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The principles and effectiveness of the method of laser polarization interferometry of dehydrated blood films (facies) for the differential diagnosis of thyroid pathology have been studied. For this purpose, a theoretical description of the processes of formation and layer-by-layer phase scanning of the polarization structure of speckle fields in the blood facies of donors and patients with nodular goiter, autoimmune thyroiditis, and papillary cancer has been developed for the first time. A statistical analysis of holographically reconstructed maps of polarization ellipticity of the singly scattered component of the speckle field was conducted. Based on this analysis, the most sensitive markers for the diagnosis and differentiation of thyroid pathology were identified. Excellent diagnostic accuracy (91%–93%) and very good differentiation accuracy (86%–89%) were achieved for nodular goiter, autoimmune thyroiditis, and papillary cancer.
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1 INTRODUCTION
Non-destructive remote photometric, spectral, correlation and polarization optical methods have been widely used to study the optically inhomogeneous structure of biological objects [1–5].
Polarization studies turned out to be one of the most diagnostically promising methods for detecting the optical manifestations of the polycrystalline architecture of biological tissues and fluids [6]. Studies have demonstrated the potential of polarimetry for diagnosing cataracts in the lens, monitoring glucose concentration in the tissues of diabetic patients, and detecting malignant changes [7–12].
The successful diagnostic development of polarimetry of biological layers contributed to the formation of new Mueller matrix techniques, leading to the establishment of Mueller matrix microscopy (MMM) as a separate branch [13–19]. The methodological basis of MMM is various theoretical models and methods of analysis. The most effective were regression models of optical anisotropy [14] and logarithmic Mueller matrix decomposition [15–18]. The MMM results are objectively assessed within the statistical analysis framework of Mueller matrix images and optical anisotropy maps [14, 18]. This provided the possibility of obtaining quantitative optical metrics to characterize the evolution of gastric tissue from a healthy state through inflammation to cancer using Mueller microscopy of gastric biopsies [14].
Further development of the functionality of MMM methods ensured the use of a broader class of analytical algorithms - correlation, fractal, wavelet, Fourier, and singular analysis - for quantitative data processing [20–29].
One of these methods’ promising applications may be diagnosing thyroid gland pathological conditions.
Timely thyroid pathology detection is one of the global health problems. According to statistics from the World Health Organization, 10%–30% of the adult population worldwide suffers from various diseases associated with the thyroid gland, which are associated with both gland dysfunction and changes in its structure. Moreover, this figure increases by 5% every year [30].
Traditionally, the gold standard for diagnosing thyroid pathology is biopsy or surgical resection of tissue sections stained with hematoxylin and eosin visual microscopic evaluation. However, early diagnosis is difficult due to the variability of the tissue morphological interpretation. In addition, cancerous change areas may be small and hardly noticeable.
These methods have become the digital pathology direction, using new quantitative image analysis possibilities. In [31], thin sections of the thyroid nodules capsule, microscopic images, histograms, and texture analysis were used. On this basis, the possibility of a differential diagnosis for the thyroid nodules as benign (follicular adenoma) or malignant (papillary carcinoma) was demonstrated.
Thus, pathologists can improve thyroid pathology diagnosis by applying new objective quantitative technologies with high spatial resolution [32].
Among such technologies, polarization-sensitive second harmonic generation (PSHG) microscopy methods can be distinguished [33, 34].
PSHG microscopy techniques are used to differentiate cancerous or diseased tissues by analyzing circular dichroism and modulating laser polarization states.
As a result, it is possible to measure ultrastructural changes in the collagen frameworks of organ tissues in submicron areas.
This microscopic technique has been used to study the collagen organization in both benign and malignant fibrillar capsules of the thyroid.
The possibility of differentiating follicular adenoma and papillary carcinoma node capsules has been demonstrated [35]. The obtained quantitative information about the collagen capsule can significantly complement traditional histopathological examination.
The development and addition of PSHG microscopy are methods of non-invasive polarization-sensitive optical coherence tomography (PSOCT) [36–44].
The use of the principles of direct interference recording of the structure of object speckle fields provided the possibility of layer-by-layer measurement of the coordinate distributions of elements of the Mueller matrix or Mueller matrix images (MMI) at various depths of biological objects. In this case, the possibility of quantitative layer-by-layer assessment of the optical anisotropy of biological tissue is realized [36, 45]. As a result, it was possible to diagnose fibrosis and differentiate tumor sites with low fibrosis accurately. However, the sensitivity of such systems was limited by t a high level of depolarized laser speckle background.
Biological tissue object fields phase scanning polarization-interference methods with complex amplitude distributions layer-by-layer digital reconstruction can eliminate the influence of such background and increase PSHG and PSOCT techniques’ diagnostic sensitivity [45–52].
These methods allow the phase separation of a singly scattered (non-depolarized) component in a laser speckle field. The biological layer complex amplitude field non-depolarized component uniquely relates to the optically anisotropic component parameters. As a result, it becomes possible to obtain, within the statistical analysis framework, the most accurate information about pathological changes in the human tissue biopsy samples polycrystalline architectonics diagnosed. On this basis, the possibility of diagnosing endometriosis [48], differentiating benign and malignant prostate tumors [45, 49] and necrotic and traumatic changes in the myocardium [52] have been demonstrated.
An expansion of the functionality of the polarization-interference phase scanning methods can be the study of different kinds of objects, such as biological fluids. Such objects are easily accessible and do not require traumatic biopsy surgery. These objects are one of the most essential systems for ensuring the body’s vital activity, which is a set of biological fluids involved in metabolic processes. In biological fluids (BF), there are high-speed changes in the molecular composition and the interaction of various components of physiological nature, as well as extreme and pathological conditions.
Any physiological or pathological process occurring in a living organism represents specific changes in the structure of protein and other organic molecules. Such changes are the most informative in the study of homeostasis at the molecular level and can serve as a basis for various diseases at the earliest stages of diagnosis [53, 54].
Modern laboratory and clinical diagnostics focus mainly on the numerous quantitative indicators contained in BF determination, which are products of body vital activity.
Morphological research in biology and medicine focuses mainly on cellular elements, while BF morphological analysis - the life support basic system–has remained inaccessible for clinical practice until recently [55]. A BF drop lying on a horizontal plane is a self-organizing system that is a convenient model for studying physical-chemical processes. Its properties are determined by the dissolved substances in a liquid composition, external dehydration conditions, and the substrate material. As a BF drop dehydration result, a dry film is formed–a “facia”, the structure of which carries information about the composition and relationships of substances dissolved in BF. By studying such objects at the self-organization macroscopic level, the researcher receives information about the system at the molecular level behaviour [56–59].
One of the most informative biological fluids about the state of the human body is blood, which contains about 100 different proteins. Conventionally (according to differences in solubility), they are divided into five main fractions: albumins (55%–65%), α1 - (2%–4%), α2 - (6%–12%), β - (8%–12%) and γ – (2%–4%) globulins.
The albumin concentration in the blood is high, and its molecule size is small. Therefore, the albumin molecules collection total surface area is extensive. As a result, they are well suited to perform the transport function - bilirubin, urobilin, fatty acids, bile salts, and lipid hormones. The albumin fraction also includes transthyretin (prealbumin), which, together with thyroxine-binding globulin [[image: image]] and albumin, transports the thyroid hormone thyroxine and its metabolite iodothyronine.
Globulins are a blood proteins family, in the molecules of which polypeptide chains are tightly coiled into compact spherical structures - globules (tertiary protein structures). One globulin type is thyroglobulin ([image: image]). This is a protein produced by the thyroid gland follicular cells, accumulating in its structural and functional unit - the follicle - as a colloid. Patients with Hashimoto’s thyroiditis or Graves’ disease often have antithyroglobulin antibodies elevated levels. This indicator is used for diagnostic purposes. [image: image] is a differentiated (papillary or follicular) thyroid cancer reliable prognostic postoperative marker. In addition, [image: image] levels may be elevated in Graves’ disease [60–68].
Such objects’ optically anisotropic structure polarization characteristics have not been studied sufficiently. Only a few publications focus on using polarization interferometry of biological fluids to diagnose pathological changes in human organs [69].
Our work is focused on finding new objective markers for minimally invasive differential diagnosis of thyroid pathology using comprehensive polarization-interference mapping and digital holographic reconstruction of layer-by-layer maps of the ellipticity of speckle fields in blood facies. To achieve maximum effectiveness of the method, statistical analysis of the polarization ellipticity maps of the singly scattered component of the speckle field of the blood facies of donors and patients with nodular goiter, autoimmune thyroiditis, and papillary cancer has been applied for the first time.
2 A BRIEF THEORETICAL REMARKS
2.1 Optical anisotropy of blood facies
The Mueller matrix formalism is the theoretical basis for blood facies object fields laser polarimetry [11–19]. This approach provides the most complete description of the blood facies’ optically anisotropic structure polarization manifestations [21, 69].
Based on the biological layer model developed in numerous studies [20–29], the following expressions for the circular and linear birefringence Mueller matrices can be derived for blood facies.
The matrix operator [image: image] which describes the optical activity at each individual point [image: image], has the following form
[image: image]
where
[image: image]
Here [image: image] – geometric coordinate in the biological layer plane [image: image]; [image: image] is the polarization plane rotation angle.
Linear birefringence optical manifestations of supramolecular networks at each point [image: image] are characterized by the Mueller matrix [image: image]
[image: image]
where
[image: image]
Here [image: image] - the optical axis direction; [image: image] - phase shift between the laser amplitude orthogonally polarized components [image: image]; [image: image] - wavelength; [image: image] - birefringence value; [image: image] is the blood facie geometric thickness.
The resulting matrix operator is determined, which characterizes the integral manifestations of the blood facies’ circular and linear birefringence.
[image: image]
2.2 Blood facies polarization maps
When the blood facies are irradiated with a polarized beam, local azimuth [image: image] and ellipticity [image: image] values are formed.
The polarization parameters values are calculated from the following matrix equation
[image: image]
Here [image: image] і [image: image] – irradiating and object optical fields Stokes vectors.
In the expanded form, Equation 6 is written as follows
[image: image]
In the general case, the following relationship is realized between the azimuth [image: image] and the ellipticity [image: image] coordinate distributions and the Stokes vector [image: image] parameters values
[image: image]
The following expressions for the azimuth and ellipticity polarization maps are obtained from Equation 8
[image: image]
[image: image]
The most common case for serial polarization studies is the azimuthal-invariant mapping [21–30] implementation by using a circularly polarized irradiating beam [image: image].
Under such conditions, taking into account Equations 1–10 can be rewritten as follows
[image: image]
[image: image]
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Therefore, the conducted theoretical consideration of the optically anisotropic blood facies object field polarization structure formation revealed analytical relationships between:
• optically active [image: image] protein molecules orientational structure [image: image] and polarization azimuth maps [image: image] (Equation 13);
• supramolecular networks phase-shifting properties [image: image] and polarization ellipticity maps [image: image] (Equation 15).
Laser object fields complex amplitudes [image: image] are phase-stationary distributions [39–43]. Taking into account this fact, we will use the known analytical relationship between the Stokes vector parameters (relation (8)) and the complex amplitude orthogonal components [image: image] at each point of the field with the coordinate [image: image]
[image: image]
[image: image]
[image: image]
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Here “[image: image]” – denotes complex conjugation.
Taking into account Equations 16–19 for the polarization-interference determination of the blood facies speckle field azimuth [image: image] and ellipticity [image: image] distributions, the following algorithm was used
[image: image]
[image: image]
Taking into account Equations 20, 21, the analytical equation of polarization states at the points of the blood facies single scattered (“object”) laser field component can be written in the following form
[image: image]
Relations Equation 22 and Equations 12–19 determine the polarization structure of the single scattered component [image: image] of the object field of blood facies
[image: image]
This component [image: image] is uniquely related to the orientation [image: image] and phase ([image: image]) of blood facies of optically anisotropic supramolecular networks parameters (13, 15). In this sense, the [image: image] distributions are diagnostically relevant and most sensitive to the blood facies polycrystalline architectonics with various transformations of thyroid pathologies. However, formed elements form coherent laser radiation with multiple scattering in the blood facies volume. This results in the different waves interference addition and the polarization-inhomogeneous speckle field [image: image] formation. This process can be analytically described as follows.
For the orthogonal components [image: image] and [image: image] of the complex amplitudes [image: image] and [image: image] of two partials singly scattered coherent waves at a local point [image: image] in the blood facie object field, the following interference equations can be written:
[image: image]
[image: image]
where [image: image] – modules of complex amplitudes; [image: image] and [image: image] – phase shifts between [image: image] and [image: image].
For the process of forming the resulting orthogonal components of amplitudes [image: image] and [image: image] due to the “n-fold” interaction of the laser probe with optical heterogeneities, the following equations can be written:
[image: image]
In this way, a coordinate-distributed [image: image] interference (speckle) polarization-inhomogeneous component [image: image] in the blood facies object field is formed with the following azimuth and polarization ellipticity values
[image: image]
[image: image]
In this case, the analytical equation of polarization (Equation 22) at the points [image: image] of the multiply scattered speckle field, taking into account Equation 26, takes the following form
[image: image]
According to Equations 27–29, the polarization structure of the speckle field component [image: image] of blood facies is determined by the specificity of the complex amplitudes coordinate distribution [image: image] and the phase shifts [image: image] between them
[image: image]
For such a component [image: image] there is no unambiguous connection with the orientation [image: image] and phase ([image: image]) parameters of the blood facies supramolecular networks (Equations 13, 15). In this sense, the distributions of [image: image] turn out to be integrally averaged and less sensitive to blood facies polycrystalline architectonics pathological transformations.
Thus, the polarization structure of real laser field [image: image] scattered by blood facies can be represented as the following components superposition
[image: image]
[image: image]
From Equations 31, 32 it follows that the thyroid pathology diagnostics efficiency is determined by the ratio between [image: image] and [image: image]. “Minimization” of the influence of the [image: image] component turns out to be relevant for increasing sensitivity. It is impossible to implement such a procedure by the Stokes polarimetric mapping traditional method (6–15). In this case, phase information ([image: image] and [image: image]) is lost and only the intensity distributions [image: image] and [image: image] are measured. Therefore, we used another experimental technique–polarization interferometry, which provides the possibility of the complex amplitudes [image: image] field algorithmic reconstruction with subsequent discrete scanning [image: image] of the phase set [image: image]. The scanning final result (Equation 33) is the selection of a single scattered component complex amplitudes distribution
[image: image]
3 OPTICAL SCHEME AND BRIEF THEORY OF THE METHOD
In Figure 1 shows the polarization Mach-Zehnder interferometer scheme.
[image: Figure 1]FIGURE 1 | Optical polarization-interference scheme.
Publications present the characteristics of the polarization interferometry scheme [45–52]. Our work will analyse the laser field polarimetry method by reconstructing the complex amplitude distributions [image: image] to detect a single scattering component [image: image]. For this purpose, we present the device’s structural and logical diagram and analyze the main digital algorithms.
The polarization interferometer includes the following main blocks:
A. Polarizing illuminator, which generates a circularly polarized laser wave:
•He-Ne ([image: image]) laser 1;
•collimator 2;
•polarizing filter (polarizer three and quarter-wave plate 4, the angle between the polarizer three transmission axes and the plate 4 highest speed axis is 450).
B. Reference channel:
•beam splitter 5;
•polarization intensity attenuator 6;
•rotating mirror 7;
•universal polarization filter (quarter-wave plates 12, 14 and polarizer 13) can form arbitrary polarization states.
C. Object channel:
•beam splitter 5;
•rotating mirror 8;
•universal polarization filter (quarter-wave plates 9, 11 and polarizer 10), which generates arbitrary polarization states;
•biological tissue sample 15.
D. Polarization filtering channel of the object field interference distribution:
•optical mixer 16;
•polarizing microlens 17;
•polarizer-analyzer 18 with an orientation of the transmission plane at angles [image: image].
E. Digital recording and computer analysis unit
•digital camera 19;
•PC 20.
Parallel ([image: image]) He-Ne ([image: image]) laser 1 beam, formed by spatial-frequency filter 2, with 50% beam splitter three is divided into “object” and “reference” ones.
The “object” beam with the rotating mirror 5 help is directed through the polarizing filter 6–7 (manufacturer - Achromatic True Zero-Order Waveplate and manufacturer - B+ W Kaesemann XS-Pro Polarizer MRC Nano) in the blood facie 8 sample direction. The blood facie polarization-inhomogeneous image is projected by the strain-free objective 12 (manufacturer - Nikon CFI Achromat P, focal length - 30 mm, numerical aperture - 0.1, magnification - 4x) into the digital camera 14 (The Imaging Source DMK 41AU02. AS, monochrome 1/2“CCD, Sony ICX205AL (progressive scan) resolution - 1280 × 960, size of the photosensitive area - 7600 × 6200 μm; sensitivity - 0.05 lx; dynamic range - 8 bit, SNR - 9 bit), the photosensitive area, which contains [image: image] pixels) plane.
The “reference” beam is directed by mirror 4 through the polarization filter 9–10 (manufacturer: Achromatic True Zero-Order Waveplate and manufacturer: B+ W Kaesemann XS-Pro Polarizer MRC Nano) into the blood facie polarization 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.
Before carrying out blood facies measurements, the experimental device passed metrological certification with the model objects introduction (“clean air”, “linear polarizer”, “phase plates [image: image]”, “[image: image]”). As 50 measurements result for each type of object, the polarization ellipticity errors were determined [image: image].
The specified interferometer is modified for the experimental implementation of the blood facies fields of ellipticity [image: image] polarimetry (21, 28).
For each position of the polarizer-analyzer 18 transmission plane ([image: image]) in order to reconstruct the complex amplitudes ([image: image]), the two-dimensional digital Fourier transform algorithm [image: image] [45–52]
[image: image]
where [image: image] are the intensity of interference pattern filtered by the analyzer with the transmission axis at [image: image] orientation; [image: image] are the complex amplitudes orthogonal projections; [image: image] are the spatial frequencies in the [image: image] and [image: image] directions respectively; [image: image] are the CCD camera pixels number − [image: image] and [image: image].
4. The digital Fourier transform results (Equation 34) for a circularly polarized (⊗) illuminating laser beam are used to obtain complex amplitude distributions according to the following algorithms
[image: image]
[image: image]
[image: image]
Here [image: image] – phase differences between complex amplitude [image: image] orthogonal components [image: image], [image: image].
5. By reconstructing complex amplitudes field (35–37), phase scanning means [image: image] that we can obtain (21) the single scattering component polarization maps [image: image].
6. The quantitative criterion for determining the polarization map [image: image] is based on the algorithm for calculating the 1st to 4th orders central statistical moments in each phase section [image: image]
[image: image]
where [image: image] – CCD pixels quantity. 
7. By means of step-by-step phase comparison of the values [image: image], the value [image: image] was determined, starting from which the polarization maps [image: image] statistical structure turns out to be unchanged - [image: image].
4 BIOLOGICAL SAMPLES
4.1 Clinical and laboratory criteria for the formation of patient groups
Four representative dehydration blood facies groups were formed:
4.1.1 Control group
Healthy donors aged 30–60 years 51, patients (48 women, three men).
Inclusion criteria. Puncture biopsy of the thyroid gland without confirmed pathological processes. The normal level of thyroid hormones and autoantibodies.
Exclusion criteria. A puncture biopsy of the thyroid gland with pathological processes is confirmed in this organ.
4.1.2 Experimental group
51 patients aged 30–60 (46 women, 5 men) for nodular goiter.
Inclusion criteria. Puncture biopsy of the thyroid gland with pathological process confirmation. One or several thyroid gland colloid nodes are present. The normal level of thyroid hormones and autoantibodies.
Exclusion criteria. Increased or decreased level of thyroid hormones, increased level of autoantibodies. Associated pathology: diabetes, hypertension, atherosclerosis, chronic adrenal insufficiency, rheumatoid arthritis, chronic active hepatitis, systemic lupus erythematosus.
A violation of the principle of negative feedback endocrine function regulation characterizes this group.
4.1.3 Experimental group
51 patients aged 30–60 (49 women, 2 men) with autoimmune thyroiditis.
Inclusion criteria. Puncture biopsy of the thyroid gland with confirmation of the pathological process of stage 1–3 (1 - hypertrophic thyroiditis (Hashimoto’s goiter), 2 - atrophic thyroiditis, 3 - fibrous invasive Riedel’s goiter). Increased level of autoantibodies over 1000 IU/mL. Hypothyroidism.
Exclusion criteria. Increased level of thyroid hormones and autoantibodies to thyroperoxidase normal level. Associated pathology: diabetes, hypertension, atherosclerosis, chronic adrenal insufficiency, rheumatoid arthritis, chronic active hepatitis, systemic lupus erythematosus. Damage to the hematothyroid barrier is characteristic of this group.
4.1.4 Experimental group
51 patients aged 30–60 (44 women, 7 men) with papillary cancer thyroid gland.
Inclusion criteria. Puncture biopsy of the thyroid gland with pathological process confirmation - the papillary epithelium cancerous cells presence. Absence of germination outside the capsule and invasion of lymph nodes. The level of autoantibodies is normal. Euthyroidism.
Exclusion criteria. Increased or decreased thyroid hormone levels, increased autoantibodies to thyroperoxidase. Associated pathology: diabetes, hypertension, atherosclerosis, chronic adrenal insufficiency, rheumatoid arthritis, chronic active hepatitis, systemic lupus erythematosus. This group is characterized by uncontrolled, atypical growth of thyroid cells with the formation of papillary structures, the presence of nuclear inclusions, tumor progression, and a history of frequent exposure to the consequences of the Chernobyl accident.
Table 1 presents the polycrystalline blood films optical parameters.
TABLE 1 | The blood films optical parameters.
[image: Table 1]The polycrystalline blood films extinction coefficient ([image: image]) was measured according to the standard intensity attenuation photometry method [70] using an integral light scattering [71].
Depolarization degree measurement was performed in the standard Mueller matrix polarimeter scheme [20–29].
5 EXPERIMENTAL RESULTS AND THEIR DISCUSSION
At present, the tendencies of pathological transformation of polarization maps of optically anisotropic components of thyroid biopsy have been experimentally studied [72–75]:
• nodular goiter–growth of optical activity (1, 2) of thyroglobulin protein complexes due to enlargement of follicles and formation of structural birefringence (3, 4) as a result of the nodular proliferation of connective tissue;
• autoimmune thyroiditis–due to squamous cell metaplasia of follicular cells, an increase in their size forms proportionate manifestations of optical activity of thyroglobulin complexes and birefringence of the fibrous cord network;
• papillary cancer–predominant influence of structural birefringence due to hyperplasia in the form of elongated papillary formations.
Analysis and diagnostic use of the obtained results are based on a two-component amorphous anisotropic model of the optical properties of the thyroid gland. According to this model, the amorphous component (parenchyma formed by epithelial tissue) is polarization-inactive and does not change the polarization state of laser radiation. The anisotropic component consists of optically active (globulin protein complexes - follicles filled with a colloid of thyroglobulin proteins) and structural (supramolecular fibrillar protein networks of connective tissue in the parenchyma) components (5). The optically active component predominantly forms maps of polarization azimuth [image: image] - relations (9, 12, 13). The structural or polycrystalline component predominantly forms maps of polarization ellipticity, - relations (10, 14, 15).
During the blood drop dehydration process, the natural self-assembly of protein molecules forms a supramolecular protein network. The structural characteristics of these proteins determine the formation of blood facies. The arrangement of atoms within the protein molecules defines their structure, which, in three-dimensional space, forms polymers or polypeptides. A sequence forms each polypeptide monomer or different α-amino acid. All [image: image]-amino acids found in living organisms, except glycine, contain an asymmetric carbon atom (threonine and isoleucine contain two asymmetric atoms) and have optical activity or circular birefringence [58, 69].
The protein structure hierarchy following levels are distinguished [64–68].
The primary structure of monomers (nucleotides or amino acids) represents the sequence. An amino acid’s primary structure’s significant feature is the almost random arrangement of its residues. From the biophysics perspective, circular birefringence is formed at this level.
The main polypeptide protein chain conformational arrangement forms the secondary structure, regardless of the side chains’ conformation. At this level, the linear birefringence optical axis direction is formed.
The tertiary structure represents the protein molecule spatial structure, which consists of a single chain. According to the polypeptide chain in space spatial arrangement method, globular and fibrillar proteins are divided. Globular proteins most often have an ellipsoidal shape and predominantly exhibit circular birefringence. Fibrillar (thread-like) proteins have an elongated shape and exhibit linear birefringence.
The quaternary structure is formed by the spatial arrangement of the individual polypeptide chains, which have predominantly the same primary, secondary, and tertiary structure.
As a result, a structurally and functionally unified blood facies supramolecular network is formed, which has phase anisotropy - circular and linear birefringence. The specificity of blood facies proteins’ polycrystalline supramolecular network structure or the relationship between the optical anisotropy parameter values is polypeptide fragments manifested in a certain conformational autonomy that are included in its composition.
Based on this, we should expect changes in the blood facies supramolecular networks’ circular and linear birefringence parameters, depending on the presence of thyroid pathology. In our case, the following prognostic scenario is expected. A pathological increase in the thyroglobulin and the albumins concentration that transport it [62, 63] may be accompanied by an increase in the blood facies supramolecular protein networks phase anisotropy, which is taken from sick patients.
Our main attention will be focused on the object field single scattered component polarization maps [image: image] of blood facies from healthy donors and patients with various thyroid pathologies. We have shown (14, 15, 21) that this polarization parameter is determined by supramolecular networks phase-shifting properties or phase anisotropy.
5.1 Statistical analysis of polarization ellipticity maps
The series of Figures 2–5 presents the integral maps [fragments (1)] and ellipticity values distributions histograms [fragments (2)] of donors (control group 1) and patients with thyroid gland various pathologies (experimental groups 2–4).
[image: Figure 2]FIGURE 2 | The blood facie polarization map [fragment (1)] and histogram [fragment (2)] for a patient from control group 1 (healthy donors).
[image: Figure 3]FIGURE 3 | The blood facie polarization map [fragment (1)] and histogram [fragment (2)] for a patient from experimental group 2 (patients with nodular goiter).
[image: Figure 4]FIGURE 4 | The blood facie polarization map [fragment (1)] and histogram [fragment (2)] for a patient from experimental group 3 (patients with autoimmune thyroiditis).
[image: Figure 5]FIGURE 5 | The blood facie polarization map [fragment (1)] and histogram [fragment (2)] for a patient from experimental group 4 (patients with papillary cancer).
The analysis of the obtained results revealed a correlation between the experimental data (Figures 2–5) and the proposed model of blood facies (patients in the control and study groups) speckle fields [image: image] polarization structure formation (1–32). It was found that for all the considered pathologies (nodular goiter, autoimmune thyroiditis, papillary cancer), the blood facies samples object speckle fields have similar polarization ellipticity maps [image: image] (fragments (1), Figures 2–5). This fact is illustrated by the histograms [image: image] of the polarization ellipticity value distributions (fragments (2), Figures 2–5). Each blood facies speckle field polarization map [image: image] is characterized by a sufficiently wide range of change in the polarization ellipticity value ([image: image]). Moreover, the probabilities of different ellipticity values formation (28, 29) of the donors and sick patients’ blood facies samples speckle field (31, 32) are quite close in magnitude. At first glance, this experimental does not correspond to the proposed model scenario (1–23) of the polarization structure [image: image] formation and pathological transformation of the “object field” [image: image] of blood facies optically anisotropic supramolecular networks (23). We have already noted that the architectonics ([image: image]) of such networks have a multilevel structure - nucleotide monomers, polypeptide protein chains, tertiary and quaternary structure of globular and fibrillar protein chains. When pathology occurs, the blood facies optical anisotropy (1–4) increases due to biochemical ([image: image] concentration increases) and conformational (structuring of globular and fibrillar protein networks). In terms of polarization, this should manifest itself in an increase in the magnitude and an increase in the range of change in the ellipticity values [image: image] (14, 15, 21, 22). However, in the multiple scattering presence in the blood facies volume, regardless of the presence and pathology type, along with the “object” [image: image] (23) component, a “speckle” [image: image] (30) component is also formed. The interference mechanisms of such a component formation (24–30) transform and average the polarization ellipticity value [image: image] “object” distributions, individual for each pathology type. Due to such averaging, diagnostically significant differences between the polarization ellipticity [image: image] “object” maps are leveled. The fact is that each act of scattered waves [image: image] and [image: image] interference addition (24–26) changes the polarization ellipticity [image: image] value (28, 29). Moreover, the “interference” phase shifts [image: image] values (26) can significantly exceed similar “object” parameters [image: image] (15). Due to this, the secondary interference influence on the donors and sick patients’ blood facies polarization ellipticity [image: image] maps formation becomes decisive. The random ellipticity values distributions statistical analysis results illustrate the quantitative similarity of the blood facies speckle fields polarization structure for all groups (38), - Table 2.
TABLE 2 | Donors and patients with various thyroid gland pathologies blood facies polarization ellipticity maps statistical parameters.
[image: Table 2]A statistical test based on the Mann-Whitney test was used for pairwise comparisons of polarization ellipticity random values from statistically independent samples. The comparisons were made between the following groups: group 1 vs. group 2, group 1 vs. group 3, group 1 vs. group 4, group 2 vs. group 3, group 2 vs. group 4, and group 3 vs. group 4.
The statistical analysis results revealed:
• Statistically insignificant ([image: image]; [image: image]) increase in the average [image: image] of the distribution [image: image] statistical value within individual representative samples the from 0.187 to 0.22.
• The [image: image] distributions dispersion [image: image] value also turned out to be statistically insignificant ([image: image]; [image: image]) in the range from 0.082 to 0.123.
• The 3rd-order [image: image] statistical moment, which characterizes the [image: image] distributions skewness and varies from 0.66 to 0.89, was also found to be statistically insignificant for differential diagnosis.
• The blood facies polarization maps sensitivity to intergroup changes has kurtosis [image: image] of the ellipticity random values distributions.
• Kurtosis [image: image] varies statistically significantly ([image: image]) from 0.83 to 1.47 and can be used as a marker for detecting the presence of thyroid gland pathology.
Therefore, for different pathologies (“normal - nodular goiter - autoimmune thyroiditis - papillary cancer”), the polarization ellipticity [image: image] distributions mean and dispersion change slightly. Also, the 3rd and 4th orders statistical moments changes in intergroup differences between which reach 30%–40%, turned out to be insufficiently sensitive.
To assess the diagnostic power of the method of polarization-interference mapping of laser speckle fields of blood facies, we used a number of evidence-based medicine operational characteristics36 - sensitivity ([image: image]); specificity ([image: image]) and accuracy ([image: image]). Here [image: image] - diagnostic method among all samples from experimental group 2 ([image: image]) correct positive results; [image: image] - correct negative results of the method among control group 1 ([image: image]). If ([image: image], then [image: image] is called balanced accuracy.
In our work, the following scale for evaluating the diagnostic accuracy [image: image] is used:
• Unsatisfactory - [image: image]%;
• Satisfactory – 71%–80%;
• Good – 81%–85%;
• Very good – 86%–90%;
• Excellent - [image: image].
The thyroid gland pathology differential diagnosis balanced accuracy [76] results are systematized in Table 3. Here [image: image] - is the correct results total number among all samples according to control group 1 and sequentially to experimental groups 2 (nodular goiter), 3 (autoimmune thyroiditis) and 4 (papillary cancer); [image: image] - is the false positives total number among all samples according to all groups.
TABLE 3 | Thyroid pathology differential diagnosis balanced accuracy.
[image: Table 3]The information analysis results demonstrated a slight diagnostic capacity for diagnosing and differentiating thyroid pathology (control group 1 and the set of all experimental groups “2–4″) - all statistical markers do not provide a balanced accuracy value higher than 80%.
A different situation is realized when using blood facies speckle fields [image: image] polarization-interference mapping with phase scanning (35–37) and polarization ellipticity [image: image] layered maps digital algorithmic reconstruction (21, 28, 34).
The series Figures 6–9 illustrates the algorithmically obtained in the phase plane ([image: image]) “object” component [image: image] polarization ellipticity [image: image] maps in donors and sick patients’ blood facies speckle fields [image: image]. The value ([image: image]) is established by step-by-step ([image: image]) phase scanning and algorithmically reconstructed polarization ellipticity value distributions [image: image] statistical analysis. The phase plane ([image: image]) corresponds to the statistical criterion [image: image] for determining the single scattered “object” component [image: image]. “Object” polarization maps [image: image] (fragments (1), Figures 6–9) comparative analysis revealed a significant decrease in the interval ellipticity value [image: image] change in comparison with “speckle” distributions [image: image], - fragments (1), Figures 2–5. This confirms the algorithmic elimination of the scattered component [image: image] distorting influence on the “object” ellipticity coordinate distributions (6–8, 10, 11, 14–16, 21, 22). In accordance with the presented blood facies optical anisotropy model concepts (1–5), it is possible to estimate the most probable changes in the singly scattered component [image: image] polarization ellipticity value. It is known [58] that the protein structures’ birefringence value corresponds to the level ([image: image]); the blood facies geometric thickness [image: image] varies within the range from [image: image] to [image: image]; the laser radiation wavelength [image: image]. Assuming that the blood facies’ entire volume is birefringent, the “object” phase shift value [image: image] fluctuates in variation range within the limits from [image: image] to [image: image]. Based on this and the single scattered laser waves [image: image] formation conditions (10, 11, 14, 15, 21, 22), the maximum [image: image] ellipticity [image: image] level formation is probable. However, for real blood facies experimental samples, polarization states with a significantly lower ellipticity value (fragments (2), Figures 6–9) are more probable. The noted fact can be explained by the fact that optically anisotropic supramolecular networks are spatially structured and do not fill the blood facies volume. As a result, the birefringent globular and fibrillar protein chains effective geometric dimensions [image: image] decrease. As a result, the “object” phase shifts [image: image] and ellipticity [image: image] values (15, 21) are concentrated in a “narrower” range–from [image: image] to [image: image].
[image: Figure 6]FIGURE 6 | The blood facie phase ([image: image]) polarization map [fragment (1)] and histogram [fragment (2)] for a patient from control group 1 (healthy donors).
[image: Figure 7]FIGURE 7 | The blood facie phase ([image: image]) polarization map [fragment (1)] and histogram [fragment (2)] for a patient from experimental group 2 (patients with nodular goiter).
[image: Figure 8]FIGURE 8 | The blood facie phase ([image: image]) polarization map [fragment (1)] and histogram [fragment (2)] for a patient from experimental group 3 (patients with autoimmune thyroiditis).
[image: Figure 9]FIGURE 9 | The blood facie phase ([image: image]) polarization map [fragment (1)] and histogram [fragment (2)] for a patient from experimental group 4 (patients with papillary cancer).
The ellipticity distributions [image: image] histograms [image: image] comparative analysis in the phase plane ([image: image]) revealed a tendency for its value to consistently increase for the blood facies of donors [Figure 6, fragment (2)] and patients with nodular goiter [Figure 7, fragment (2)], autoimmune thyroiditis [Figure 8, fragment (2)], and papillary cancer [Figure 9, fragment (2)]. This fact is indicated by a decrease in the histogram kurtosis ([image: image]) due to a reduction in the polarization ellipticity [image: image] minimum values. At the same time, the probability distributions [image: image] of the polarization parameter become more symmetrical–skewness value [image: image] decreases. The revealed scenario of “pathological” transformation of blood facies speckle field [image: image] “object” component [image: image] ellipticity maps [image: image] correlates with the proposed optical anisotropy model of supramolecular networks (1–4). According to the specified model, pathological conditions (from nodular goiter, and autoimmune thyroiditis to papillary cancer) are manifested in a consistent increase in the value and increase in the range of change in ellipticity (14, 15, 21, 22) due to biochemical (increasing [image: image] concentration) and conformational (structuring of globular and fibrillar protein networks).
Within the framework of the statistical approach (38), such pathological transformations should be accompanied by an increase in the mean ([image: image]) and dispersion ([image: image]) values, which characterize the polarization maps [image: image]. The higher-order statistical moments [image: image] values, [image: image] and [image: image], should decrease.
This scenario of the difference’s formation between the blood facies polarization “object” maps [image: image] from all groups is confirmed by the 1st – 4th orders central statistical moments [image: image] calculation, - Table 4.
TABLE 4 | Blood facies polarization ellipticity phase maps statistical parameters.
[image: Table 4]Polarization ellipticity maps [image: image] statistical analysis revealed:
Statistical significance for diagnostics ([image: image]) and differentiation ([image: image]) of entire set thyroid pathology markers.
The mean [image: image] and dispersion [image: image] are statistically significant ([image: image]) and consistently (from control group 1 to experimental groups 2–4) increase within - [image: image] and [image: image].
Skewness [image: image] and kurtosis [image: image] have statistically reliable diagnostic ([image: image]) and differentiation ([image: image]) sensitivity to changes in the layered maps [image: image] structure.
The polarization ellipticity [image: image] values distributions skewness [image: image] magnitude vary from 1.21 to 0.81; The kurtosis [image: image], which characterizes the peak sharpness of the blood facies speckle field [image: image] single scattered component [image: image] polarization distributions [image: image], consistently decreases from 2.07 to 1.22.
The information analysis results (Table 5) revealed a significant increase (from “unsatisfactory” to “very good” and “excellent” levels) in sensitivity compared with integral ellipticity polarization mapping.
TABLE 5 | Thyroid pathology differential diagnosis balanced accuracy.
[image: Table 5]The following balanced accuracy levels were demonstrated for the differential diagnosis of thyroid gland pathologies:
1. Thyroid gland pathology diagnosis (control group 1 and all experimental groups “2–4″):
•“normal - nodular goiter” [image: image] - “excellent” level;
•“normal - autoimmune thyroiditis” [image: image] - “excellent” level;
•“normal - papillary cancer” [image: image] - “excellent” level.
2. Differential diagnosis:
•“nodular goiter - autoimmune thyroiditis” [image: image] - “very good” level;
•“nodular goiter - papillary cancer” [image: image] - “very good” level;
•“autoimmune thyroiditis - papillary cancer” [image: image] - “very good” level.
6 RESEARCH PROSPECTS
The proposed polarization-interference technique for phase scanning of blood facies speckle fields, using algorithmic selection of polarization ellipticity maps, will be improved by developing new digital holography algorithms. These algorithms will reconstruct maps of linear and circular birefringence as well as dichroism. This enhancement will expand the functional capabilities of the technique, increase the sensitivity of laser polarization-interference differential diagnostics, and open up new possibilities for objective screening and monitoring of thyroid disease treatment.
7 CONCLUSION

1. For the first time, a minimally invasive laser technique for polarization-interference layer-by-layer mapping of dehydrated blood films was developed and experimentally tested for the differential diagnosis of thyroid pathology.
2. To provide a physical basis and prognostic analysis of the polarization structure of speckle fields, a model description of the polycrystalline structure of supramolecular networks in blood facies was developed for the first time, using the approximation of linear and circular birefringence.
3. No statistically significant markers were identified through direct polarization-interference mapping and statistical analysis of measured “integral” maps of the ellipticity of the diffuse component of speckle fields in blood facies. As a result, the differential diagnosis of thyroid pathology did not exceed a satisfactory level of 80%.
4. Digital phase scanning of algorithmically reconstructed fields of complex amplitudes enabled the measurement of polarization ellipticity maps of the singly scattered component in the object speckle fields of blood facies. Based on this, new statistically significant markers for minimally invasive differential diagnosis of thyroid pathology were identified and physically substantiated.
5. The following results of differential diagnosis of thyroid pathology have been achieved:
5.1. Thyroid gland pathology diagnosis (control group 1 and all experimental groups “2–4”):
•“normal - nodular goiter” [image: image] - “excellent” level;
•“normal - autoimmune thyroiditis” [image: image] - “excellent” level;
•“normal - papillary cancer” [image: image] - “excellent” level.
5.2. Differential diagnosis:
•“nodular goiter - autoimmune thyroiditis” [image: image] - “very good” level;
•“nodular goiter - papillary cancer” [image: image] - “very good” level;
•“autoimmune thyroiditis - papillary cancer” [image: image] - “very good” level.
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