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The presented results concern the diagnostic application of vector-parameter polarization mapping and polarization-interference phase scanning applied to layered azimuths and ellipticity polarization maps obtained with the help of digital holographic reproduction for phase-inhomogeneous tissue layers in the female reproductive system. The differential diagnosis of the pathological changes in optically anisotropic polycrystalline tissue components, specifically “benign (fibroids) and precancerous (endometriosis),” was investigated. All studies within the representative groups of the histological samples were conducted using circularly polarized laser radiation, ensuring azimuthal invariance and polarization measurement reliability. Integral and layered maps and polarization azimuths and ellipticity random variable distribution histograms were obtained from the microscopic images of histological sections from the female reproductive system tumors. Systematized tables present statistical moments which characterize azimuths and ellipticity polarization maps for fibroids and endometriosis tissues. It is shown that the statistical parameters (diagnostic markers) are the most sensitive to benign and precancerous changes in the female reproductive system tissues. The results of information analysis, including the accuracy determination of the diagnostic vector-parameter polarization and polarization-interference methods for detecting and differentiating the samples of fibroids and precancerous endometriosis tissues in the female reproductive system, are presented.
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1 INTRODUCTION
Enhancing the capacity to detect cancer in the female reproductive system, particularly in the early preclinical stages such as endometriosis, is a crucial aspect of addressing the global challenge of “sustainable development.” Endometriosis involves the growth of tissues resembling the uterine inner layer outside the uterus, leading to pain and potential infertility [1]. Worldwide, endometriosis affects approximately 10% (190 million) of women and girls of reproductive age [2]. It is a chronic disease, with symptoms such as severe, interfering pain during menstruation, intercourse, defecation, and/or urination; chronic pelvic pain; abdominal bloating; nausea; increased fatigue; and sometimes, also depression, anxiety disorder, and infertility. Because of the variety of symptoms of endometriosis, it is not easy for health professionals to diagnose the disease, and many people who suffer from it know little about it. Therefore, it sometimes takes quite a long time from the onset of symptoms to diagnosis [3]. Currently, there is no universally recognized treatment for endometriosis, and in most cases, treatment is limited to the elimination of symptoms [4].
In recent years, modern optical–physical methods of oncological diagnostics have progressed. A significant achievement in this field was the development of polarization-sensitive optical coherence tomography (PSOCT) techniques which have become promising in this direction. The basic principles and achievements of the PSOCT of biological objects over the past 25 years have been consistently set out in a series of review articles [5–7]. This laser polarization-interference technique not only makes it possible to obtain layered images from small depths (up to 2 mm) of biological tissues [8, 9] but also provides the possibility of obtaining coordinate distributions of the Jones and Mueller matrix elements and anisotropy maps. This was most effectively demonstrated in studies of transparent eye tissues [10–12].
PSOCT functionality has been extended with the studies of layered polarization and matrix images of radiation which was scattered (depolarized) on the biological tissues of various morphological structures and physiological states [8]. In particular, it was possible to accurately diagnose fibrosis and differentiate tumor sites with low fibrosis [13], along with benign and malignant tumors of the larynx [14]. However, the sensitivity and resolution of such systems was limited due to the distortion effect produced by the high level of depolarized laser speckle background. This leads to low contrast for polarizing images which are obtained by such tissue-layer illumination.
Based on this, the creation and development of high-resolution (0.5 [image: image]–1 [image: image]) polarization-interference microscopy systems, which functionally complement PSOCT techniques, is relevant. This technique, combined with digital holographic phase scanning of a multiple-scattered object field, can not only significantly increase the contrast of polarization images but also provide a Mueller matrix reconstruction of the optical anisotropy parameters for the samples, such as histological biological tissue sections.
To address the aforementioned challenges, further fundamental and applied development of optical diagnostic methods is needed. The desired results can be achieved by integrating modern laser polarimetry techniques [15–21] based on Mueller matrix formalism [22–29] and digital holography [30–33], which provide exhaustive information about the layered optical anisotropic hierarchical structure of biological tissues. The promising initial results have been demonstrated in the high-precision (∼95%) comprehensive early detection of prostate cancer using layered Mueller matrix mapping [32].
However, the obtained results remain somewhat empirical. Currently, there is no information about the possibilities with this method for the samples with different optical thicknesses, morphological structures, and various pathologies. From a physical point of view, the task is to form relationships between the structure of polycrystalline networks of biological tissues and the layered distribution of polarization parameters (azimuth and ellipticity).
Our research will concentrate on advancing a novel and logically complementary PSOCT method that combines Mueller matrix interferometry with the microscopic imaging of the histological sections which are made from diverse biological tissues. These sections exhibit various morphological structures and physiological states. Methodologically, this approach relies on a comprehensive Mueller matrix model to characterize the morphological structure of biological tissues. In this model, the biological tissues are conceptualized as amorphous and polycrystalline structures [20, 21]. The polarization distributions of azimuths and ellipticity in the microscopic image of biological tissues are shaped by the polycrystalline component. From a crystal-optical perspective, this component is regarded as a combination of the structural mechanisms (such as linear birefringence and dichroism in fibrillar networks composed of diverse protein molecules, such as collagen, myosin, and elastin) and chiral mechanisms (involving circular birefringence and dichroism in optically active protein complexes with molecular chiral rings) [34–36].
The amorphous component of biological tissue consists of fats, lipids, biochemical acids, and other optically inactive molecules. Its impact on the object field parameters is characterized by the absorption and attenuation of optical radiation. The proposed Mueller matrix interferometry technique is a technological synthesis which incorporates the Mach–Zehnder polarization-interference platform, digital holographic reconstruction, and step-by-step phase scanning to analyze complex amplitude distributions in the microscopic images of biological tissue histological sections.
Consequently, our approach introduces a novel capability for experimentally implementing the phase selection of laser radiation components with varying scattering multiplicities. This allows for the isolation of an informatively relevant “low-fold” or single-scattered polarization component in microscopic images. The distributions of polarization parameters (azimuths and ellipticity) in this component are maximally and unambiguously correlated with the structural parameters of the polycrystalline component in the native biological tissue section. The anticipated outcomes include a substantial enhancement in method sensitivity and the provision of contemporary diagnostic insights in the pathological changes within depolarizing biological layers’ polycrystalline components.
Our research is concentrated on advancing and experimentally validating Mueller matrix polarization-interferometry methods for characterizing multiple scattered fields in diffusive biological tissue layers within the female reproductive system. The objective is to investigate the potential of the layered digital holographic selection of components with varying scattering multiplicities in the polarization-inhomogeneous field. This leads to the enhanced accuracy of the differential diagnosis between benign conditions, such as fibroids and precancerous tissues, specifically endometriosis, within the female reproductive system.
2 MATERIALS AND METHODS
In this section, we will briefly review (without reducing the completeness of the analysis) the main theoretical relationships within the framework of the linear birefringence ([image: image]) approximation. It describes the processes of polarization structure formation in the cases of single- and multiple-radiation scattering on diffusive tissue layers. This allows us to calculate the amount of object laser field components formed by the histological sections of the female reproductive system with benign and precancerous changes.
2.1 Object field Stokes polarimetry
To obtain reliable (azimuthally invariant) information within the representative histological sections of the tissue biopsy samples from the female reproductive system, illumination is performed using right-circularly (⨂) polarized beams with an azimuth angle [image: image]. The Stokes vector of this polarized beam is given by the following expression [15–19] (Eq. 1):
[image: image]
2.1.1 “Single-scattering” interaction
The polarization properties of an optically anisotropic ([image: image], the index of linear birefringence, [image: image]) protein fibril (with a geometric size [image: image] and spatial orientation of the optical axis [image: image]) in the volume of the tissue sample from the female reproductive system are represented by a Mueller matrix birefringence operator [16, 19] (Eq. 2):
[image: image]
[image: image]
Here, [image: image] is the phase shift between the linearly orthogonally polarized components of the laser beam amplitude, where [image: image] is the wavelength.
The process of single-scattering transformation through the polarization structure of the probing beam [image: image] by a local ([image: image]th) fibril ([image: image]) is described by the following matrix equation:
[image: image]
As a result, a wave, which is formed as a result of a local act of scattering, can be described with the following azimuth [image: image] and [image: image] of polarization (Eqs 4, 5):
[image: image]
[image: image]
Here, [image: image] represents the parameters of the Stokes vector of the singly scattered laser beam [image: image]. Thus, the singly scattered component in the object field of the protein fibrillar network in the tissue of the female reproductive system constitutes two polarization distributions:
• “Azimuthal-orientational” distribution denoted by [image: image]
• “Phase” distribution denoted by [image: image]
2.1.2 “n-fold” interaction
For multiple interactions with the protein fibrillar network in the female reproductive system, matrix Eq. 3 for a circularly polarized laser probe [image: image] takes the following form [20, 21] (Eqs 6–8):
[image: image]
This optical scenario generates an ensemble of the following random values of azimuth [image: image] and ellipticity [image: image]:
[image: image]
[image: image]
As a result, a polarization-variant component of the diffuse field will be formed with a different distribution of the azimuthal [image: image] and ellipticity values [image: image] of polarization.
Thus, the polarization structure [image: image] for the laser field, which was multiply scattered in the tissue of the female reproductive system, can be represented as the superposition of “orientational” and “phase” components (Eq. 9).
[image: image]
The coherence of laser radiation facilitates an alternative analytical description. It is focused on the amplitude aspects of the processes shaping the probing field within the polarization structure of the diffuse layers in female reproductive tissue.
2.1.3 Amplitude analysis
For coherent laser fields, there exists a direct relationship between the parameters of the Stokes vector and the orthogonal components ([image: image] and [image: image]) of complex amplitudes [33]. Based on this, the previously obtained expressions (4 and 5) for the polarization parameters can be rewritten as follows (Eqs 10, 11):
[image: image]
[image: image]
Indeed, in parallel with this scenario, another process takes place: the interference summation of differently polarized partial coherent waves, leading to the formation of another polarization-variant component in the object field which is scattered by the female reproductive diffuse tissue section.
2.1.4 Interference interaction
For the orthogonal components [image: image] and [image: image] of the complex amplitudes [image: image] and [image: image], respectively, of two partially singly scattered coherent waves at a local point in the object field, the following interference equations can be written (Eqs 12, 13):
[image: image]
[image: image]
where [image: image] are the modules of complex amplitudes and [image: image] and [image: image] are the phase shifts between ([image: image] and [image: image], respectively.
The following equations can be written for the resulting orthogonal components of amplitudes [image: image] and [image: image] due to the “n-fold” interaction in the scattering process of the laser probe with optical heterogeneities (Eq. 14):
[image: image]
The interference addition of two phase-shifted orthogonal components [image: image] and [image: image] by a phase difference [image: image] results in an elliptically polarized wave [24] (Eq. 15):
[image: image]
with the following “interference” values ([image: image]) of azimuth [image: image] and ellipticity [image: image]:
[image: image]
[image: image]
As we can see, because of the secondary interference of differently polarized coherent partial waves, a polarization-inhomogeneous component (denoted as [image: image] and [image: image]) is also formed (according to Eqs. 16, 17). An object field is produced by the scattering on biological tissues from the female reproductive sphere.
2.1.5 Resulting field
Thus, the polarization structure of the laser field, scattered by the female reproductive sphere tissues, can be represented as the superposition of the following components:
[image: image]
3 EXPERIMENTAL SETUP AND MEASUREMENT METHODOLOGY
The Stokеs-polarimetric mapping scheme based on the Mach–Zehnder interferometer is a generalization of the polarization-interferometry scheme [30–33], which is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Optical scheme for polarization-interference mapping of the Stokes vector parameters.1: He–Ne laser; 2: collimator—“O”; 3 and 11: beam splitters—“BS”; 4 and 5: mirrors—“M”; 6, 9, and 13: polarizers—“P”; 7 and 10: quarter wave plates—“QP”; 8: object; 12: polarization objective—“O”; 14: digital camera—“CCD”; and 15: personal computer—“PC.”
The parallel ([image: image]) illuminating (“probing”) beam of He–Ne ([image: image]) laser (1), formed by the spatial-frequency filter (2), with a 50% beam splitter (3) is divided into “object” and “reference” ones. The “object” beam with the help of a rotating mirror (5) is directed through the polarizing filter (6–7), which forms a right-circularly polarized beam [relation (1)]. Next, such an “object” beam is sent in the direction of the female biological tissue histological section layer (8). The polarization-inhomogeneous image of the biological tissue histological sections (8) is projected by the strain-free objective (12) into the digital camera (14) plane.
The “reference” beam is directed by the mirror (4) through the polarization filter (9–10), which forms its right-circular state of polarization. The resulting beam is sent into the polarization-inhomogeneous image plane histological sections (8), which forms the microscopic image. Next, a circularly polarized “reference” wave using a beam splitter (11) and a polarizing lens (12) is superimposed on a microscopic image of a native histological section of female biological tissue. As a result, an interference pattern is formed, the coordinate intensity distribution of which is recorded using a digital camera (14) through a polarizer (13).
Before carrying out the measurements of biological tissues, the experimental device passed the metrological certification with the introduction of model objects (“clean air,” “linear polarizer,” and “phase plates [image: image]” and “[image: image]”). For each type of model object, 50 measurements of ellipticity were carried out. Within each series of measurements, the average (mathematical expectation) and the standard deviation of the measured values were determined according to the standard methodology of probability theory. As a result, the final value of the standard deviation was [image: image].
The methodology, for a layer-by-layer measurement of the object field Stokes vector-parameter (polarization maps [image: image] and [image: image]) distributions, is using complex amplitudes [image: image] and [image: image] from a digital holographic reconstruction, followed by the phase scanning [image: image] of an object field. It is presented in [30–33]. However, detailed information is not provided in this work. For a better understanding of the further discussion, we provide a brief overview of the 3D digital holographic scanning method.
4 THE METHOD OF 3D POLARIMETRY PHASE SCANNING OF THE OBJECT FIELD
1. Using polarizing filters (6–7) and (9–10), circular polarization ([image: image]) is sequentially formed in the “irradiating” ([image: image]) and “reference” ([image: image]) parallel laser beams, [image: image].
2. For the circular polarization ([image: image]) state, two partial interference patterns are recorded through the polarizer–analyzer (14) with the orientation of the transmission plane at angles [image: image].
3. The analytical processing of female biological tissue histological section microscopic interference images was carried out using the digital Fourier transform [image: image] [30–33] (Eq. 19):
[image: image]
where [image: image] are the orthogonal components of complex amplitude for different orientations [image: image]; [image: image] denotes the complex conjugation operation; [image: image] are the spatial frequencies; and [image: image] are the quantity of pixels of the CCD camera.
4. The results of the digital Fourier transform (relation (18)) are used to obtain complex amplitude distributions according to the following algorithms (Eq. 20, 21):
[image: image]
[image: image]
5. By the means of the stepwise ([image: image])-phase ([image: image]) scanning of the reconstructed complex amplitude (relations (20) and (21)) field using algorithms (10)–(11), we obtain polarization parameters [image: image] and [image: image] coordinate distributions.
6. The resulting set of polarization maps [image: image] was analyzed in a statistical approach using the following algorithms to calculate the mean ([image: image]), variance ([image: image]), skewness ([image: image]), and kurtosis ([image: image]) [20, 21] (Eq. 22):
[image: image]
where [image: image] is the CCD pixel quantity.
7. By reducing the magnitude of the phase parameter [image: image], the “boundary” value [image: image] is determined to isolate the biological object field single-scattered component, starting from which the aggregate [image: image] and [image: image].
5 OBJECT OF INVESTIGATIONS
The objects of the study were native histological sections of the endometrium, which were prepared according to the standard procedure using a microtome with rapid freezing.
Optically thin (group 1) and optically thick (group 2) samples of histological sections were created, including specimens with benign and precancerous changes in the female reproductive tissue. These samples were used to conduct a comparative analysis of the diagnostic efficiency of the Mueller matrix method under the conditions of scattering with varying multiplicities.
The optical-geometric parameters of the samples are presented in Table 1.
TABLE 1 | Female reproductive system histological section optical and geometric parameters.
[image: Table 1]The measurement of the uterine tissue sample extinction coefficient was carried out according to the standard procedure of light attenuation measurement [37] using an integral light-scattering sphere [38, 39]. The sample preparation procedure was conducted in accordance with the principles of the Declaration of Helsinki and in compliance with the International Conference on Harmonization, Good Clinical Practice and local regulatory requirements. The study was reviewed and approved by the appropriate independent ethics committees.
Within groups 1 and 2, two representative subgroups of the histological section samples were formed:
1. Benign samples (myoma): control group 1.1 (14 samples) and control group 2.1 (14 samples)
2. Premalignant samples (endometriosis): experimental group 1.2 (14 samples) and experimental group 2.2 (14 samples)
To ensure the statistical significance of the Mueller matrix polarization-interferometry method, we set the confidence interval value as [image: image].
To determine the representativeness of each sample (the number of samples in each of the groups 1.1, 1.2, 2.1, and 2.2), we calculated the standard deviation [image: image] of each of the statistical moments, Z_(i = 1; 2; 3; 4) (n), until its value satisfied the condition [image: image]. This condition was achieved when the number of samples in each group was [image: image].
From a morphological point of view, benign and premalignant tumors are characterized by different polycrystalline structures. Benign tumors (myoma) have a collagen and myosin fibrous network. Premalignant tumors (endometriosis) have a “developed” fibrous network of the connective tissue component, which is oriented in specific directions and scales [40]. Similar polarization manifestations of the polycrystalline newly formed fibrillar growth networks of other types of biological tissues have been studied using laser polarimetry in a number of other publications [20, 21, 34–36].
The combined selection, for studying two types of uterine tissue samples, allows for the comparative investigation of their effectiveness under different scattering conditions by two methods: Stokes polarimetry and phased selection of polarization components ([image: image]) of the diffuse field and the extraction of the minimally scattered (most diagnostically important) component [image: image].
Obtaining optically thin histological sections with controlled parameters of single scattering using a microtome is a complex and not always achievable task. It is further justified that polarization-interference scanning of the biological layer object fields (Equation 18) can use optically thick samples.
The results, obtained from the methods of Stokes-polarimetric mapping and polarization-interference layered-phase scanning of object field research sample tissues from the female reproductive system, were analyzed. The informational analysis involves the use of operational characteristics from evidence-based medicine [41].
6 EXPERIMENTAL RESULTS AND DISCUSSION
This section of the article provides a systematic representation of the experimental results along with their discussion, focusing on the structure of azimuths [image: image] and ellipticity [image: image] maps within the integral, layered, and polarization-inhomogeneous object fields of diffusive samples from the female reproductive system (see Table 1).
6.1 Integral- and layered-polarization azimuth maps
Figure 2 shows the following: integral-polarization azimuth [image: image] map fragments (1) and (2); layered phase-polarization azimuth [image: image] maps for [image: image] fragments (5) and (6) and for [image: image] fragments (9) and (10); histogram [image: image] fragments (3) and (4); histogram [image: image] fragments (7) and (8); and [image: image] fragments (11) and (12).
[image: Figure 2]FIGURE 2 | Coordinate and statistical structure of azimuth-polarization maps for optically thin ([image: image]) myoma and precancerous endometrium histological sections, left and right columns, respectively (explanation in the text).
The analysis of the obtained data revealed the following:
1. Coordinate inhomogeneity and individual statistical structure of the integral (Figure 2; fragments (1) and (2)) and layered phase (Figure 2; fragments (5) and (6) and (9) and (10)) azimuth polarization maps of the myoma and endometrium histological sections
2. Asymmetric histograms of the integral ([image: image]; Figure 2; fragments (3) and (4)) and layered phase ([image: image]; Figure 2; fragments (7) and (8) and (11) and (12))
The statistical analysis results of the polarization azimuth maps [image: image] and [image: image] are presented in Table 2.
TABLE 2 | Balanced accuracy threshold levels.
[image: Table 2]It shows the following:
• All the first- and fourth-order statistical moments that characterize the histograms [image: image] and [image: image] are different from zero, [image: image]
• The higher-order statistical moments that characterize the asymmetry and excess of distributions [image: image] і [image: image] are the most sensitive to changes in the polarization azimuth map
• Value change scenarios of the first- and fourth-order statistical moments, which characterize the polarization azimuth maps of myoma ([image: image]) and endometrium ([image: image]) histological sections, [image: image]
From a physical point of view, the obtained results can be attributed to the pathological alterations in the connective tissue component. These alterations lead to an increase in the “neo-formed” structural anisotropy (the relationship between (2) and (5)) of collagen networks through the geometric and orientational growth of protein fibers. As a consequence, there is an enlargement in the distribution of the orientations of the optical axes [image: image] of fibrillar crystals, along with their birefringence [image: image].
The aforementioned precancerous pathological changes will lead to an increase in the mean [image: image] ([image: image] and variance [image: image] ([image: image] of the polarization azimuth fluctuations in the corresponding carcinoma biopsy histological section microscopic image. At the same time, the magnitude of the third- and fourth-order statistical moments that characterize the asymmetry and excess of the distributions [image: image] will decrease (relation (22)), i.e., [image: image] ([image: image] (Table 3).
TABLE 3 | Statistical moments of the first and fourth orders characterizing the layer-by-layer-polarization azimuth maps.
[image: Table 3]The results of the information analysis (in relation to (23)–(25)) revealed a set of diagnostic markers and the following accuracy levels in the benign and precancerous condition differential diagnoses:
• Integrated-polarization azimuth maps: satisfactory level [image: image]
• Layered-polarization azimuth maps: good level [image: image]
6.2 Integral- and layered-polarization ellipticity maps
Figure 3 presents the investigation results of the benign myoma and precancerous endometriosis object fields (notations are similar to those in Figure 2).
[image: Figure 3]FIGURE 3 | Coordinate and statistical structure of layered ellipticity-polarization maps for optically thin ([image: image]) myoma and precancerous endometrium histological sections, left and right columns, respectively (explanation is given in the text).
The analysis of the obtained data revealed a united heterogeneous topographic and coordinate structure of the experimentally obtained integral- (Figure 3; fragments (1) and (2)) and layer-by-layer-polarization ellipticity maps (Figure 3; fragments (5) and (6) and (9) and (10)).
Table 4 illustrates the statistical analysis results of the [image: image] and [image: image] maps.
TABLE 4 | First- and fourth-order statistical moment characterization of the layer-by-layer-polarization azimuth maps for optically thick histological sections.
[image: Table 4]Here, we found the following:
• Distinct from the normal and individual statistical distributions of the polarization parameters, [image: image].
• Diagnostic markers of the benign and precancerous changes: higher-order statistical points that characterize the asymmetry and excess of the distributions [image: image] and [image: image].
• Precancerous changes in the polycrystalline component of the endometrial samples (group 2) are accompanied by an increase in the mean [image: image] ([image: image] and variance [image: image] ([image: image]. At the same time, the magnitude of the third- and fourth-order statistical moments decreases, [image: image] ([image: image] and [image: image].
Information analysis results revealed a significant increase in the accuracy of the differential diagnosis of the benign and precancerous conditions in the female reproductive sphere:
• The integral-polarization ellipticity maps show a good level of accuracy: [image: image]
• The layer-wise phase-polarization ellipticity maps demonstrate the following accuracy levels: good level [image: image], very good level [image: image], and very good level [image: image]
• Starting from [image: image], the balanced accuracy remains practically unchanged, [image: image]
From a physical point of view, the discovered regularities can be attributed to the fact that for [image: image], the “single-scattering” regime occurs within the volume of optically thin biological layers. As a result, the maximum possible polarimetric differential diagnosis accuracy of the female reproductive system benign and precancerous states is achieved.
6.3 Optically thick-layer polarization azimuth maps
Figure 4 displays the maps and histograms illustrating the distribution of polarization azimuth values [image: image] in the microscopic images of the histological sections from diffuse benign uterine fibroids and precancerous endometriosis tissues. The notations are consistent with those employed in Figures 2, 3.
[image: Figure 4]FIGURE 4 | Coordinate and statistical structure of the layer-by-layer-polarization azimuth maps for optically thick ([image: image]) myoma and precancerous endometrium histological sections, left and right columns, respectively (explanation is given in the text).
The analysis of the obtained results revealed, similar to the studies on optically thin layers, topographic and coordinate inhomogeneity in the integral (Figure 4; fragments (1) and (2))- and layer-wise phase (Figure 4; fragments (5) and (6) and (9) and (10))-polarization azimuth maps in benign and precancerous uterine tissues of optically thick-histological section microscopic images.
The research results on the diagnostic sensitivity of integral- and phase-polarization azimuth mapping in optically thick-histological section microscopic images of both groups showed predominant secondary interference mechanisms’ influence. These mechanisms form the elliptically polarized diffuse component of the object field in almost all phase planes (except for [image: image]).
As a result, unsatisfactory levels of diagnostic sensitivity for integral-polarization azimuth maps were obtained (Table 2), [image: image] .
Layer-by-layer phase-polarization azimuth maps illustrate the improvement in accuracy to a satisfactory level, [image: image].
6.4 Optically thick-layer polarization ellipticity maps
Figure 5 presents the polarization maps [image: image] of uterine tissue histological sections.
[image: Figure 5]FIGURE 5 | Coordinate and statistical structure of layer-by-layer-polarization ellipticity maps for optically thick ([image: image]) myoma and precancerous endometrium histological sections, left and right columns, respectively (explanation is given in the text).
The analysis of the obtained results revealed a sufficiently similar, albeit complex, topographic and coordinate structure of polarization ellipticity maps (Figure 5; fragments (1), (2), (5), and (6) and (9) and (10)).
Table 5 illustrates the statistical analysis results of the polarization ellipticity maps [image: image] and [image: image].
TABLE 5 | Statistical moments of the first- and fourth-order characterization of the layer-by-layer ellipticity-polarization maps for optically thick histological sections.
[image: Table 5]Within the framework of the statistical approach for the analysis of experimental data, we found the following:
• Different from the normal statistical distributions of polarization ellipticity maps, [image: image]
• Diagnostic markers are higher-order statistical moments that characterize the asymmetry and excess of distributions [image: image] and [image: image]
We already noted that the pathological changes in the polycrystalline component of diffuse endometrial samples from group 2 are accompanied by opposite scenarios of the transformation of the values of statistical markers, showing an increase in the average [image: image] ([image: image] and variance [image: image] ([image: image] and, conversely, a decrease of the third- and fourth-order statistical moments [image: image] ([image: image].
A comparative analysis of the layer-by-layer maps [image: image] revealed that as the value of [image: image] decreases, there is a consistent dispersion [image: image] decrease (up to three times) (Table 5). At the same time, the value of [image: image] ([image: image] increases up to three to four times.
A further reduction of the parameter [image: image] of the object field phase section practically does not lead to changes in the statistical structure of the polarization maps. This fact indicates that for such phase planes, the most “diagnostically favorable” mode of single scattering in the volume of uterine tissue diffuse layers is realized. Therefore, it is in the phase plane [image: image] that we observe the greatest difference (40%–50%) between the statistical moments [image: image], which characterize the distributions of [image: image] in object fields of the samples of benign and precancerous uterine tissues.
As a result, for female reproductive sphere-diffuse tissue samples in precancerous conditions, the accuracy of the balanced differential diagnosis in the phase plane [image: image] reaches the same level as that for optically thin samples (Table 4), [image: image].
7 CONCLUSION

1. The experimental results of the diagnostic applications, employing vector-parametric polarization mapping and polarization-interference phase scanning methods on object fields of female reproductive sphere tissues, were presented and physically analyzed. This approach involves a layer-by-layer digital polarization map holographic reproduction, contributing to the differential diagnosis of benign (myoma) and precancerous (endometriosis) conditions.
2. For all types of pathology, it is an established complex, and for the individual statistics of integral- and layered-polarization maps, all statistical moments of the first and fourth orders, which characterize the histograms [image: image] and [image: image], are different from zero, [image: image].
3. The following maximum precancerous condition differential diagnosis accuracy levels using optically thin histological sections were revealed:
3.1. Integral-polarization azimuth maps: satisfactory [image: image]
3.2. Layer-by-layer phase-polarization azimuth maps: good [image: image]
3.3. Integral-polarization ellipticity maps: good [image: image]
3.4. Layer-by-layer phase-polarization ellipticity maps: good [image: image], very good [image: image], and equivalent to very good [image: image]
4. For optically thick histological sections, the obtained results are given as follows:
4.1. The diagnostic sensitivity for integral-polarization azimuth maps was unsatisfactory, [image: image]
4.2. Layer-wise phase-polarization azimuth maps demonstrated an improvement in the accuracy level to a satisfactory level, [image: image]
5. The precancerous states of the female reproductive system diffuse tissue sample detection accuracy for polarization ellipticity maps in the phase plane [image: image] reached a level similar to those of optically thin samples, [image: image].
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