed for reasons other than prolapse. The second group was stages I–II vaginal wall prolapse (anterior and/or posterior localization) without preoperative laser treatment (n = 8). The stage of prolapse was estimated according to POP-Q (Pelvic Organ Prolapse Quantification system) [45]). The third group was stages I–II vaginal wall prolapse with preoperative laser treatment (n = 10). Patients with prolapse of the vaginal wall underwent colporrhaphy to correct the POP. All samples were obtained by incisional biopsy of the vaginal wall in the region of the posterior fornix.



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 24 September 2023). All the patients included in the study provided written informed consent.




2.2. Intravaginal Nd:YAG Laser Treatment Protocol


In this study, Nd:YAG laser treatment was used in addition to surgical interventions. The laser treatment of the vaginal wall was performed by “Magic Gyno” laser—a modification of “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 μs.



The laser treatment included two steps: the first one involved treatment of all vaginal walls in a circle with a conical mirror handpiece, and the second one involved targeted treatment of specific vaginal walls (anterior, posterior or lateral, depending on the clinical situation) with a corner mirror handpiece. The laser treatment procedure is described in more detail in [30]. Three laser procedures were performed with an interval of 4–6 weeks. Surgery with biopsy was performed 1–2 months after the last treatment when the effect of stimulating collagen synthesis was achieved.




2.3. OCT System


A spectral-domain OCT system (BioMedTech LLC, Nizhny Novgorod, Russia) that provides two image acquisition in co- and cross-polarizations was used for vaginal wall visualization. This OCT system (product license No FCP 2012/13479 of 30 May 2012) has a common-path interferometric layout that operates at a 1310 nm central wavelength. Axial resolution is 10 µm, lateral resolution is 15 μm, scanning depth—2 mm in air, and scanning speed—20,000 A-scans per second. The system performs 2D lateral scanning with a range of 2.4 × 2.4 mm2 to obtain the 3D distribution of backscattered light. Scanning is performed in contact mode and takes 26 sec. The system combines traditional structural OCT and polarization modes. As a result, CP OCT images in two virtual channels are recorded simultaneously: an image in co-polarization (reflected light with a polarization state parallel to the initial polarization state) and an image in cross-polarization (reflected light with changed polarization which is orthogonal to the initial one) channels [46]. CP OCT is aimed at obtaining the information contained in the cross-polarization channel, which allows one to visualize the birefringence of the tissue from optically anisotropic structures, as well as coherent cross-polarization backscattering on non-spherical particles and particles with dimensions much larger than the wavelength. In the connective tissue of the vaginal wall, such structure is represented by elongated collagen fibers and bundles.



As was previously shown [40], the OCT signal in two polarization channels can differ depending on the quantity and density of collagen content. In the normal vaginal wall, the OCT signal from lamina propria in both polarization channels is of the same strength due to the dense arrangement of collagen fibers/bundles (log-scale OCT image is not presented). In the case of the I–II stage prolapse, there could be a noticeable difference in signal strength between the two channels in the original log-scale B-scan OCT image (Figure 1). This difference is attributed to the presence of a reduced number of collagen fibers/bundles in lamina propria and their looser arrangement. The transition from the standard log-scale images to the attenuation coefficient distribution allows highlighting of this difference, which may arise from the nature of the OCT signal, as discussed below.



From each sample, 4–8 CP OCT images were obtained. The number of images depended on the sample size. Scanning was carried out with image overlay to obtain data from the entire surface under study. In total, over 200 CP OCT images of vaginal wall tissue were obtained. The imaging results were confirmed by histopathology.




2.4. CP OCT Data Processing and Quantitative Analysis


The quantitative processing of the 3D CP OCT images was based on calculating the attenuation coefficients in two polarization channels: in the co-channel, Att(co), and in the cross-channel, Att(cross). Calculation of the attenuation coefficient (µ) is an objective and generally accepted approach that describes the loss of OCT signal with depth due to scattering and absorption of probe radiation and is used in the evaluation of a wide variety of tissues [47]. This metric allows improved visualization of biological structure and an objective differentiation of normal and pathological tissues.



For attenuation coefficient calculation, we used the depth-resolved approach proposed by Vermeer in [48] and modified to account for the noise with the non-zero mean present in the distributions of the measured absolute values of the OCT images and allowed avoidance of systemic attenuation coefficient estimation bias [49,50]. The non-zero additive noise in the images’ background arises from the usage of the absolute value of the OCT image for processing, which leads to the non-zero mean additive noise. To reduce the effect of speckle noise on the local attenuation coefficient estimation, the volume of the measured OCT data was averaged in a local 3 × 3 × 3-pixel window before the attenuation coefficient estimations. While the physical model underlying the calculations does not account for the polarization effects, we applied the equations for the attenuation coefficient estimation for the signal in the cross-channel as well, as we expected that Att(cross) may provide us with more information about the connective tissue changes in the vaginal wall under prolapse and after Nd:YAG laser treatment.



As shown in [48], the attenuation coefficient could be estimated as:


   μ i  a t t   =     I i    2 Δ   ∑  i + 1    i  max       I i        



(1)




where Ii is the noise-free OCT signal amplitude in the co- or cross-channel, µiatt is the corresponding specimen attenuation coefficient estimation, i—axial measurement number, imax—total number of pixels in axial direction, and Δ is the pixel size along the axial dimension.



Due to the presence of the no-zero additive noise in the experimental OCT signal amplitude distribution, the direct application of Equation (1) to the measured OCT signal will lead to the following estimation:


   μ i  e s t   =     I i  +  N i    2 Δ   ∑  i + 1    i  max       I i    +  N i      



(2)




where Ni is the additive noise, and µiest is the attenuation coefficient estimation obtained from the OCT data with the presence of noise. To mitigate the effect of the noise, in [49], it was proposed to reorganize Equation (2) as follows to improve the estimation:


     μ i  e s t   =  H i  ⋅  μ i  a t t   +  N i μ  ,     w h e r e      H i  = 1 −     ∑  i + 1  ∞    N j        ∑  i + 1  ∞    I j  +   ∑  i + 1    i  max       N j        = 1 −    N  ⋅ (  i  max   − i )     ∑  i + 1  ∞    I j  +   ∑  i + 1    i  max       N j             N i μ  =    N j    2 Δ   ∑  i + 1    i  max         I j  +  N j        =    N    2 Δ   ∑  i + 1    i  max         I j  +  N j           



(3)




where ⟨N⟩ is the mean noise amplitude.



Such reorganization of the equation allows one to obtain the estimation of the attenuation coefficient according to Equation (1) from the estimation according to Equation (2):


   μ i  a t t   =    H i  ⋅ S N  R i μ         H i     2  ⋅ S N  R i μ  + 1   ⋅  μ i  e s t    



(4)




where   S N  R μ    i    is the local signal-to-noise ratio (SNR).



In order to provide an accurate comparison with histological results and to be able to analyze the lamina propria layer, distributions of the attenuation coefficients within the depth were plotted as cross-sectional (B-scan), color-coded maps for both polarization channels (Figure 1, middle column). The color set of each map reflects the values of the corresponding attenuation coefficient: areas with a high signal decay rate are represented by shades of yellow and red, while areas with low attenuation use shades of blue and light blue. This color-coded map representation (Figure 1, middle column) enhances the optical contrast of the original log-scale OCT images (Figure 1, left column), such as the boundaries of the tissue layers, the depth of disappearance of the useful signal and the distinction between low and high signal areas, and thus facilitates interpretation and quantification of the data. Therefore, subsequent calculations could be carried out using only the attenuation coefficient maps.



The quantitative processing consisted of the calculation of two parameters for each polarization channel: (1) the median values of the attenuation coefficients, which were automatically calculated from among all the values in the selected region of interest (ROI) and (2) the percentages with values above/below a certain threshold (4 mm−1) within the same ROI. For this, in each of the created color-coded attenuation maps, a rectangular ROI was manually selected, first in the cross-channel, and then a region of the same dimensions was used in the co-channel. Each ROI was located in the lamina propria layer to enable exact comparison with the histological data (see Figure 1, yellow rectangles). Lamina propria layer thickness is at least 250–300 µm; therefore, this layer is well distinguished in OCT images in both channels. The ROIs were typically ~300 × 2000 μm in size. Generally, for each 3D CP OCT image, three cross-section attenuation maps were quantitatively assessed to better represent the consistency of the optical properties of the sample, considering its morphological heterogeneity and the locality of some pathological processes.



To calculate the second parameter, a threshold value of the OCT signal attenuation coefficient of 4 mm−1 was proposed, which was selected empirically in such a way as to divide all pixels on the attenuation maps in the ROI into two groups: (1) coefficient values ≥4 mm−1, which were considered “high” and corresponded to an area with a dense arrangement of collagen bundles; and (2) coefficient values < 4 mm−1, which were considered “low” or noisy and were consistent with loose arrangements of the collagen bundles, or were regions containing lymphatic vessels. Thus, this parameter, based on the ratio of high and low coefficient values, allowed us to separate areas of dense arrangements of collagen bundles from areas with loose arrangements or sites of lymphatic vessels.




2.5. Histological Examination


After CP OCT imaging of the vaginal wall samples, the scanning area was marked with histological ink for correlation with the histological plane. Histological sections were prepared according to the standard procedure and stained with hematoxylin and eosin for assessment of tissue structure. Van Gieson’s stain was used for assessment of the collagen bundles (takes on bright red color) to observe their changes during the development of prolapse and after laser exposure in the subepithelial layer or lamina propria. On histological preparations stained with Van Gieson’s, three states of collagen bundles were assessed: thickness (thick and thin), density and orientation of their location. The values and distribution of the attenuation coefficient values in the cross-polarization channel depended on these three states of collagen bundles. Since the lamina propria is known to contain lymphatic vessels [51], we additionally used immunohistochemical examination to visualize them. An immunohistochemically examination was performed with a monoclonal antibody to a marker of lymphatic endothelial cells Podoplanine (ab236529; Abcam, Cambridge, UK) in order to identify lymphatic vessels. Histological sections were examined using the EVOS M7000 Imaging System (Thermo Fisher Scientific Inc., Waltham, MA, USA) in transmitted light.




2.6. Statistics


The variables for statistical intergroup comparison were the Att(co) and Att(cross) coefficients calculated from CP OCT images. The results are expressed as Me [Q1; Q3], where Me—is the median of the analyzed parameter and [Q1; Q3] are the 25th and 75th percentile values, respectively. The Mann–Whitney U-test with Bonferroni correction was used to evaluate the statistical significance, with a p-value of less than 0.05 considered statistically significant. The box plots and calculations were carried out using the Prism 8.0.2 statistical software (GraphPad Software, San Diego, CA, USA).





3. Results


3.1. Correspondence of Depth-Resolved Attenuation Maps with the Histology for Vaginal Wall at Different States


In the first stage of this study, attenuation coefficient maps in the co- and cross-polarization channels and corresponding histological slices of the vaginal wall in different states were visually analyzed and described. Figure 2 presents typical images for the age norm (a1–e1, left column), stage I–II prolapse without treatment (a2–e2, central column) and corresponding prolapse after laser treatment (a3–e3, right column). It can be seen that all the images (Figure 2(a1–c3)) display two-layer architecture with a clear boundary between the epithelium and the lamina propria. Notably, the lamina propria has a different scattering and polarization ability depending on the state and distribution of the collagen bundles in the different pathogenic conditions of the vaginal wall.



In the case of the age norm, the attenuation coefficient maps in the co- and cross-channels (Figure 2(a1,b1)) show a clear boundary between the epithelium with low attenuation coefficients and the relatively high attenuation coefficients in the lamina propria region. The high values of attenuation coefficient in the cross-channel of the lamina propria are due to the dense arrangement of thick and thin collagen bundles without any preferential orientation; the spaces between the bundles are very small (Figure 2(d1)). The heterogeneous distribution of values is due to lymphatic vessels (orange arrows in Figure 2(e1)), which do not scatter the signal and are represented on the attenuation coefficient maps as slit-like structures with low values, penetrating the connective tissue (orange arrows in Figure 2(b1)).



In stages I–II of vaginal wall prolapse, the attenuation coefficient maps show relatively lower attenuation coefficients in the cross-channel (Figure 2(b2)) in the area of connective tissue when compared with the age norm (Figure 2(b1)). This is consistent with the histological images, where the lamina propria is characterized by loosely arranged, thin collagen bundles that have a predominant direction aligned along the epithelium; the spaces between the collagen bundles are expanded (Figure 2(c2,d2)). While no changes were observed in the number of lymphatic vessels, their lumens were expanded (Figure 2(e2)) compared to the age norm (Figure 2(e1)). Meanwhile, the attenuation map in the co-channel (Figure 2(a2)) does not reflect the true state of the vaginal wall connective tissue during prolapse and therefore does not help in distinguishing it from the age norm. In some of the studied vaginal wall prolapse samples, those with a very thin lamina propria, the attenuation coefficient maps clearly visualized the deeper muscle layer, which had a higher attenuation coefficient compared to the lamina propria (see example in Figure 1, right column).



Nd:YAG laser treatment leads to changes in both the epithelium and the lamina propria (Figure 2(a3–e3)). In the attenuation coefficient maps (Figure 2(a3,b3)), the border between the epithelium and the lamina propria can be seen to have become uneven. Histologically, this corresponds to the epithelial ridges that protrude into the lamina propria (Figure 2(c3)). A significant increase in the attenuation coefficient values is therefore observed in the lamina propria (Figure 2(b3)) compared with its state without treatment (Figure 2(b2)). These changes are better visualized in the attenuation coefficient map in the cross-channel (Figure 2(b3)) than in the co-channel (Figure 2(a3)). It is important to note that a deeper OCT signal was visualized in the cross-channel than in the co-channel. Histologically, this corresponds to the formation of a dense network of thickened collagen bundles with practically no space between them, indicating an increase in the uniformity of their alignment during the remodeling of the connective tissue in response to the laser treatment (Figure 2(d3)). In addition, the formation of dense connective tissues could lead to a predominance of lymphatic vessels with collapsed lumens (Figure 2(e3)), which also explains the homogeneity of the attenuation coefficient maps.




3.2. Quantitative Analysis of Attenuation Maps under the Studied Conditions of the Vaginal Wall


Figure 3 presents diagrams of the median values of the Att(co) and Att(cross) coefficients calculated for the ROIs within the lamina propria for three groups of patients: age norm (number of images n = 27), stage I–II prolapse (n = 35) and stage I–II prolapse post laser treatment (n = 28).



The stages I–II vaginal wall prolapse are characterized by a statistically significant decrease in the median values of both the Att(co) and Att(cross) coefficients compared to the age norm (4.1 [3.9; 4.4] mm−1 vs. 4.9 [4.7; 5.8] mm−1 and 2.3 [2.1; 2.5] mm−1 vs. 4.2 [3.8; 4.6] mm−1, respectively; p < 0.0001) (Figure 3a,b; green and red boxes). At the same time, the vaginal wall prolapse is characterized by significantly lower values of Att(cross) coefficients compared with the Att(co) coefficients. As shown above, this is due to the fact that in prolapse cases, the connective tissue is characterized by loosely arranged, thin collagen bundles, leading to a lower signal attenuation rate with depth in the cross-channel (see Figure 2). In addition to these collagen changes, the presence of a large number of lymphatic vessels in the connective tissue can also lead to a decrease in the mean ROI values of both the Att(co) and Att(cross) coefficients (see Figure 2(a2,b2)).



After Nd:YAG laser treatment, the values of both the Att(co) and Att(cross) coefficients considerably increased and constituted 5.3 [5.0; 5.6] mm−1 and 3.8 [3.4; 4.2] mm−1, respectively (Figure 3a,b; blue boxes). Here, vaginal wall prolapse after laser treatment statistically differs from vaginal wall prolapse without laser treatment, accounting for both the Att(co) and Att(cross) coefficients (p <0.0001) (Figure 3b). At the same time, calculating the Att(cross) coefficient allows us to more reliably identify areas with an increased density of collagen bundles (Figure 3b; blue box).



Overall, Figure 3a indicates that the variability of the median values for the Att(co) coefficient for individual samples may be even stronger than the difference between groups, even if the inter-group difference is statistically significant (p < 0.0001). The Att(cross) coefficient in Figure 3b demonstrates a lower variability of values and, accordingly, makes it possible to more reliably differentiate all conditions of the vaginal wall tissue studied here.



The results of calculating the parameter, percentages of pixels with low (<4 mm−1) and high (≥4 mm−1) attenuation values, are presented in Figure 4. This parameter allows tracking of the change in the number of thick, densely packed collagen bundles, excluding areas occupied by lymphatic vessels or thin, multidirectional collagen bundles. Figure 4a,b show examples of binarized attenuation coefficient maps with the applied threshold (4 mm−1) for three states of the vaginal wall: age norm (a1–b1), stage I–II prolapse (a2–b2) and stage I–II prolapse after Nd:YAG laser treatment (a3–b3). The results demonstrate that changes in collagen state in stage I–II prolapse and after Nd:YAG laser treatment are most noticeable in the cross-channel (Figure 4(b2,b3)). Quantitatively, the percentage of the high Att(cross) values in stage I–II prolapse without laser treatment is ~2 times lower compared to the age norm group (24% vs. 55%, respectively) (Figure 4d). In the co-channel, there are minor changes between these two states: 48% in stage I–II prolapse without laser treatment vs. 61% in the age norm (Figure 4c). Further, after Nd:YAG laser treatment, the percentage of the high values of both the attenuation coefficients tend to approach those at the age norm, being 58% in the cross-channel and 64% in the co-channel (Figure 4c,d). The content of the scattering component for the laminae propriae of stage I–II prolapse after treatment does not differ greatly from the age norm in the percentages of high and low values for both the Att(co) (64% and 61%, respectively) (Figure 4c) and the Att(cross) (58% and 55%, respectively) coefficients (Figure 4d), which indicates that the state of the collagen framework in the connective tissue after laser treatment is close to normal.



Thus, this once again demonstrates that for the studied conditions of the vaginal wall, the difference in the values of the analyzed parameters is more significant in the cross-channel than in the co-channel.





4. Discussion


In this paper, for the first time, we calculated the attenuation coefficient from CP OCT images of human vaginal wall tissue in different states: age norm, stage I–II prolapse and stage I–II prolapse after Nd:YAG laser treatment. Attenuation coefficient calculation from OCT data allowed us to achieve improved biological structure visualization and objectively differentiate between tissues of different morphology [41,42,43,44]. In the present study, the depth-resolved method for attenuation coefficient was used for the first time to evaluate connective tissue changes in the vaginal wall. As has been shown in [49], the depth-resolved method for attenuation coefficient calculations can identify additional structural features. Unlike more commonly used methods based on the linear fit of the logarithm of the signal, the method utilized in the study avoids axial resolution deterioration from the selection of the fitting range, decreases the variance of the attenuation coefficient estimation of the optically uniform specimen and avoids biases from the poor choice of fitting range in the case of the layered object. For the first time, cross-sectional (B-scan) color-coded maps to represent attenuation coefficient value distributions have been built for two polarization channels for the vaginal wall. The construction of B-scan attenuation maps is most applicable for the visualization of layered biological tissues, including the vaginal wall. In our study, this allowed us to clearly distinguish the epithelium from the underlying lamina propria and assess changes in collagen bundles in the latter layer. Previously, attenuation mapping has predominantly been used in the en face plane, which is preferable for non-layered structures, such as, for example, tumors or inflammations [41,43].



In our previous paper [30] describing quantification of changes in the state of collagen bundles localized in the laminae propria of the same studied groups, C-OCE methods and quantitative morphological analysis of the collagen bundles (local thickness, uniformity and orientation) were used. In the case of vaginal wall prolapse, we observed a statistically significant decrease in tissue stiffness and its increase after Nd:YAG laser treatment. The results of quantitative morphological analysis also showed a decrease in the local thickness of collagen bundles and the uniformity of their arrangement during stage I–II prolapse. However, after Nd:YAG laser treatment, an increase in the local thickness of the collagen bundles, a change in their orientation and an increase in the uniformity of their arrangement were demonstrated. In the current study, we did not carry out morphometry; however, we visually observed similar processes in the connective tissue: a reduced density and thinning of collagen bundles during prolapse, an increase in the thickness of the collagen bundles and an increase in their density after laser treatment. It should be noted that CP OCT, in comparison with C-OCE, has greater potential to be used for further, more rapid derivation of 2D or 3D images of the vaginal wall tissue in vivo with higher resolution (~10–15 µm) without additional compression of the tissue and using a reference layer. In addition, compared to our previous C-OCE study [30], the number of study samples was increased, which confirmed our results on the nature of the changes in the collagen bundles in vaginal wall prolapse without and after laser treatment. Our study is also consistent with studies using electron microscopy, in which it was observed that collagen fibrils lost their normal parallel structures in the affected vaginal tissue and also had large gaps between them [52,53].



In this study, we have demonstrated, for the first time, specific changes in the collagen bundles of the vaginal wall connective tissue are associated with the decrease in its scattering and polarization properties. The level and nature of cross-polarization backscattering in the cross-channel on OCT images and, accordingly, the attenuation coefficient of the OCT signal in the cross-channel mainly depended on the number, orientation and density of collagen bundles in the lamina propria of the vaginal wall. This is an important factor in the development of the early stages of vaginal wall prolapse and in assessing the restoration of the mechanical properties of the vaginal wall after laser treatment. Using CP OCT, it is possible to acquire a clear distinction between areas with loosely arranged collagen bundles and densely arranged ones based on the ability of collagen bundles to cross-polarization backscatter. Two parameters within the lamina propria were targeted and calculated: the median value and the percentages of high (>4 mm−1) and low (<4 mm−1) attenuation coefficient values. In this case, all tissue structures that do not generate an OCT signal (mainly lymphatic vessels or spaces between collagen bundles) or generate a weak signal (thin collagen bundles) fell into the category of structures with an attenuation coefficient value of <4 mm−1. The median values of the Att(co) and Att(cross) coefficients in the lamina propria were significantly (p < 0.0001) lower in the stage I–II prolapse compared with those in the age norm (Figure 3). This was associated with thinner collagen bundles and large slit-like spaces between them in the case of prolapse of the vaginal wall. After the laser treatment, significantly higher median values of the Att(co) and Att(cross) coefficients were noted, compared to the vaginal wall prolapse without treatment (p < 0.0001). This was associated with an increase in the local thickness of the collagen bundles, changes in their orientation and an increase in the uniformity of their arrangement, leading to more noticeable polarization effects. The difference in the spatial localization of the high and low regions in the attenuation maps in the cross-channel for the age norm and the stage I–II prolapse, both without and after laser treatment, can additionally be useful for differentiation between these three conditions. It was shown that when calculating the percentage of high (≥4 mm−1) and low (<4 mm−1) attenuation coefficient values (Figure 4), the Att(cross) coefficient better reflects the presence of the densely arranged and thickened collagen bundles and distinguishes them from areas occupied by loosely arranged collagen bundles or dilated lymphatic vessels. Significantly lower values were found for stage I–II prolapse compared to the age norm (24% vs. 55%), with a return to normal values after Nd:YAG laser treatment (58%). This new knowledge—the significant difference between stage I–II prolapse and the age norm and stage I–II prolapse after Nd:YAG laser treatment—holds promise for using CP OCT both to diagnose early stages of vaginal wall prolapse and to enable quantitative monitoring of the changes in the lamina propria of the vaginal wall after Nd:YAG laser treatment.



These results are consistent with the results of earlier studies involving calculations of the attenuation coefficients of OCT signal in the tissues of the pelvic organs. In particular, a decrease in the attenuation coefficient for cancerous ovaries when compared with normal or benign ovaries has been shown [44] that could have similarly originated from the remodeling of collagen fibers during the progression of such ovarian cancers [54]. Using CP OCT technology, the quantitative parameters of the attenuation coefficients for dermal lesions in vulvar lichen sclerosus have also been established, which makes it possible to detect the disease in the case of an early lesion based on a decrease in the values of the attenuation coefficients due to decreases in the thickness of collagen bundles as well as the presence of dermal edema [42]. Previously, our group has also demonstrated the use of CP OCT to visualize the contours of lymphatic vessels more clearly using depth-resolved attenuation mapping in vulvar lichen sclerosus [49]. In this study, while clear contours of the lymphatic vessels were also well visualized in the attenuation maps of the vaginal wall, we found no significant difference in the percentage areas involved between stage I–II prolapse and the age norm and stage I–II prolapse after Nd:YAG laser treatment.



In this paper, it is also worth noting the positive dynamics of changes in the condition of the vaginal mucosa after neodymium non-ablative laser treatment, which may, in the near future, compete with treatments traditionally used in the clinic today, as well as with microablative laser therapy approaches [17,18,19] for treating gynecological and urological problems. At the same time, CP OCT with depth-resolved attenuation mapping may provide an objective method for monitoring the efficiency of Nd:YAG laser treatment of the early stages of vaginal wall prolapse since the depth of the OCT imaging (~2 mm) corresponds to the depth of the laser exposure. It has been shown that the nature of the remodeling of the vaginal wall tissues after Nd:YAG laser exposure can be determined by an increase in the quantitative parameters of the attenuation coefficients in the area of the lamina propria, thus indicating an intensification of the regenerative reactions of the tissue. Certainly, further accumulation of CP OCT data and rigorous statistical analysis are required to verify the diagnostic value of the encouraging results presented above, based on our examination of a set of 26 samples comprising three conditions of the vaginal wall. However, even these data demonstrate that, in addition to the conventionally discussed mean attenuation values, analysis of the CP OCT-based spatial localization of high and low values of the attenuation coefficient regions opens very promising prospects for distinguishing between effective and ineffective laser treatment.



In the future, we anticipate that the CP OCT can be a robust method for detecting early stages of vaginal wall prolapse in vivo based on reducing the attenuation coefficient values in the cross-channel. In addition, the use of CP OCT will allow us to conduct dynamic monitoring of the effectiveness of Nd:YAG laser treatment of prolapse and to identify patients who can undergo repeated laser therapy courses to prevent a relapse of POP. However, it should be taken into account that during CP OCT examination of the vaginal wall in vivo, the values of attenuation coefficients may differ slightly (be lower) from the values obtained during ex vivo examination. We believe that the main reason for this difference is the fullness of blood and lymphatic vessels in living tissue. The presence of large dilated lymphatic vessels in the lamina propria, which have a signal at the noise level when calculating the attenuation coefficient within this layer, leads to a decrease in its average value in in vivo calculations compared to ex vivo tissue, where the contribution of low values from collapsed lymphatic vessels to the overall signal is not that significant. As for blood vessels, in vivo, they are characterized by a high level of co-channel backscatter, comparable to surrounding tissue (therefore, they are indistinguishable from other structures in structural OCT images), and the absence of cross-channel scattering, which reduces the average attenuation coefficient values in the cross-channel. In ex vivo tissue imaging, blood vessels have narrowed lumens, which virtually excludes these areas from the calculations and leads to an increase in the attenuation coefficient in the cross-channel, with almost no effect on the signal in the co-channel. Unlike vessels, collagen fibers do not significantly change their scattering properties before or after tissue excision. Therefore, we demonstrate the ability of the CP OCT method to assess the number and organization of collagen bundles in this pathology and the ability to monitor changes in their number and location after laser treatment. In the future, we plan to compare CP OCT data of the vaginal wall in in vivo and ex vivo studies.



One limitation of this study is that some of the early stage prolapse of the vaginal wall are focal; thus, the selected OCT B-scans in these cases may represent a mixture of the diseased and normal tissues. Moreover, given the likelihood of heterogeneous areas of connective tissue remodeling in the early stages after restoration of the anisotropic properties, at later dates, such differences will probably not be so noticeable. Therefore, in the early stages of monitoring the effectiveness of treatment in the future, it will be more appropriate to use an intravaginal OCT probe [36], which could enable examination of several different sections of the vaginal wall tissue and accordingly exclude the need for invasive (punch or excision biopsy) manipulations in such patients. Current efforts are underway for the construction and implementation of a circumferential-scanning intravaginal CP OCT probe for in vivo imaging of the vaginal wall.



In summary, the present study provides a new diagnostic approach both to non-invasive early detection of prolapse and to monitoring the efficiency of Nd:YAG laser treatment based on the assessment of the attenuation coefficients calculated from real-time CP OCT data. The results obtained in this study have shown several advantages of using attenuation coefficient maps in the cross-channel over conventional log-scale OCT images and attenuation coefficient maps in the co-channel. Firstly, they better reflect the true state of the lamina propria connective tissue. Secondly, the contours of the abundant low-attenuating slit-like structures (lymphatic vessels) located in the lamina propria are more clearly represented. Thirdly, the values of the Att(cross) coefficient in the tissues can themselves be used to provide an objective diagnostic parameter for the condition of the connective tissue.




5. Conclusions


In this study, we have shown that the use of optical attenuation coefficients of the OCT signal in two polarization channels and the construction of color-coded attenuation maps in the B-scan projection provide both an effective way to present CP OCT images of the vaginal wall tissue and an objective method for quantitative assessment of the OCT signal. It has also been shown that with depth-resolved attenuation mapping, there are large statistical differences (p < 0.0001) that can be used to distinguish OCT images of vaginal wall prolapse from age norm and from prolapse after Nd:YAG laser treatment, based on calculation of the median values of the attenuation coefficient in both channels. At the same time, attenuation maps of vaginal wall prolapse in the cross-channel better reflect the true state of the connective tissue of the lamina propria compared to conventional OCT images and the attenuation coefficient in the co-channel. The calculated percentage of high (≥4 mm−1) and low (<4 mm−1) attenuation coefficient values in the cross-channel more reliably reflect the state of the connective tissue by distinguishing between areas of loose and densely arranged collagen bundles. Therefore, the obtained results highlight the great potential of the CP OCT method with depth-resolved attenuation mapping for in vivo assessment of the state of the lamina propria connective tissue of the vaginal wall both under prolapse and after Nd:YAG laser treatment.







Author Contributions


Conceptualization, K.S., G.G. (Gennady Grechkanev) and M.S.; software, A.M. and G.G. (Grigory Gelikonov); visualization, E.G., M.L. and M.K.; investigation, E.G., A.P. and E.K.; resources, D.K. and K.S.; histological analysis, A.P., S.R.-L. and M.K.; data curation, K.S. and A.K.; writing—original draft preparation, E.G., A.P., E.K. and A.M.; writing—review and editing, S.R.-L., N.G. and M.S.; clinical work, D.K.; supervision, G.G. (Gennady Grechkanev); project administration, K.S. and M.S. All authors have read and agreed to the published version of the manuscript.




Funding


Development of the diagnostic approach to evaluate the vaginal wall tissue using OCT was supported by the Center of Excellence “Center of Photonics” funded by The Ministry of Science and Higher Education of the Russian Federation, contract No. 075-15-2022-293.




Institutional Review Board Statement


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).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study. Written informed consent has been obtained from the patients to publish data in the scientific literature.




Data Availability Statement


The data are not publicly available due to proprietary rules.




Acknowledgments


The authors thank “MeLSyTech” Ltd. for the technical support of the study and the support in histological studies.




Conflicts of Interest


D.K. is a researcher on clinical study and receives payments from “MeLSyTech” Ltd. G.G. (Gennady Grechkanev) is the lead researcher on clinical study and receives consulting payments from “MeLSyTech” Ltd. K.S. and A.K. are researchers on this study and receive a regular salary from “MeLSyTech” Ltd. as employees. All other authors declare no conflict of interest.




References


	



Barber, M.D.; Maher, C. Epidemiology and Outcome Assessment of Pelvic Organ Prolapse. Int. Urogynecol. J. 2013, 24, 1783–1790. [Google Scholar] [CrossRef] [PubMed]

	



Iglesia, C.B.; Smithling, K.R. Pelvic Organ Prolapse. Am. Fam. Physician 2017, 96, 179–185. [Google Scholar] [PubMed]

	



Chi, N.; Lozo, S.; Rathnayake, R.A.C.; Botros-Brey, S.; Ma, Y.; Damaser, M.; Wang, R.R. Distinctive structure, composition and biomechanics of collagen fibrils in vaginal wall connective tissues associated with pelvic organ prolapse. Acta Biomater. 2022, 152, 335–344. [Google Scholar] [CrossRef] [PubMed]

	



Collins, S.; Lewicky-Gaupp, C. Pelvic Organ Prolapse. Gastroenterol. Clin. N. Am. 2022, 51, 177–193. [Google Scholar] [CrossRef] [PubMed]

	



Weintraub, A.Y.; Glinter, H.; Marcus-Braun, N. Narrative Review of the Epidemiology, Diagnosis and Pathophysiology of Pelvic Organ Prolapse. Int. Braz. J. Urol. 2020, 46, 5–14. [Google Scholar] [CrossRef] [PubMed]

	



DeLancey, J.O.L. What’s New in the Functional Anatomy of Pelvic Organ Prolapse? Curr. Opin. Obstet. Gynecol. 2016, 28, 420–429. [Google Scholar] [CrossRef] [PubMed]

	



Razzak, L. Pathophysiology of Pelvic Organ Prolapse. In Pelvic Floor Disorders; Rizvi, R.M., Ed.; InTech: London, UK, 2018; ISBN 9781789232448. [Google Scholar]

	



Kim, T.; Sridharan, I.; Ma, Y.; Zhu, B.; Chi, N.; Kobak, W.; Rotmensch, J.; Schieber, J.D.; Wang, R. Identifying Distinct Nanoscopic Features of Native Collagen Fibrils towards Early Diagnosis of Pelvic Organ Prolapse. Nanomed. Nanotechnol. Biol. Med. 2016, 12, 667–675. [Google Scholar] [CrossRef] [PubMed]

	



Gong, R.; Xia, Z. Collagen Changes in Pelvic Support Tissues in Women with Pelvic Organ Prolapse. Eur. J. Obstet. Gynecol. Reprod. Biol. 2019, 234, 185–189. [Google Scholar] [CrossRef]

	



Bray, R.; Derpapas, A.; Fernando, R.; Khullar, V.; Panayi, D.C. Does the Vaginal Wall Become Thinner as Prolapse Grade Increases? Int. Urogynecol. J. 2017, 28, 397–402. [Google Scholar] [CrossRef]

	



Zeng, C.; Liu, J.; Wang, H.; Zhou, Y.; Wu, J.; Yan, G. Correlation Between Autophagy and Collagen Deposition in Patients with Pelvic Organ Prolapse. Female Pelvic Med. Reconstr. Surg. 2018, 24, 213–221. [Google Scholar] [CrossRef]

	



De Landsheere, L.; Munaut, C.; Nusgens, B.; Maillard, C.; Rubod, C.; Nisolle, M.; Cosson, M.; Foidart, J.-M. Histology of the Vaginal Wall in Women with Pelvic Organ Prolapse: A Literature Review. Int. Urogynecol. J. 2013, 24, 2011–2020. [Google Scholar] [CrossRef]

	



Dwyer, L.; Kearney, R. Conservative Management of Pelvic Organ Prolapse. Obstet. Gynaecol. Reprod. Med. 2018, 28, 15–21. [Google Scholar] [CrossRef]

	



Baessler, K.; Christmann-Schmid, C.; Maher, C.; Haya, N.; Crawford, T.J.; Brown, J. Surgery for Women with Pelvic Organ Prolapse with or without Stress Urinary Incontinence. Cochrane Database Syst. Rev. 2018, 8, CD013108. [Google Scholar] [CrossRef] [PubMed]

	



Deng, M.; Ding, J.; Ai, F.; Zhu, L. Successful Use of the Gellhorn Pessary as a Second-Line Pessary in Women with Advanced Pelvic Organ Prolapse. Menopause 2017, 24, 1277–1281. [Google Scholar] [CrossRef] [PubMed]

	



Friedman, T.; Eslick, G.D.; Dietz, H.P. Risk Factors for Prolapse Recurrence: Systematic Review and Meta-Analysis. Int. Urogynecol. J. 2018, 29, 13–21. [Google Scholar] [CrossRef] [PubMed]

	



González Isaza, P.; Jaguszewska, K.; Cardona, J.L.; Lukaszuk, M. Long-Term Effect of Thermoablative Fractional CO2 Laser Treatment as a Novel Approach to Urinary Incontinence Management in Women with Genitourinary Syndrome of Menopause. Int. Urogynecol. J. 2018, 29, 211–215. [Google Scholar] [CrossRef] [PubMed]

	



Paraiso, M.F.R.; Ferrando, C.A.; Sokol, E.R.; Rardin, C.R.; Matthews, C.A.; Karram, M.M.; Iglesia, C.B. A Randomized Clinical Trial Comparing Vaginal Laser Therapy to Vaginal Estrogen Therapy in Women with Genitourinary Syndrome of Menopause: The VeLVET Trial. Menopause 2020, 27, 50–56. [Google Scholar] [CrossRef] [PubMed]

	



Mothes, A.R.; Runnebaum, M.; Runnebaum, I.B. An Innovative Dual-Phase Protocol for Pulsed Ablative Vaginal Erbium:YAG Laser Treatment of Urogynecological Symptoms. Eur. J. Obstet. Gynecol. Reprod. Biol. 2018, 229, 167–171. [Google Scholar] [CrossRef] [PubMed]

	



Fistonić, N.; Fistonić, I.; Guštek, Š.F.; Turina, I.S.B.; Marton, I.; Vižintin, Z.; Kažič, M.; Hreljac, I.; Perhavec, T.; Lukač, M. Minimally Invasive, Non-Ablative Er:YAG Laser Treatment of Stress Urinary Incontinence in Women—A Pilot Study. Lasers Med. Sci. 2016, 31, 635–643. [Google Scholar] [CrossRef]

	



Gaspar, A.; Brandi, H.; Gomez, V.; Luque, D. Efficacy of Erbium:YAG Laser Treatment Compared to Topical Estriol Treatment for Symptoms of Genitourinary Syndrome of Menopause: Efficacy of Erbium:Yag Laser Treatment of Gsm. Lasers Surg. Med. 2017, 49, 160–168. [Google Scholar] [CrossRef]

	



Sajjadi, A.Y.; Mitra, K.; Grace, M. Expression of Heat Shock Proteins 70 and 47 in Tissues Following Short-Pulse Laser Irradiation: Assessment of Thermal Damage and Healing. Med. Eng. Phys. 2013, 35, 1406–1414. [Google Scholar] [CrossRef] [PubMed]

	



Souil, E.; Capon, A.; Mordon, S.; Dinh-Xuan, A.T.; Polla, B.S.; Bachelet, M. Treatment with 815-Nm Diode Laser Induces Long-Lasting Expression of 72-KDa Heat Shock Protein in Normal Rat Skin. Br. J. Dermatol. 2001, 144, 260–266. [Google Scholar] [CrossRef] [PubMed]

	



Goldberg, D.J.; Silapunt, S. Histologic Evaluation of a Q-Switched Nd:YAG Laser in the Nonablative Treatment of Wrinkles. Dermatol. Surg. 2001, 27, 744–746. [Google Scholar] [CrossRef] [PubMed]

	



Gambacciani, M.; Palacios, S. Laser Therapy for the Restoration of Vaginal Function. Maturitas 2017, 99, 10–15. [Google Scholar] [CrossRef] [PubMed]

	



Liu, H.; Dang, Y.; Wang, Z.; Chai, X.; Ren, Q. Laser Induced Collagen Remodeling: A Comparative Study in Vivo on Mouse Model. Lasers Surg. Med. 2008, 40, 13–19. [Google Scholar] [CrossRef] [PubMed]

	



Jacques, S.L. Optical Properties of Biological Tissues: A Review. Phys. Med. Biol. 2013, 58, R37–R61. [Google Scholar] [CrossRef] [PubMed]

	



Kulikov, I.A.; Apolikhina, I.A.; Spokoinyi, L.B. Vozmozhnosti primeneniia neodimovogo lazera (ND:YAG) v ginekologii. Metamorfozy 2019, 26, 26–31. (In Russian) [Google Scholar]

	



Pauzina, O.A.; Apolikhina, I.A.; Malyshkina, D.A. Possibilities of Using Neodymium Laser (Nd:YAG) in Patients with Concomitant Diseases Which Are Accompanied by Pathological Discharge from the Genital Tract. Gynecology 2020, 22, 75–81. [Google Scholar] [CrossRef]

	



Gubarkova, E.; Potapov, A.; Krupinova, D.; Shatilova, K.; Karabut, M.; Khlopkov, A.; Loginova, M.; Sovetsky, A.; Zaitsev, V.; Radenska-Lopovok, S.; et al. Compression Optical Coherence Elastography for Assessing Elasticity of the Vaginal Wall under Prolapse after Neodymium Laser Treatment. Photonics 2022, 10, 6. [Google Scholar] [CrossRef]

	



Duan, L.; McRaven, M.D.; Liu, W.; Shu, X.; Hu, J.; Sun, C.; Veazey, R.S.; Hope, T.J.; Zhang, H.F. Colposcopic Imaging Using Visible-Light Optical Coherence Tomography. J. Biomed. Opt. 2017, 22, 056003. [Google Scholar] [CrossRef]

	



Vincent, K.L.; Stanberry, L.R.; Moench, T.R.; Breitkopf, C.R.; Loza, M.L.; Wei, J.; Grady, J.; Paull, J.; Motamedi, M.; Rosenthal, S.L. Optical Coherence Tomography Compared with Colposcopy for Assessment of Vaginal Epithelial Damage: A Randomized Controlled Trial. Obstet. Gynecol. 2011, 118, 1354–1361. [Google Scholar] [CrossRef]

	



Nandy, S.; Sanders, M.; Zhu, Q. Classification and Analysis of Human Ovarian Tissue Using Full Field Optical Coherence Tomography. Biomed. Opt. Express 2016, 7, 5182. [Google Scholar] [CrossRef]

	



Yang, Y.; Wang, T.; Biswal, N.C.; Wang, X.; Sanders, M.; Brewer, M.; Zhu, Q. Optical Scattering Coefficient Estimated by Optical Coherence Tomography Correlates with Collagen Content in Ovarian Tissue. J. Biomed. Opt. 2011, 16, 090504. [Google Scholar] [CrossRef] [PubMed]

	



Sudol, N.T.; Miao, Y.; Li, Y.; Chen, J.J.; Jing, J.C.; Zhu, J.; Tadir, Y.; Chen, Z.; Lane, F. Optical Vaginal Biopsy Using Optical Coherence Tomography. Female Pelvic Med. Reconstr. Surg. 2020, 26, 155–158. [Google Scholar] [CrossRef] [PubMed]

	



Miao, Y.; Sudol, N.T.; Li, Y.; Chen, J.J.; Arthur, R.A.; Qiu, S.; Jiang, Y.; Tadir, Y.; Lane, F.; Chen, Z. Optical Coherence Tomography Evaluation of Vaginal Epithelial Thickness during CO2 Laser Treatment: A Pilot Study. J. Biophotonics 2022, 15, e202200052. [Google Scholar] [CrossRef] [PubMed]

	



Drexler, W.; Liu, M.; Kumar, A.; Kamali, T.; Unterhuber, A.; Leitgeb, R.A. Optical Coherence Tomography Today: Speed, Contrast, and Multimodality. J. Biomed. Opt. 2014, 19, 071412. [Google Scholar] [CrossRef] [PubMed]

	



Leitgeb, R.; Placzek, F.; Rank, E.; Krainz, L.; Haindl, R.; Li, Q.; Liu, M.; Andreana, M.; Unterhuber, A.; Schmoll, T.; et al. Enhanced Medical Diagnosis for dOCTors: A Perspective of Optical Coherence Tomography. J. Biomed. Opt. 2021, 26, 100601. [Google Scholar] [CrossRef] [PubMed]

	



Zaitsev, V.Y.; Matveyev, A.L.; Matveev, L.A.; Sovetsky, A.A.; Hepburn, M.S.; Mowla, A.; Kennedy, B.F. Strain and Elasticity Imaging in Compression Optical Coherence Elastography: The Two-decade Perspective and Recent Advances. J. Biophotonics 2021, 14, e202000257. [Google Scholar] [CrossRef] [PubMed]

	



Kiseleva, E.; Kirillin, M.; Feldchtein, F.; Vitkin, A.; Sergeeva, E.; Zagaynova, E.; Streltzova, O.; Shakhov, B.; Gubarkova, E.; Gladkova, N. Differential Diagnosis of Human Bladder Mucosa Pathologies in Vivo with Cross-Polarization Optical Coherence Tomography. Biomed. Opt. Express 2015, 6, 1464. [Google Scholar] [CrossRef]

	



Gubarkova, E.; Kiseleva, E.; Moiseev, A.; Vorontsov, D.; Kuznetsov, S.; Plekhanov, A.; Karabut, M.; Sirotkina, M.; Gelikonov, G.; Gamayunov, S.; et al. Intraoperative Assessment of Breast Cancer Tissues after Breast-Conserving Surgery Based on Mapping the Attenuation Coefficients in 3D Cross-Polarization Optical Coherence Tomography. Cancers 2023, 15, 2663. [Google Scholar] [CrossRef]

	



Potapov, A.L.; Loginova, M.M.; Moiseev, A.A.; Radenska-Lopovok, S.G.; Kuznetsov, S.S.; Kuznetsova, I.A.; Mustafina, N.N.; Safonov, I.K.; Gladkova, N.D.; Sirotkina, M.A. Cross-Polarization Optical Coherence Tomography for Clinical Evaluation of Dermal Lesion Degrees in Vulvar Lichen Sclerosus. Sovrem. Tehnol. Med. 2023, 15, 53. [Google Scholar] [CrossRef] [PubMed]

	



Kiseleva, E.B.; Ryabkov, M.G.; Moiseev, A.A.; Sizov, M.A.; Bederina, E.L.; Korzhimanova, Y.V.; Gelikonov, G.V.; Gelikonov, V.M.; Gladkova, N.D. Attenuation Coefficient for Layer-by-Layer Assessment of the Intestinal Wall in Acute Ischemia According to Optical Coherence Tomography. Laser Phys. Lett. 2022, 19, 075605. [Google Scholar] [CrossRef]

	



Li, S.; Luo, H.; Kou, S.; Hagemann, I.S.; Zhu, Q. Depth-resolved Attenuation Mapping of the Human Ovary and Fallopian Tube Using Optical Coherence Tomography. J. Biophotonics 2023, 16, e202300002. [Google Scholar] [CrossRef] [PubMed]

	



Persu, C.; Chapple, C.R.; Cauni, V.; Gutue, S.; Geavlete, P. Pelvic Organ Prolapse Quantification System (POP-Q)—A new era in pelvic prolapse staging. J. Med. Life 2011, 4, 75–81. [Google Scholar] [PubMed]

	



Gelikonov, V.M.; Romashov, V.N.; Shabanov, D.V.; Ksenofontov, S.Y.; Terpelov, D.A.; Shilyagin, P.A.; Gelikonov, G.V.; Vitkin, I.A. Cross-Polarization Optical Coherence Tomography with Active Maintenance of the Circular Polarization of a Sounding Wave in a Common Path System. Radiophys. Quantum Electron. 2018, 60, 897–911. [Google Scholar] [CrossRef]

	



Gong, P.; Almasian, M.; Van Soest, G.; De Bruin, D.M.; Van Leeuwen, T.G.; Sampson, D.D.; Faber, D.J. Parametric Imaging of Attenuation by Optical Coherence Tomography: Review of Models, Methods, and Clinical Translation. J. Biomed. Opt. 2020, 25, 040901. [Google Scholar] [CrossRef] [PubMed]

	



Vermeer, K.A.; Mo, J.; Weda, J.J.A.; Lemij, H.G.; De Boer, J.F. Depth-Resolved Model-Based Reconstruction of Attenuation Coefficients in Optical Coherence Tomography. Biomed. Opt. Express 2014, 5, 322–337. [Google Scholar] [CrossRef]

	



Moiseev, A.; Sherstnev, E.; Kiseleva, E.; Achkasova, K.; Potapov, A.; Yashin, K.; Sirotkina, M.; Gelikonov, G.; Matkivsky, V.; Shilyagin, P.; et al. Depth-resolved Method for Attenuation Coefficient Calculation from Optical Coherence Tomography Data for Improved Biological Structure Visualization. J. Biophotonics 2023, e202100392. [Google Scholar] [CrossRef]

	



Moiseev, A.; Potapov, A.; Sherstnev, E.; Gelikonov, G.; Gelikonov, V.; Sirotkina, M.; Shilyagin, P.; Ksenofontov, S.; Gladkova, N. Depth-Resolved Attenuation Coefficient Estimation from Optical Coherence Tomography Data in Case of Incomplete Signal Attenuation in the Imaging Depth Range. Laser Phys. Lett. 2023, 20, 075601. [Google Scholar] [CrossRef]

	



Mutter, G.L.; Prat, J. (Eds.) Pathology of the Female Reproductive Tract, 3rd ed.; Churchill Livingstone Elsevier: London, UK, 2014; ISBN 9780702044977. [Google Scholar]

	



Han, L.; Wang, L.; Wang, Q.; Li, H.; Zang, H. Association between Pelvic Organ Prolapse and Stress Urinary Incontinence with Collagen. Exp. Ther. Med. 2014, 7, 1337–1341. [Google Scholar] [CrossRef]

	



Salman, M.C.; Ozyuncu, O.; Sargon, M.F.; Kucukali, T.; Durukan, T. Light and Electron Microscopic Evaluation of Cardinal Ligaments in Women with or without Uterine Prolapse. Int. Urogynecol. J. 2010, 21, 235–239. [Google Scholar] [CrossRef]

	



Rentchler, E.C.; Gant, K.L.; Drapkin, R.; Patankar, M.J.; Campagnola, P. Imaging Collagen Alterations in STICs and High Grade Ovarian Cancers in the Fallopian Tubes by Second Harmonic Generation Microscopy. Cancers 2019, 11, 1805. [Google Scholar] [CrossRef]








[image: Diagnostics 13 03487 g001] 





Figure 1. Overview of the methodology for construction and processing of the dataset. Each sample was scanned with the CP OCT system, and B-scans were obtained. After that, attenuation coefficient maps were built and compared to the labeled cross-sectional histology to define and analyze the ROI within the lamina propria (yellow rectangles). Two parameters—median values of the attenuation coefficient and percentage ratio with values above/below a certain threshold within the same ROI—were calculated. A threshold equal to 4 mm−1 was proposed to binary-separate pixels with high values from low ones (see binarized attenuation maps). 
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Figure 2. Attenuation coefficient mapping for the vaginal wall at different states: age norm (left column, (a1–e1)), stages I–II prolapse (central column, (a2–e2)), stages I–II prolapse after laser treatment (right column, (a3–e3)). Depth-resolved attenuation maps in co- (a1–a3) and cross- (b1–b3) channels. (c1–c3) Overview of histological images stained with Van-Gieson’s show two-layer tissue architecture with a sharp border between the glycogenated epithelium and the lamina propria underlying it (×200); (d1–d3) an enlarged area of the subepithelial region of the lamina propria showing different thicknesses and patterns of arrangement of collagen bundles (×1000); (e1–e3) immunohistochemical examination with Podoplanin; the area of the lamina propria is demonstrated, where orange arrows indicate lymphatic vessels (×1000). In the attenuation coefficient maps, the white rectangles are the areas corresponding to the histological images in (c1–c4), and the orange arrows indicate lymphatic vessels. Abbreviations: E—epithelium, LP—lamina propria. 
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Figure 3. Boxplots for (a) Att(co) and (b) Att(cross) coefficients counted for three states of vaginal wall tissue. Center line in the boxes—median; box limits—25th and 75th percentiles; whiskers—minimum and maximum values within the 1.5× interquartile range of the first and third quartile. Segment indicates a statistically significant difference between the study groups (Mann–Whitney U-test with Bonferroni correction for multiple comparisons), where p—the magnitude of the statistical significance of the differences between states of vaginal wall tissue, and n—is the number of examined images for each group. 
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Figure 4. Binarized attenuation maps in co- (a1–a3) and cross- (b1–b3) channels for three states of the vaginal wall: age norm (a1,b1), stage I–II prolapse (a2,b2) and stage I–II prolapse after Nd:YAG laser treatment (a3,b3) and its quantitative assessment (c,d) by calculation of the percentage of pixels with high (red color) and low (blue color) Att(co) (c) and Att(cross) (d) values (n—the number of examined images for each group). Binarization was performed using a threshold of 4 mm−1. 
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