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We propose an optical model of the Mueller-matrix description of mechanisms of optical anisotropy of
polycrystalline films of urine, namely, optical activity and birefringence. The algorithm of reconstruction of
distributions of parameters—optical rotation angles and phase shifts of the indicated anisotropy types—are elab-
orated upon. The objective criteria of differentiation of urine films taken from healthy donors and albuminuria
patients by means of statistical analysis of such distributions are determined. The operational characteristics
(sensitivity, specificity, and accuracy) of the Mueller-matrix reconstruction method of the optical anisotropy
parameters are defined. © 2016 Optical Society of America
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1. INTRODUCTION

The structure of biological tissues can be considered as structur-
ally inhomogeneous. In order to describe the transformation of
polarized light by such complex media, it is necessary to involve
the most general approaches based onMueller-matrix formalism.
There are many practical techniques based on measurement and
analysis of Mueller matrices of investigated biological objects
used in biological and medical research [1–9]. Laser polarimetry
was formed recently as a new separate approach within matrix
optics [10]. One of the main results obtained within the laser
polarimetry approach was established as an interconnection be-
tween the set of statistical moments of the first–fourth orders
characterizing Mueller-matrix elements and parameters of linear
birefringence of human biological tissues fibrillar protein net-
works. This caused the possibility of diagnostics of oncological
changes of skin derma, epithelial and connective tissue of human
organs, etc. [11–13]. Nevertheless, the technique of laser polar-
imetry requires further development.

First, some Mueller-matrix elements appear to be unsuitable
for biological sample characterization. The reason for this is
the azimuthal dependence of the majority of matrix elements
(generally 12 of 16 elements changing its values during the
sample rotation around the probing axis).

The second reason for the development of laser polarimetry
techniques is the fact that mechanisms of optical anisotropy
of biological layers are not limited by linear birefringence.
The consideration of the impact of other mechanisms, namely,
circular birefringence, is topical in the tasks of increasing the
range of diagnostic techniques [14–19].

The third reason is the presence of a variety of optically
anisotropic biological objects, for which laser polarimetry tech-
niques are not used widely. Such objects include blood and
its plasma, urine, bile, saliva, and others biological fluids. The
objects of this class are easily accessible and do not require the
traumatic surgery of biopsy.

The possibility of polarization investigation of urine for early
detection of albuminuria is considered in this research. It is an
urgent task of diagnosis of various pathological conditions of
human kidneys. Currently, the traditional differential diagnosis
of such conditions includes the following steps: analysis of the
patient’s complaints, biochemical analysis of urine protein,
renal ultrasound diagnostics, and professional judgment. The
final step or gold standard is the nephrobiopsy of kidney tissue
[20–25]. This set of techniques confidently diagnose disease,
which corresponds to a moderate (3–30 μg/μmol) and pro-
nounced increase (>30 μg∕μmol) in the content of protein
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in the urine of the patient [26–28]. Along with this, the un-
solved task is the creation of objective, low-cost, and express
screening method of albuminuria diagnostics at early stages
(<3 μg∕μmol) of kidney pathology close to the gold standard.

This research is aimed on generalization of optical
anisotropy of optically thin layers of urine films and the devel-
opment of the method of “azimuthally stable” Mueller-matrix
reconstruction of anisotropy parameters of polycrystalline net-
works in the task of albuminuria diagnostics.

2. BRIEF THEORETICAL BACKGROUND

In this research, we have utilized the model description of phase
anisotropy (optical activity and linear birefringence) of the poly-
crystalline structure of films of biological fluids developed in
[11,14–19,29–34]. For simplification of the experimental data
understanding in this part of the research, we present basic states
of the theory of phase anisotropy of such polycrystalline films.

It has been defined that the experimentally measured
matrices possess the following symmetry:

fMg � fKgfPg � m−1
11×

��������
1 0 0 0
0 m22 m23 m24

0 m32 m33 m34

0 m42 m43 m44

��������
: (1)

Here, fK g is the Mueller matrix of circular birefringence of
molecules of amino acids of the following form:

fKg �

����������

1 0 0 0

0 ψ22 ψ23 0

0 ψ32 ψ33 0

0 0 0 1

����������
;

ψ ik �
�
ψ22 � ψ33 � cos 2θ;

ψ23 � −ψ32 � sin 2θ;
(2)

where ω is the rotation angle of the polarization plane of the
light beam.

Linear birefringence of the amino acid chains can be
described by the following Mueller matrix fPg:

fPg �

����������

1 0 0 0

0 p22 p23 p24
0 p32 p33 p34
0 p42 p43 p44

����������
;

pik �

8>>>>>>>>><
>>>>>>>>>:

p22 � cos2 2ρ� sin2 2ρ cos δ;

p23 � d 32 � cos 2ρ sin 2ρ�1 − cos δ�;
p33 � sin2 2ρ� cos2 2ρ cos δ;

p42 � −p24 � sin 2ρ sin δ;

p34 � −p43 � cos 2ρ sin δ;

p44 � cos δ:

: (3)

Here, ρ is the optical axis direction, δ � 2π
λ Δnl is the phase

shift between orthogonal components of light beam amplitude,
λ is the wavelength, Δn is the birefringence value, and l is the
geometrical thickness of the sample.

Analysis of the obtained data [29–34] was performed within
the direct task—statistical processing of distribution of

experimentally measured matrix elements Mik�θ; ρ; δ� with
further differentiation of the samples of urine taken from
healthy and albuminuria patients. The inverse task of polariza-
tion reconstruction of parameters of phase anisotropy was not
considered.

To analyze Mueller matrix Eq. (1), we used the model of an
optically anisotropic medium, in which two basic types of phase
anisotropy exist [10]. According to this model, the process of
transformation of laser radiation polarization by urine can be
represented in the form of a sequence of the following mech-
anisms: “optical activity” and “linear birefringence” of the mol-
ecules of amino acids and their complexes.

For analytical and practical applications of Eq. (1), we used
the data of investigations [1,9]. Here it is shown that the fol-
lowing elements of matrix fMg as well as their combinations
are azimuthally stable and independent of the sample rotation
angle (Ω):�

m11�Ω�� const;
m44�Ω�� const;

� �m22�f 33��Ω�≡Σm22;33�Ω�� const;
�m23 −f 32��Ω�≡Δm23;32�Ω�� const:

(4)

FromEqs. (1)–(4) we obtain the following azimuthally invariant
algorithms of polarization reconstruction of parameters charac-
terizing the phase anisotropy of polycrystalline film of urine:�

δ � arccos m44;
θ � 0.5 arctan

Δm23;32P
m22;33

: (5)

3. ANALYSIS AND DISCUSSION OF
EXPERIMENTAL DATA

The experimental part of the research consisted of the follow-
ing tasks:

A. Determination of Statistically Valid
Representative Sampling of Patients with the Known
(Referent) Diagnosis
By means of the software product Statmate for 95% confidence
interval (p < 0.05), a reliable quantity of people in group 1
(donors) and group 2 (albuminuria of <3 μg∕μmol ) was de-
termined, with n � 57.

B. Samples Preparation
We used optically thin films of urine (attenuation factor
τ < 0.1), whichwere formed under identical conditions by plac-
ing a drop of urine on optically homogeneous glass. The geomet-
rical thickness of the samples was l � 15 μm. This parameter
was determined by using a microscope. The drop of urine
was placed on the microscope slide with the object on the
micrometer scale. The resulting film was dried at room temper-
ature (t � 22°C). Later, by means of microscope overfocusing
from the upper surface of the urine film to the scale of object, we
measured the typical thickness of the urine polycrystalline film.

C. Experimental Measurements of the Mueller-
Matrix Elements Coordinate Distributions
Measurements of the coordinate distributions of the Mueller-
matrix elements were performed in the setup (Fig. 1) [10].

Illumination of samples was performed by the parallel
(∅ � 2 × 103 μm) weakly intensive (W � 5 mW) beam (1)
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of a He–Ne laser (λ � 0.6328 μm). Using a collimated
illuminating beam provides the same conditions of transforma-
tion of the polarization states at different points of the illumi-
nated area of the object. In this case, our scheme provides a
resolution of 4.65 μm × 4.65 μm. This scale is sufficient to
evaluate the optical properties of the average (5–20 μm) crys-
talline structural elements of the of urine films. This allows
comparative studies to differentiate different groups of samples.
The polarization light source consisted of a quarter-wave plate
(3) and a polarizer (4). The images of samples (6) were pro-
jected in the light-sensitive plane of a CCD camera [10; The
Imaging Source DMK 41AU02.AS, monochrome 1/2” CCD,
Sony ICX205AL (progressive scan), 1280 × 960 resolution,
5952 μm × 4464 μm light-sensitive plate, 0.05 lx sensitivity,
8 bit dynamic range, 9 bit SNR, and nonlinearity does not
exceed 3%–5%] by means of an optical system (7). In this
experimental arrangement, position 7 designates an image-
forming apparatus, which consists of a strain-free objective
(Nikon CFI Achromat P, 30 mm working distance, 50 mm
focal distance, 0.1 NA, and 4 × magnification) and tube lens
(200 mm focal distance). Polarization analysis of the samples
images was performed by means of quarter-wave plate (8) and
polarizer-analyzer (9).

For the series of linear (0°;45°;90°) and right- (⊗ ) circularly
polarized illuminating laser beams, the Stokes-vector parame-
ters S0;45;90;⊗i�2;3;4 were measured in accordance with the following
algorithm: 8>><

>>:
S0;45;90;⊗i�1 � U 0;45;90;⊗

0 � U 0;45;90;⊗
90 ;

S0;45;90;⊗i�2 � U 0;45;90;⊗
0 − U 0;45;90;⊗

90 ;
S0;45;90;⊗i�3 � U 0;45;90;⊗

45 − U 0;45;90;⊗
135 ;

S0;45;90;⊗i�4 � U 0;45;90;⊗
⊗ − U 0;45;90;⊗

⊕ :

(6)

Here, U 0;45;90;⊗
0;90;45;135;⊗;⊕ are intensities of linearly (0°;90°;45°;

135°), and right- (⊗ ) and left- (⊕) circularly polarized com-
ponents of the filtered [by means of a polarizer (9) and a
quarter-wave plate (8)] laser radiation.

Finally, the Mueller-matrix invariants were calculated as
follows [by a PC (11)]:(m44� S⊗4 −0.5�S04�S904 �;P

m22;33�m22�m33�0.5�S02 −S902 ��S453 −0.5�S03�S903 �;
Δm23;32�m23 −m32� S452 −0.5�S02�S902 �−0.5�S03 −S903 �;

(7)

using a He–Ne laser in our study conditioned by high mono-
chromaticity, directivity, and the spectral brightness of its beam.

However, the disadvantage of coherent sources is a speckle
noise formation due to multiple scattering, which acts in the
volume of the biological layer. To minimize this effect, we used
optically thin layers. In this case, the volume of such layers
implemented single scattering, which is accompanied by the
formation of a polarization-inhomogeneous image without
speckle background. The distributions of polarization states in
this image are uniquely associated with the distribution phase
anisotropy parameters, as the manifestations of dichroism or
diattenuation in the “red” region of the spectrum are minimal.
This allows us to solve the inverse problem—the reconstruction
of the distribution of values of the phase shift between the
orthogonal (linearly and circularly polarized) components of
the amplitude of the laser radiation. The experimental imple-
mentation of the criterion of the single scattering mode is the
value of the extinction coefficient τ ≤ 0.1, which can be mea-
sured on the basis of Bouguer’s law. For films, the urine ratio
between the intensities of the incident and transmitted forward
laser radiation lies in the range

0.9 ≤
I
I 0

≤ 0.93↔0.073 ≤ τ ≤ 0.098:

It should be noted that polarimetric measurements can use
other types of radiators or low-coherent light sources, such
as LEDs or halogen bulbs equipped with a bandpath filter.
On the other hand, the use of coherent laser radiation allows
for integrated development and comparative analysis of the
possibilities of polarimetric techniques in related areas of diag-
nostics, such as digital holography polarization interferometry,
coherent image processing using the reference wave, and direct
measurement of the Jones matrices.

D. Reconstruction of the Parameters of Optical
Anisotropy
On the basis of Eq. (7) for each pixel of the CCD camera,
Eq. (5) parameters of phase (δ, θ) anisotropy were found. For
the objective assessment of histograms N �q� of distributions
q ≡ fδ; θg, the set of statistical moments of the first–fourth or-
ders was determined as

R1 �
1

P

XP
j�1

qj

R2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

P

XP
j�1

�q�2j

vuut
R3 �

1

R3
2

1

P

R4 �
1

R4
2

1

P

XP
j�1

�q�4j : (8)

Here, P is the number of pixels of the CCD camera. These
parameters characterize the mean (R1), dispersion (R2), skew-
ness (R3), and kurtosis or “peak sharpness” (R4) of N �q�.

The series of images in Figs. 2 and 3 presents the results of
the technique of Mueller-matrix reconstruction parameters q ≡
fδ; θg of polycrystalline urine films. Each figure consists of the
coordinate distributions [fragments (1),(3)] and the histograms
N �q� [fragments (2),(4)] for two arbitrary chosen samples of

Fig. 1. Optical scheme of experimental setup. 1, He–Ne laser; 2,
collimator; 3, stationary quarter-wave plate; 5,8, mechanically mov-
able quarter-wave plates; 4,9, polarizer and analyzer, respectively; 6,
object of investigation; 7, optical system; 10, CCD camera; 11, PC.
Explanations are in the text.
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healthy [fragments (1),(2)] donors and those suffering from al-
buminuria patients [fragments (3),(4)].

Distribution parameters of the phase anisotropy of polycrys-
talline films of urine were obtained on the basis of measure-
ments within each pixel of the digital camera of the set of
polarization-filtered values I 0;45;90;⊗0;90;45;135;⊗;⊕ of intensities of
linearly (0°;90°;45°;135°), right- (⊗ ) and left- (⊕) circularly
polarized components of the filtered [by means of a polarizer
(9) and a quarter-wave plate (8]) laser radiation. At the next
stage, the values of coordinate distributions of Stokes parame-
ters in Eq. (6) and Mueller-matrix invariants in Eq. (7) were
calculated. Obtained distributions ff 44;

P
f 22;33;Δf 23;32

served as input parameters for reconstruction of the phase
anisotropy parameters in Eq. (5).

Comparative analysis of the data obtained (Figs. 2 and 3)
showed similar tendencies for the investigated samples:

Linear birefringence. It was determined that for the film of
urine taken from a donor [Fig. 2, fragments (1)], the value of
linear birefringence of lathlike globulin proteins is sufficiently
less if compared to the sample [Fig. 2, fragments (3)] of albu-
minuria patients. The main extremes of histograms N �δ� of
group 1 [Fig. 2, fragments (2)] are localized in the area of
δ → �0.07∕0.12� × 10−1π. For group 2 [Fig. 2, fragments (4)],
the bigger values of phase shifts δ � �0.25∕0.35� × 10−1π are
the most probable. Thus, the increase of mean (R1↑) and
dispersion (R2↑) of histograms N �δ� appears to be a statistical
indicator of the albuminuria condition. Hence, the statistical
moments of higher orders [skewness (R3↓) and kurtosis
(R4↓)] decrease. Physically, the obtained results can be related
to the known data of biochemical analysis—greater concentra-
tion of albumin in the film of urine of albuminuria patient.

Circular birefringence. Similar tendencies, related to δ, in
the statistical changes of parameter θ are determined (Fig. 3),
characterizing the optical activity of globulin proteins [relations
(2)] in urine films. Due to the increase of concentration of such
proteins in urine of albuminuria patients, the probability of

greater values of θ, formed by the sample of group 2, increases
[Fig. 3, fragments (3)]. Quantitatively, this illustrates the in-
crease of probability of forming greater values θ � �0.4∕0.75�×
10−1π in distributions N �θ� [Fig. 3, fragments (4)]. In other
words, for the oncological state, the following statistical
scenario is realized: R1�θ�↑; R3�θ�↓; R4�θ�↓.
E. Statistical Intergroup Analysis
For the possible clinical application of both methods, the fol-
lowing was determined for each group of samples [35–37]:

• average (within group 1 and group 2) values of statistical
moments Ri�1;2;3;4�q�, their standard deviations�σ, and histo-
grams N �Ri�; see Table 1.

• traditional, for probative medicine operational characteris-
tics, sensitivity (Se � a

a�b 100%), specificity (Sp � c
c�d 100%),

and balanced accuracy (Ac � Se�Sp
2

), where a and b are the
numbers of correct and wrong diagnoses within group 2, respec-
tively, and c and d are the same within group 1; see Table 2.

Differentiation of birefringence images of urine layers for
each polarizationally reconstructed parameter of phase
anisotropy was performed by cross-sectional comparison of
distribution histograms Ri�1;2;3;4�q�. If the mean value of this
or that moment R̄i�q� in the test group 1 is not within the
standard deviation σ of the investigated group 2, the difference
between R̄i�q� is considered statistically reliable. Then the
analysis of the region of overlap of histograms Ri�1;2;3;4�q�
which determine the sensitivity Se, specificity Sp, and accuracy
Ac appears to be topical.

The comparative analysis of the data obtained (Table 1)
showed that the differences between the values of average
R̄i�1;2;3;4�q� moments of all orders are statistically reliable.
However, there is an intergroup overlap for all histograms
N �Ri�. Moreover, the range of such an overlap is inversely pro-
portional to the value of the difference between the averages
R̄i�1;2;3;4�q�. The following quantitative differences between
average statistical moments R̄i�q� are determined:

Fig. 2. (1),(3) Coordinate distributions and (2),(4) the correspond-
ing histograms of the values of phase shifts δ, formed by polycrystalline
film of (1),(2) urine of donors and (3),(4) patients with albuminuria.

Fig. 3. (1),(3) Coordinate distributions and (2),(4) the correspond-
ing histograms of the values of phase shifts θ, formed by polycrystalline
film of (1),(2) urine of donors and (3),(4) patients with albuminuria.

Table 1. Average (R̄i�1;2;3;4) and Standard Deviations
(�σ) of Statistical Moments Ri�1;2;3;4 of Optical
Anisotropy Distributions of Urine of Groups 1 and 2

q

δ �n � 57� θ �n � 57�
Group 1 Group 2 Group 1 Group 2

R1 0.09� 0.007 0.11� 0.09 0.07� 0.005 0.1� 0.007
R2 014� 0.011 0.21� 0.016 0.11� 0.008 0.19� 0.015
R3 0.85� 0.061 0.49� 0.036 0.96� 0.074 0.54� 0.041
R4 1.14� 0.083 0.65� 0.047 1.34� 0.01 0.77� 0.57

Table 2. Operational Characteristics of the Method of
Mueller-Matrix Reconstruction of Polycrystalline
Structure of Urine Films

q Ri δ (%) θ (%)

Ac�Z i� R1 74 78
R2 83 87
R3 91 90
R4 93 95
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Linear birefringence—for Mueller-matrix reconstructed
distributions δ of polycrystalline urine films of both types, the
difference between statistical moments R̄i�1;2;3;4�δ� is fΔR1�δ� �
1.43;ΔR2�δ� � 1.72;ΔR3�δ� � 1.78;ΔR4�δ� � 1.74g.
Circular birefringence—for statistical moments R̄i�1;2;3;4�q� char-
acterizing the distribution θ, formed by optically active structures
of globulin of urine film are determined as fΔR1�θ� � 1.22;
ΔR2�θ� � 1.5;ΔR3�θ� � 1.73;ΔR4�θ� � 1.75g.

As the data presented show, the statistical moments of the
third and fourth orders characterizing the histograms N �q�
of the urine films of both groups of patients prove to be the
most sensitive. On the other hand, the greater ΔRi�1;2;3;4�q� is,
the more informative ( Se↑; Sp↑; Ac↑ ) the method appears
to be.

Table 2 presents the parameters of information value of the
azimuthally stable method of Mueller-matrix reconstruction of
phase anisotropy of polycrystalline films of urine.

The comparative analysis of operational characteristics
of the method of Mueller-matrix polarization reconstruction
of polycrystalline structure of urine films revealed clinically
optimal (highlighted in gray) parameters�

δ → Z �δ� ≡ fAc�R3;4� � 91% − 93%g;
θ → Z �θ� ≡ fAc�R3;4� � 90% − 95%g:

The obtained results enable us to state a rather high level of
accuracy of azimuthally stable Mueller-matrix mapping.
According to the criteria of probative medicine [35], the param-
eters Z �δ; θ� ∼ 90%–95% correspond to high quality.

4. CONCLUSION

We have proposed a model of generalized optical anisotropy and
a technique of azimuthally invariant Mueller-matrix reconstru-
ction of optical anisotropy parameters of polycrystalline urine
films. On this basis, the Mueller-matrix invariants describing the
polarization nature of partial mechanisms of optical anisotropy of
biological fluids were defined. By means of statistical analysis,
the interconnection between the statistical moments of the
first–fourth orders of anisotropy parameters of urine films and
the changes in its structure in healthy people and albuminuria
patients were determined. We have shown the efficiency of azi-
muthally invariant Mueller-matrix reconstruction of optical
anisotropy parameters of urine films in the diagnostics of early
stages of albuminuria.
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