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The experimental validation of methods for the digital holographic 3D layer-by-layer reconstruction of complex amplitude distributions in different phase planes of diffuse biological tissue histological section microscopic images with a subsequent reconstruction of azimuth and ellipticity polarization maps is presented. Polarization dependencies of the integral and layer-by-layer vector structure of the laser object field azimuth and ellipticity distributions in two types of biological layer samples—the fibrous myocardium and parenchymal liver—have been investigated. Scenarios and dynamics of changes in the values of statistical moments of the first to fourth orders, which characterize the integral and layer-by-layer polarization maps of diffuse biological tissue histological section microscopic images with different morphological structures, have been determined. Criteria for selecting the polarization components of the object field that are formed by acts of scattering of different multiplicities have been identified. An example of biomedical application in cancer detection of biological tissues is provided.
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1 INTRODUCTION
Optical methods for diagnosing various biological tissues and visualizing their optically anisotropic structure (fibrillar networks and optically active molecular domains) occupy a prominent place due to their high informativeness and the possibility of multifunctional monitoring of the investigated environment (photometric, spectral, polarization, and correlation monitoring) [1–5]. However, currently, there is a lack of a unified methodological approach to diagnose such structures.
Polarimetric research [6] has emerged as a distinct direction in the field of optical analysis of biological tissues. Analyzing the polarization characteristics of scattered radiation allows obtaining qualitatively new insights into the morphological and physiological states of biological tissues, including cataracts in the lens, glucose concentration in tissues of diabetic patients, and malignant changes [7–12].
A significant advancement in the field of biomedical polarimetric diagnostics has been the development of Mueller matrix techniques, leading to the establishment of Mueller matrix microscopy (MMM) as a separate branch [13–18].
This direction of optical diagnostics is based on the synthesis of instrumental Mueller matrix imaging polarimetry with various theoretical models and methods of analysis (regression model of optical anisotropy [14], logarithmic Mueller matrix decomposition [15–18], Monte Carlo simulation of polarized radiation conversion [17], and statistical analysis of Mueller matrix images and optical anisotropy maps [14, 18]).
The fundamental results obtained within MMM [18] of biological tissues are also promising for applied clinical and preclinical studies of the polycrystalline structure of biological tissues. In particular, on account of the possibility of obtaining quantitative optical metrics to characterize the evolution of gastric tissues from a healthy state through inflammation to cancer by Mueller microscopy of gastric biopsies, a regression model of optical anisotropy and statistical analysis of the obtained images has been demonstrated [14].
Parallel to this, methods and systems of laser polarimetry for biological tissue and liquid samples have been intensively developed, utilizing a wide range of analytical algorithms (statistical, correlation, fractal, wavelet, and Fourier) for quantitative data processing [19–29].
The main informational limitation to polarimetric mapping has been the dependence of experimental data on the degree of depolarization of the laser radiation, which not only integrates the polarization distributions but also compromises the unambiguous relationships between polarization-inhomogeneous object fields and parameters of polycrystalline soft matter layers [7–18]. Therefore, the creation of new, well-reproducible, and more accurate laser polarimetry methods remains highly relevant.
A significant achievement in this field was the successful integration of polarimetric and interferometric mapping methods, which led to the development of various directions of 3D polarimetry of biological objects and environments.
Polarization-sensitive optical coherence tomography (PSOCT) techniques have become promising in this direction. The basic principles and achievements of PSOCT of biological objects over the past 25 years have been consistently set out in a series of review articles [30–32]. This laser polarization–interference technique makes it possible not only to obtain layered images from small depths (up to 2 mm) of biological tissues [33, 34] but also provides the possibility of obtaining coordinate distributions of elements of the Jones and Mueller matrices and anisotropy maps. This was demonstrated most effectively in studies of transparent eye tissues [35–37].
Studies of layered polarization and matrix images of scattering (depolarizing) biological tissues of various morphological structures and physiological states have become an extension of the functionality of PSOCT [33]. In particular, it was possible to accurately diagnose fibrosis and differentiate tumor sites with low fibrosis [38]. However, the sensitivity of such systems was limited by the distorting effect on the contrast of polarizing images of layers of such tissues of a high level of depolarized laser speckle background. In addition, PSOCT systems are expensive, have insignificant (8 microns–10 microns) resolution, and do not provide the possibility of quantitative analysis of optical parameters of biological tissues, including benign and malignant tumors [30–38].
At the same time, these studies have demonstrated new possibilities for three-dimensional polarimetric biomedical differential diagnosis of diffuse samples of benign and malignant tumors in human organs.
Nevertheless, the results obtained still remain somewhat empirical. Currently, there is no information about the possibilities of this method for tissue samples with different optical thicknesses, morphological structures, and various pathologies. From a physical point of view, the task is to establish scientific significance—to establish algorithmic relationships between the structure of polycrystalline grids in biological tissues and the layered distribution of polarization parameters (azimuth and ellipticity) of the scattered object field.
On account of this, a promising task in polarimetric biomedical optics is the development of a universal polarimetric description of scenarios for the formation of optical fields in anisotropic polycrystalline biological layers. This description should cover a more general case—the detection and selection of polarimetric components of the laser field of an object with varying degrees of light scattering by digital holographic reconstruction and high-resolution phase scanning [39–42]. It is expected that the combination of polarimetric and interferometric methods will allow a new look at the morphological and optically anisotropic structure of diffuse layers in biological tissues with various architectural anisotropic polycrystalline components.
Our work is focused on the development and experimental verification of methods for three-dimensional polarization–interference digital holographic polarimetry of repeatedly scattered object fields of biological tissues with two boundary types of morphological architecture—spatially organized fibrous networks of the myocardium and disordered structures of the liver parenchyma. The aim is to investigate the potential of layered phase selection of holographically reconstructed variously scattered components of the polarization-inhomogeneous field of a diffuse biological layer.
2 A BRIEF THEORY
In this section of the article, we will briefly consider (without compromising the completeness of the analysis) the main theoretical relationships within the framework of the phase anisotropy approximation (linear [image: image] and circular [image: image] birefringence). These relationships describe the processes of forming polarization structures of singly and multiply scattered laser field components in the biological tissue diffuse layer.
2.1 Stokes polarimetry of the object field
The diffuse layer of the biological tissue is illuminated with a linearly polarized beam with an azimuth angle [image: image] and the Stokes vector of the beam is given by the following equation [1, 6].
[image: image]
2.1.1 “Single interaction”
To each ([image: image]) optical anisotropic ([image: image] and [image: image]—linear and circular birefringence indices, respectively) inhomogeneity with a geometric size [image: image] and spatial orientation of the optical axis [image: image] in the volume of a biological tissue sample, we associate a Mueller matrix operator.
[image: image]
where [image: image] is the set of matrix elements, [image: image], and [image: image] is the phase shift of linear [image: image] and circular [image: image] birefringence [11].
The process of local ([image: image]) single transformation of the polarization structure of the probing beam [image: image] is described by the following matrix equation:
[image: image]
Here, [image: image] represents single scattering.
As a result, a partial laser wave is formed with the following azimuth [image: image] and ellipticity [image: image] of polarization.
[image: image]
[image: image]
Here, [image: image] represents the parameters of the Stokes vector of a singly scattered ([image: image]) laser beam.
Thus, the singly scattered component of the object field of a diffuse biological layer is a polarization distribution of azimuths [image: image] and ellipticities [image: image].
2.1.2 “n-fold” interaction
For a set of acts with different multiplicities [image: image] of interaction with the linearly polarized laser probe [image: image], matrix Eq. 3 takes the following form:
[image: image]
Here, [image: image] represents multiple scattering.
This optical scenario leads to the formation of the following random values of azimuth [image: image] and ellipticity of polarization [image: image] at each point of the [image: image] times scattered object field.
[image: image]
[image: image]
As a result, a polarimetrically inhomogeneous component of the diffuse field is formed with different distributions of azimuth values [image: image] and ellipticity values [image: image] of polarization. The probabilities of the realization of various multiplicities ([image: image]) of the light scattering of the probing laser beam in the volume of the diffuse layer of biological tissue are denoted [image: image] and [image: image].
Thus, the polarization structure of the multiply scattered laser field by a diffuse biological object can be represented as a next superposition.
[image: image]
[image: image]
The obtained expressions (1)–(10) are widely used within the framework of traditional polarimetry (or Stokes polarimetry) of the intensities of the biological objects' field.
On the other hand, the coherence of laser radiation enables a different (amplitude) analytical description of the processes forming the polarization structure of the object field in a diffuse biological layer.
2.1.3 Amplitude consideration
For coherent laser fields, there is a direct relationship between the parameters of the Stokes vector and the orthogonal components ([image: image] and [image: image]) of complex amplitudes [27, 28, 39].
Based on this, the previously obtained expressions (4) and (5) for the polarization parameters can be rewritten as follows:
[image: image]
[image: image]
Here, [image: image] is complex coupling and [image: image].
In parallel with this scenario, another process occurs—the interference addition of differently polarized partial coherent waves, leading to the formation of another polarimetrically inhomogeneous component in the diffuse object field.
2.1.4 Interference interaction
For the orthogonal components [image: image] and [image: image] of the complex amplitudes of two ([image: image] and [image: image]) partial singly scattered ([image: image]) coherent waves [image: image] and [image: image] at a local point of the object field, the following interference equations can be written.
[image: image]
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Here, [image: image]—modules of complex amplitudes; [image: image] and [image: image]—phase shifts between ([image: image] and [image: image], respectively.
For the process of forming the orthogonal components of amplitudes [image: image] and [image: image] through [image: image] fold interaction ([image: image]) of the laser probe with optical inhomogeneities, the following expressions can be written [image: image]; [image: image]; and [image: image].
The interference addition of two orthogonal components [image: image] and [image: image] results in the formation of an elliptically polarized wave [40, 41]
[image: image]
[image: image]
with the following “interference” ([image: image]) values of azimuth [image: image] and ellipticity [image: image]:
[image: image]
[image: image]
The probability of polarization parameters [image: image] and [image: image] for different multiplicities ([image: image]) of the secondary interference of the partial waves of laser radiation in the volume of the diffuse layer of biological tkanin denotes, respectively, [image: image] and [image: image].
As we can see, the secondary interference of differently polarized coherent partial waves also leads to the formation of a polarimetrically inhomogeneous component [expressed in relationships (16), (17)] of the object field in the diffuse biological layer[image: image] and [image: image].
2.1.5 The resulting field
Thus, the object laser field in the biological tissues diffuse layers can be considered a superposition of the following polarimetric components:
[image: image]
3 THE EXPERIMENTAL SETUP AND MEASUREMENT METHODOLOGY
A generalization of the polarization interferometry scheme [39, 40] is the Stokes-polarimetric mapping scheme on the base of the Mach–Zehnder interferometer, 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”; 3,11—beam splitters—“BS”; 4,5—mirrors—“M”; 6,9—quarter-wave plates—“QP”; 7,10,13—polarizers—“P”; 8—object; 12—polarization objective—“O”; 14—digital camera—“CCD”; 15—personal computer—“PC”.
The parallel ([image: image]) beam of He–Ne ([image: image]) laser 1 formed by spatial-frequency filter 2, with 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 filters 6–7 in the direction of the biological layer 8 sample. The biological tissue histological Section 8 polarization-inhomogeneous image is projected by strain-free objective 12 into the plane of digital camera 14.
The “reference” beam is directed by mirror 4 through the polarization filters 9–10 into the biological tissue histological Section 8 polarization-inhomogeneous image plane.
As a result, an interference pattern is formed, the coordinate intensity distribution of which is recorded by a digital camera 14 through a polarizer 13.
To study the dependence of the diffuse biological tissue object field polarization structure on the incident radiation polarization state, plane-polarized illuminating and reference beams with different azimuths [image: image] are formed using the polarization filters 6–7 and 9–10, respectively
Before carrying out measurements of biological tissues, the experimental device passed metrological certification with the introduction of model objects (“clean air,” “linear polarizer,” “phase plates [image: image],” and “[image: image]”). As a result of a 50 measurement series for each object, the polarization ellipticity errors were determined [image: image].
The methodology for determining the layer-by-layer measurement of the object field Stokes vector parameter (polarization maps [image: image] and [image: image]) distributions using complex amplitude [image: image] and [image: image] digital holographic reconstruction, followed by phase scanning [image: image] of such a field, is presented in 39–41. However, detailed information is not provided in this work. For a better understanding of the further discussion, we will provide a brief overview of the 3D digital holographic scanning method.
4 THE METHOD OF 3D POLARIMETRY PHASE SCANNING OF THE OBJECT FIELD

1. Three states of linear polarization are sequentially formed in the “irradiating” ([image: image]) and “reference” ([image: image]) parallel laser beams[image: image].
2. For each of the polarization states ([image: image]), two partial interference patterns are recorded through polarizer–analyzer 13 with the orientation of the transmission plane at angles [image: image].
3. Analytical processing of microscopic interference images of biological samples was carried out using the digital Fourier transform [image: image] [26]
[image: image]
where [image: image] [image: image] are the orthogonal components of complex amplitude for different orientation [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 [relations (19)] are used to obtain distributions of complex amplitudes, according to the following algorithms:
[image: image]
[image: image]
5. By means of stepwise ([image: image]) phase ([image: image]) scanning of the reconstructed field of complex amplitudes [relations (20), (21)] using algorithms (11)–(12), we obtain coordinate distributions of the polarization parameters [image: image] and [image: image].
6. Distributions (20) and (21) are layered distributions of complex amplitudes and corresponding polarization maps [image: image] and [image: image] of variously scattered components of the object field, respectively. Such phase-layered components correspond to different depths of the histological section of biological tissue. This is the meaning of layered digital holographic polarimetry of object fields of histological sections of biological tissues.
5 STATISTICAL ANALYSIS OF POLARIZATION MAPS
The morphological structure of optically anisotropic architectonics of various types of biological tissues is statistical and rather complex. This complexity is due to the presence in the volume of biological tissue of diverse scattering optical centers (cells, nuclei, and fibrils). The different spatial organization of such centers causes the formation of no less complex distributions of birefringence parameters and dichroism networks of biological crystals [1–12].
As a result of the passage of optical radiation through such spatially inhomogeneous structures, polarization maps with statistically distributed values of azimuth and ellipticity of polarization are formed [20, 21]. One of the most common quantitative methods for evaluating such maps is the calculation of a set of central statistical moments of first to fourth orders, which most fully characterize the histograms of polarization distributions.
Each of these moments provides different statistical information about the distributions (or changes) of the optical anisotropy parameters of the architectonics of biological tissues and the corresponding polarization maps. In other words, the first statistical moment characterizes the mean of the statistically distributed ensemble of random variables of birefringence and dichroism of the architectonics of biological tissue, as well as the azimuth and ellipticity of the polarization of the object field. The second central statistical moment determines the magnitude of the variance of fluctuations in the parameters of optical anisotropy and polarization states. Higher-order statistical moments characterize the asymmetry and kurtosis of probability distributions and turn out to be the most sensitive to “morphological” and “pathological” variations of optically anisotropic architectonics and polarization-inhomogeneous object fields [23–28].
This approach is universal and objective for assessing the probability distributions of optical and polarization distributions for a wide range of biological tissues, regardless of their morphological structure and physiological state.
The resulting set of polarization maps [image: image] was analyzed in a statistical approach using the following algorithms to calculate mean ([image: image]), variance ([image: image]), skewness ([image: image]), and kurtosis ([image: image]) [6]:
[image: image]
where [image: image] represents CCD pixel quantity.
6 OBJECTS OF INVESTIGATIONS
Our choice of research objects is based on the generalization of the following analytical and applied aspects that have been achieved in polarimetric studies of biological tissues:
• The optical properties of a layer of any biological tissue can be represented as a two-component “amorphous polycrystalline” matrix [2–7].
• The polarization properties of the architectonics of the polycrystalline component of biological tissue are formed by structural (dendritic, spatially supramolecular fibrillary networks of proteins) and chiral (clusters of optically active molecular domains) anisotropies.
The architectonics of real biological tissue simultaneously possess both structural (linear birefringence and dichroism) and chiral (circular birefringence and dichroism) anisotropies.
The processes of interaction of optical radiation with such ensembles of biological crystals and the formation of a set of polarization maps of the object field are described most fully and universally within the framework of the Mueller matrix formalism [8–10, 23–28].
Statistical parameters of azimuth and ellipticity maps of polarization are interrelated with the features of structural and chiral anisotropies of biological tissues.
Therefore, both analytical and experimental detailing of such interrelations by means of polarization study of some “boundary structures” of optically anisotropic architectonics of biological crystals turn out to be actual fundamental and applied tasks.
From a fundamental point of view, among the variety of architectonics of biological tissues, two “marginal” cases of polarization manifestations of structural and chiral anisotropies can be distinguished:
• Structural anisotropy of fibrillar tissues—spatially ordered networks of myocardial myosin fibrils.
• Chiral anisotropy of parenchymal tissues—clusters of optically active parenchymal molecules of biological tissues (in our case, the liver).
The obtained statistical characteristics of the corresponding polarization maps can also be used in applied detection studies within the framework of the universal Mueller matrix formalism of pathological changes in optical anisotropy of the widest class of biological tissues of human organs.
Morphologically, the myocardium is formed by well-organized myosin fibrous networks, while the liver’s structure consists of spatially disordered island-like clusters (Langerhans islets).
Optically, these biological tissues possess both common and distinct properties.
Common features—each layer of the mentioned biological tissues represents a two-component isotropic–anisotropic matrix [6].
The anisotropic component performs phase modulation [image: image] and [image: image] between the orthogonal components of the laser radiation amplitude propagating in the soft matter volume.
Distinct features—fibrous networks create a so-called structural anisotropy, resulting in the formation of linear birefringence ([image: image]). This leads to the generation of an ensemble of polarized waves with individual azimuth and ellipticity values [expressed in relationships (4),(5),(7), and (8)]. For parenchymal structures, circular birefringence ([image: image]) predominates, which forms coordinate-distributed regions of the laser field with different azimuth values of polarization [27, 28].
Histological sections were prepared using the conventional technique on a microtome with rapid freezing [6].
The optical geometric parameters of the histological section samples are presented in Table 1.
TABLE 1 | Optical geometric parameters of biological tissue samples.
[image: Table 1]The extinction coefficient ([image: image]) of the biological tissues samples was measured according to the standard photometry method of the illuminating beam intensity attenuation of the sample [43, 44] using an integral light-scattering sphere [45].
The value of the integral degree of depolarization ([image: image]) of the myocardium and liver samples was measured in the scheme of a standard Mueller matrix polarimeter [6, 28].
7 EXPERIMENTAL RESULTS AND DISCUSSION
This part of the article contains a sequential presentation of research materials on the integral and layered statistical and polarization-inhomogeneous structure of diffuse biological tissue object field azimuths [image: image] and ellipticity [image: image] polarization maps.
7.1 Myocardium histological section object field polarization azimuth maps
Figure 2 shows a series of fragments depicting integral maps of polarization azimuth [(1)–(3)] and histograms [(4)–(6)] representing the distributions of polarization azimuth values in microscopic images of the myocardial sample. Multi-channel irradiation was utilized with linearly polarized laser beams [image: image]—fragments (1), (4); [image: image]—fragments (2), (5); and [image: image]—fragments (3), (6). From the analysis of the obtained results, it was observed that the polarization azimuth maps of the microscopic images in the diffuse histological section of the myocardium exhibit both coordinate and individual structural variations for each [image: image]—[(1)–(3)].
[image: Figure 2]FIGURE 2 | Coordinate ([image: image]) and statistical structure of the myocardium histological section microscopic image polarization azimuth maps.
Experimentally measured histograms [image: image] representing the distribution of azimuth polarization values are found to be asymmetric with significant ranges of azimuth polarization variation—[(4)–(6)].
The quantitative statistical structure of the polarization maps [image: image] is characterized by a set of statistical moments of the first to fourth order denoted as [image: image] (as shown in Eq. 23). The values of these statistical moments are provided in Table 2.
TABLE 2 | Statistical parameters of the myocardium histological section microscopic image polarization azimuth maps.
[image: Table 2]The comparison of the results from the statistical analysis of the integral azimuth polarization maps [image: image] revealed a deviation of all coordinate polarization distributions from normal or Gaussian—all statistical moments [image: image]. Variations in the magnitude (from two to seven times) of all statistical moments [image: image] were observed depending on the changes in the polarization state of the incident laser beam.
From a physical point of view, the obtained results can be attributed to the simultaneous influence of the following two factors:
1. Object-related: It arises due to the complex orientation ([image: image]) structure of multi-scale ([image: image]) myocardial fibrous networks, which forms spatial phase distributions [image: image]. As a result of single and multiple interactions of laser radiation with such a polycrystalline component, an “object” polarization-inhomogeneous component (Eqs 4–10) emerges in the laser field. When the azimuth polarization [image: image] of the incident beam changes, the distribution of angles [image: image] transforms, resulting in the formation of individual topographic maps [image: image].
2. Field-related: It is caused by the secondary interference of differently polarized partial laser waves, formed by optically anisotropic fibrous networks. As a consequence, an additional polarization-inhomogeneous “diffuse” component of the object’s laser radiation is formed (Eqs 11–16).
One of the challenges in solving inverse problems in diagnosing the polycrystalline structure of diffuse biological layers is to achieve conditions where the contribution of multiple scattering events to the formation of the vector structure of the object field is minimized.
One of the methods developed for this purpose is the phase scanning technique of holographically reconstructed distributions of complex amplitudes of laser radiation (Eqs 19–21).
The results of phase scanning and reconstruction of layered maps [image: image] for [image: image] and [image: image] are presented in Figures 3, 4, respectively. A comparative analysis of the layered maps of the azimuth of polarization, reconstructed using the phase scanning method with digital holographic reconstruction of layered distributions of complex amplitudes of partially depolarizing optically thick histological sections of the myocardium, revealed that for all investigated phase planes [image: image], the maps [image: image] exhibit individual spatial heterogeneity, which depends on the changes in the polarization states of the incident laser beam [image: image]—see Figures 3, 4, fragments (1)–(3) and (7)–(9).
[image: Figure 3]FIGURE 3 | Coordinate ([image: image]) and statistical structure of the myocardium histological section microscopic image polarization azimuth maps in the phase plane [image: image].
[image: Figure 4]FIGURE 4 | Coordinate ([image: image]) and statistical structure of the myocardium histological section microscopic image polarization azimuth maps in the phase plane [image: image].
Table 3 presents the data on the statistical analysis of the layered maps of the azimuth of polarization in different phase planes of the myocardium histological section microscopic images.
TABLE 3 | Statistical parameters of the myocardium histological section microscopic image polarization azimuth maps.
[image: Table 3]It has been found that with a decrease in the value of [image: image], there is a successive reduction (by 2–3 times) of the dispersion [image: image], which represents the spread of random values of the azimuth of polarization in the phase planes of the object field.
On the contrary, higher-order statistical moments that characterize the asymmetry [image: image] and kurtosis [image: image] of the distributions [image: image] increase to the same order of magnitude—Table 2 and Table 3.
Further reduction of the parameter [image: image] for the phase cross section of the object field practically does not lead to changes in the statistical structure of the polarization maps. This fact indicates that for such phase planes, a regime of single scattering in the volume of the myocardial diffuse layer is realized.
Thus, the application of the phase scanning method with digital holographic reconstruction of the microscopic image phase of polarization azimuth maps of the optically thick fibrous layer allows for the experimental selection of components of different multiplicities—isolating the “object” practically single-scattered component against the background of the overall “diffuse” background, which is formed by high-order interactions.
7.2 Parenchymal liver histological section object field azimuth polarization maps
Figure 5 shows a series of experimentally measured integral azimuth polarization maps [(1)–(3)] and histograms [(4)–(6)] of the liver histological section microscopic images.
[image: Figure 5]FIGURE 5 | Coordinate ([image: image]) and statistical structure of the liver histological section microscopic image polarization azimuth maps.
Both coordinate and individual heterogeneities of the experimentally measured azimuth polarization maps [image: image] in the parenchymal liver tissues microscopic images are observed, similar to the findings in the case of the myocardium [Figure 5, fragments (1)–(3)].
The histograms [image: image] of the azimuth values in the liver tissue exhibit significantly larger ranges of variation in random azimuth values than that of the fibrous myocardium [Figure 2; Figure 5, fragments (4)–(6)]. On the other hand, the “polarization” differences between [image: image] are not as pronounced.
Quantitatively, the coordinate statistical structure of the parenchymal liver layer images maps [image: image] is characterized by the set of statistical moments [image: image] which is listed in Table 4.
TABLE 4 | Statistical parameters of the liver histological section microscopic image polarization azimuth maps.
[image: Table 4]Statistical analysis of partially depolarizing hepatic parenchyma layer microscopic images integral polarization azimuth maps revealed a significant (up to three times) decrease in the higher-order statistical moments [image: image] compared to asymmetry and excess, which characterize the coordinate distributions of myocardial microscopic image polarization azimuth maps. Conversely, the variance value [image: image] of the random variable [image: image] is larger by 1.5 times, as shown in Table 2 and Table 4.
From a physical point of view, the obtained results can be attributed to the predominant influence of the object factor—circular birefringence ([image: image]) of hepatic parenchyma—combined with the secondary interference of linearly polarized partial laser waves. As a result, a polarization-inhomogeneous “diffuse” component of object laser radiation is formed, characterized by distributions of random values of azimuth, represented by the sum of individual components: [image: image].
Additionally, the spatial ordering of optically anisotropic domains (azimuthal symmetry) in the morphological structure of the liver is revealed in a relatively weak dependence of the distributions [image: image] on variations in the polarization azimuth [image: image] of the laser probe.
The results of phase scanning and reconstruction of layered maps [image: image] for [image: image] і [image: image] are presented in Figures 6, 7, respectively.
[image: Figure 6]FIGURE 6 | Coordinate ([image: image]) and statistical structure of the liver histological section microscopic image polarization azimuth maps in the phase cross section [image: image].
[image: Figure 7]FIGURE 7 | Coordinate ([image: image]) and statistical structure of the liver histological section microscopic image polarization azimuth maps in the phase section [image: image].
The data from the statistical analysis of the optically thick liver histological section microscopic images layered polarization azimuth maps are presented in Table 5.
TABLE 5 | Statistical parameters of the liver histological section microscopic image polarization azimuth maps.
[image: Table 5]Comparative analysis of a series of polarization azimuth [image: image] layer-by-layer maps makes it possible (as in the case of studies of another biological tissue type—myocardium) to experimentally select the “object” single-scattered vector component of the laser field against the background of the general “diffuse” background, which is formed by interactions of high multiplicity.
This follows from the fact that when the phase parameter [image: image] is reduced to the level of [image: image], there is a successive decrease in the variance of the spread of the random values of the polarization azimuths [image: image] by 3–4 times (Tables 4, 5) with the subsequent “stabilization” of the values of the set of statistical moments [image: image], which characterize the distributions [image: image].
In addition, the differences between the calculated values of [image: image] and [image: image] in the given phase plane of the object field of the myocardium (Table 7) and liver (Table 5) reach 2–2.5 times.
7.3 Myocardium histological section object field polarization map ellipticity
A series of fragments shown in Figure 8 presents integral maps [image: image] [(1)–(3)] and histograms [(4)–(6)] of myocardium histological section microscopic image polarization ellipticity distributions.
[image: Figure 8]FIGURE 8 | Coordinate ([image: image]) and statistical structure of the myocardium histological section microscopic image polarization ellipticity maps.
The obtained results (Figure 8) revealed the individual coordinate and statistical structure of the second object field polarization map parameter—polarization ellipticity [image: image]. Quantitatively, this is indicated by different intervals of “polarization” change (within one order of magnitude) of the values of the set of statistical moments [image: image], which characterize the distributions [image: image], as shown in Table 6.
TABLE 6 | Statistical parameters of the myocardium microscopic image polarization ellipticity maps.
[image: Table 6]From a physical point of view, the obtained results of polarimetry of [image: image] ellipticity maps can be associated with the complex influence of object [[image: image], ratios (2),(5)] and interference [[image: image], ratio (16),(18)] phase modulation between orthogonal components of complex amplitudes of partial coherent waves in volumes of the diffuse layer of the myocardium.
Possibilities of phase selection of components of the object field with different scattering multiplicities are illustrated by layer-by-layer maps [image: image] for [image: image] presented in Figure 9, and the results of their statistical analysis are shown in Table 7.
[image: Figure 9]FIGURE 9 | Coordinate ([image: image]) and statistical structure of the myocardium histological section microscopic image polarization ellipticity maps in the phase section [image: image].
TABLE 7 | Statistical parameters of the myocardium histological section microscopic image polarization ellipticity maps in the phase section [image: image].
[image: Table 7]The analysis of the layer-by-layer transformation in the statistical structure [image: image] revealed the possibility of selection by the algorithm digital holographic reproduction [ratio (20)] and step-by-step phase scanning [ratios (20),(21)] of the single-scattered component in the diffuse myocardial sample polarization-inhomogeneous object field[image: image].
7.4 Parenchymal liver histological section object field polarization ellipticity maps
Figure 10 presents integral maps [(1)–(3)] and histograms [(4)–(6)] of liver histological section microscopic image polarization ellipticity [image: image].
[image: Figure 10]FIGURE 10 | Coordinate ([image: image]) and statistical structure of the liver histological section microscopic image polarization ellipticity maps.
Quantitative statistical characteristics of distributions [image: image] are illustrated in Table 8.
TABLE 8 | Statistical parameters of the liver microscopic image polarization ellipticity maps.
[image: Table 8]Statistical analysis of integrated topographic microscopic image polarization ellipticity maps of the parenchymal liver layer revealed significantly (by 8–10 times) smaller values of dispersion of random values [image: image] than maps of polarization distributions [image: image] of the myocardium object field (Table 8).
The established fact can be associated with the predominant influence of the liver parenchyma circular birefringence, [image: image], which forms the coordinate structure of the polarization azimuths of the object field.
An even more clearly revealed feature of the formation of the object field linearly polarized states’ distributions illustrated by the results of phase scanning and holographic reproduction of layer-by-layer maps [image: image] for [image: image] presented in Figure 11 and Table 9, respectively.
[image: Figure 11]FIGURE 11 | Coordinate ([image: image]) and statistical structure of the liver histological section microscopic image polarization ellipticity maps in the phase section [image: image].
TABLE 9 | Statistical parameters of the liver histological section microscopic image polarization ellipticity maps in the phase section [image: image].
[image: Table 9]On the basis of a comparative analysis of a holographic reproduction of the liver diffuse histological section microscopic image set of layer-by-layer elliptical polarization maps, it was found that [image: image]. In accordance with this [ratio (23)], the value of the statistical moments of higher orders, which characterize the asymmetry [image: image] and excess [image: image] of the distributions [image: image] of the object field in comparison with the fibrillar myocardium, increases parenchymal tissue layer sharply (up to 10 times) (Table 7).
In addition, the differences between the calculated values of [image: image] and [image: image] in the given phase plane of the object field of the myocardium (Table 7) and liver (Table 9) reach 3–4 times.
8 AN EXAMPLE OF CLINICAL APPLICATION
Here, we will briefly give one example of the developed technique clinical application.
8.1 Information analysis
The information analysis of the results obtained from the methods of 3D polarization–interference-layered phase scanning of object fields of two groups' research on biological tissue samples involves the use of operational characteristics from evidence-based medicine [46]:
• Sensitivity ([image: image]) is the proportion of true positive results ([image: image]) of the diagnostic method among all samples in group 2 (N).
[image: image]
• Specificity ([image: image]) is the proportion of true negative results ([image: image]) of the method among all samples in group 1 ([image: image]).
[image: image]
• Accuracy ([image: image]) is the proportion of correct results ([image: image]) of the test among all samples (N + H).
[image: image]
If ([image: image]) = ([image: image]), [image: image] is referred to as balanced accuracy.
8.2 Differential diagnosis of necrotic changes in myocardial fibrillar networks
Two groups of samples of the myocardium histological sections were formed:
• Coronary heart disease (CHD)—group 1 (12 samples).
• Ischemic heart disease (IHD)—group 2 (12 samples).
The optical geometric parameters of the samples are given in Table 10.
TABLE 10 | Optical geometric parameters of the samples.
[image: Table 10]From a morphological point of view, cases of CHD and IHD lead to various necrotic changes in myosin fibers and their spatial networks.
CHD—myosin fibers become thinner, and the spatial orderliness of fibrillar networks decreases.
IHD—myosin fibers in some areas are torn, while the spatial order of the myosin network remains unchanged.
Figure 12 presents the results of the myocardium polarization-inhomogeneous object field investigation of those who died as a result of CHD and IHD:
• integrated polarization ellipticity maps [image: image] of the myocardium histological section microscopic images from both groups [fragments (1), (2)];
• layer-by-layer polarization of the myocardium histological section microscopic image phase polarization ellipticity [image: image] maps from both groups for the following steps of phase scanning [image: image] [fragments (5), (6)] and [image: image] [fragments (9), (10)];
• histograms of the magnitude [fragments (3), (4)] of polarization ellipticity [image: image] distributions; and
• histograms of layer-by-layer polarization ellipticity value [image: image] distributions [fragments (7), (8)] and [image: image] [fragments (11), (12)].
[image: Figure 12]FIGURE 12 | Coordinate ([image: image]) and statistical structure of layer-by-layer myocardium histological section microscopic image polarization ellipticity maps of the patients who died of CHD (left column) and IHD (right column).
Table 11 illustrates the results of the experimentally determined polarization ellipticity maps [image: image] and [image: image] statistical analysis.
TABLE 11 | Statistical moments of the first to fourth orders, which characterize the layer-by-layer polarization ellipticity maps.
[image: Table 11]The obtained results of integral and phase mapping can be associated with necrotic transformations of birefringent fibrous networks.
For the case of IHD, as a result of reducing the range of variations in the orientation of optical axes [image: image] in biological crystals and the magnitude of their phase-shifting capability, the mean [image: image] and the dispersion [image: image] of the polarization ellipticity random variables for the corresponding myocardial histological sections’ microscopic images decrease. At the same time, the value of statistical moments of the third and fourth orders, which characterize the asymmetry and excess of distributions of [image: image], increases[image: image].
In the case of CHD, the fast-paced morphological structures of myocardial fibrous networks due to acute coronary insufficiency show weak changes in the orientational and phase structures of optically anisotropic crystal networks[image: image] and [image: image].
Therefore, the following statistical relationships are realized for such objects[image: image]
It should be noted that the phenomenon of birefringence in optically uniaxial biological crystals predominantly generates various elliptically polarized states [6]. The probability of forming linearly polarized states in the object field points is insignificant.
Therefore, due to the advanced statistics of elliptically polarized states in the myocardial fibrous layer object field, the sensitivity of polarization ellipticity distributions to changes in the orientation and phase polycrystalline structure of the myocardium is significantly higher than when detecting histological section microscopic image polarization azimuth maps from samples in groups 1 and 2.
The given fact is supported by the results of the informational analysis, which revealed the following levels of balanced accuracy [image: image]) for the diagnostic method [46]:
• integral maps of polarization ellipticity–a good level with [image: image];
• layered polarization ellipticity phase maps–a good level with [image: image], very good level with [image: image], and excellent level with [image: image].
9 CONCLUSION

1. The proposed comprehensive Stokes polarimetric and interferometric analytical description allows for the formation of polarization-inhomogeneous components with different scattering multiplicities in the object laser field of diffuse layers in biological tissues with various types of optically anisotropic fibrous and parenchymal structures.
2. The methods of direct Stokes polarimetry and digital holographic 3D layered reconstruction of complex amplitudes in different phase planes of microscopic images of diffuse histological sections of biological tissues have been experimentally validated. This includes subsequent reconstruction of polarization azimuth and ellipticity maps.
3. The comparison of the results of statistical analysis of integral maps of polarization azimuth [image: image] and ellipticity [image: image] revealed the following:
• difference of all coordinate polarization distributions from normal or Gaussian—all statistical moments [image: image];
• variations in the magnitude (from two to seven times) of all statistical moments [image: image] depending on changes in the polarization state [image: image] of the incident laser beam.
4. The comparative analysis of layered maps of polarization azimuth and ellipticity, reconstructed using the phase scanning method with a digital holographic reconstruction of layered distributions of complex amplitude fields, revealed that with a decrease in the magnitude of [image: image], there is a consecutive reduction (by 2–3 times) in the dispersion [image: image] of the random values of polarization parameters in the phase cross-sectional planes of the object field.
5. It has been established that starting from a certain value of the phase parameter [image: image], the statistical structure of the polarization azimuth and ellipticity maps “stabilizes” - [image: image], which corresponds to a single-scattered object component of the laser field.
6. Biomedical validation of the method revealed an excellent level ([image: image]) of diagnostic accuracy in differentiating diffuse samples of the myocardium from individuals who died due to ischemic heart disease and acute coronary insufficiency.
Therefore, we have demonstrated that the application of the 3D polarization–interference method by phase scanning with digital holographic reconstruction of biological diffuse tissue object field layered polarization azimuth and ellipticity maps with different architectural optical anisotropic components allows for the experimental selection of components with different scattering multiplicities. This enables the isolation of the “object” practically singly scattered component against the background of the overall “diffuse” background, which is formed by interactions with high multiplicities.
The significant differences (from two to four times) observed in the magnitudes of the statistical moments [image: image] characterizing the polarization maps of azimuth and ellipticity of the singly scattered component of the object field in both tissue types indicate a high diagnostic sensitivity of the 3D polarization–interference method to changes in the optical anisotropic architecture of diffuse tissue layers. This makes it promising for a wide range of tasks in clinical differential diagnosis.
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