Journal of Innovative Optical Health Sciences
1950017 (13 pages)
#
.c The Author(s)
DOI: 10.1142/S1793545819500172

J. Innov. Opt. Health Sci. Downloaded from www.worldscientific.com
by ASTON UNIVERSITY on 08/12/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

Biomedical applications of Jones-matrix tomography to
polycrystalline ¯lms of biological °uids
V. A. Ushenko*, A. Yu. Sdobnov†, W. D. Mishalov‡, A. V. Dubolazov*,**,‡‡,
O. V. Olar*, V. T. Bachinskyi§, A. G. Ushenko*, Yu. A. Ushenko*,
O. Ya. Wanchuliak§ and I. Meglinski†,¶,||,**,††,§§
*Chernivtsi National University
2 Kotsiubynskyi St., Chernivtsi, 58012 Ukraine
†Faculty

of Information Technology and Electrical Engineering
University of Oulu, Oulu 90570, Finland

‡

Shupyk National Medical Academy of Postgraduate Education
9, Dorogozhytska St., Kyiv, 04112 Ukraine
§

Bukovinian State Medical University
3 Theatral Sq., Chernivtsi, 58000 Ukraine
¶Interdisciplinary

Laboratory of Biophotonics
National Research Tomsk State University
Tomsk, 634050 Russia

||Institute

of Engineering Physics for Biomedicine (PhysBio)
National Research Nuclear University \MEPhI"
Moscow, 15409 Russia
**Aston Institute of Materials Research
School of Engineering and Applied Science
Aston University, Birmingham, B4 7ET, UK

††School

of Life and Health Sciences, Aston University
Birmingham, B4 7ET, UK
‡‡
a.dubolazov@chnu.edu.ua
§§
igor.meglinski@oulu.fi

Received 31 January 2019
Accepted 4 June 2019
Published 23 July 2019
Algorithms for reconstruction of linear and circular birefringence-dichroism of optically thin
anisotropic biological layers are presented. The technique of Jones-matrix tomography of polycrystalline ¯lms of biological °uids of various human organs has been developed and experimentally
§§

Corresponding author.

This is an Open Access article published by World Scienti¯c Publishing Company. It is distributed under the terms of the Creative
Commons Attribution 4.0 (CC BY) License which permits use, distribution and reproduction in any medium, provided the original
work is properly cited.
1950017-1

V. A. Ushenko et al.

tested. The coordinate distributions of phase and amplitude anisotropy of bile ¯lms and synovial
°uid taken from the knee joint are determined and statistically analyzed. Criteria (statistical
moments of 3rd and 4th orders) of di®erential diagnostics of early stages of cholelithiasis and septic
arthritis of the knee joint with excellent balanced accuracy were determined. Data on the diagnostic
e±ciency of the Jones-matrix tomography method for polycrystalline plasma (liver disease), urine
(albuminuria) and cytological smears (cervical cancer) are presented.
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1. Introduction
Traditionally, the diagnostics of phase-inhomogeneous object structures are based on the use of various
optical techniques, such as spectroscopy, polarimetry, interferometry, etc.1–5 Mueller-matrix polarimetry (MMP) of optical anisotropy of polydisperse
biological objects is one of the most perspective and
e®ective methods for diagnostics in biomedicine.6
Recent developments and achievements in MMP for
the diagnosis of pathological changes in tissues of
various human organs have been presented in a
number of reviews7–13 and original14–17 papers.
For most of the biological objects, the high level of
optical radiation depolarization is typical.18 As a result, determination of the polarization manifestations of various mechanisms of optical anisotropy is a
complex and challenging task. To deal with this, the
method of Mueller-matrix polar decomposition19–22 is
usually applied. It is important to note that implementation of the decomposition approaches for investigation of complex systems, such as biological
tissues, requires comprehensive validation. Particularly, it is necessary to know the in°uence of the
chosen decomposition-derived polarization parameters on the decomposition process, the basis matrices orders, propagation path of multiply scattered
photons, detection geometry, etc.7–10 Therefore, the
diagnostic capabilities of MMP technique are highly
limited. Moreover, the biopsy operation is necessary
for the sample preparations. Since biopsy is a painful
and traumatic procedure, the development of minimally invasive methods for biological tissues investigation became a promising and relevant ¯eld of
research in the last few decades.
The Jones-matrix polarimetry of the polycrystalline structure of optically thin ¯lms (attenuation
coe±cient  < 0:1) made from biological °uids is
one of the e®ective methods for tissue investigation.
Previously, we found that method of direct
polarization mapping of microscopic images of

biological °uid ¯lms (blood plasma, synovial °uid,
liquor) is sensitive to pathological changes in human
organs.23–28
Further development of these studies allowed the
Jones-matrix reconstruction of the distributions of
linear and circular birefringence of polycrystalline
bile ¯lms.29 Thus, this method can be used for
diagnostics of Type II diabetes with excellent
accuracy. However, the extraction of complete information about all types of anisotropy of polycrystalline ¯lms of biological °uids has not yet been
realized. The theoretical background for this problem and its possible solution have been presented in
a number of papers.30,31 Therefore, the implementation of this theory for Jones-matrix mapping of
biological °uid ¯lms is an importent goal for modern
biophysics. This technique will allow to obtain new
data on the distributions of the phase and amplitude anisotropy parameters. These data will open
the prospect of determining the relationship between the transformation of the polycrystalline
structure of biological °uid ¯lms and the appearance of pathology of various human organs.
Our paper is aimed at the development of the
method of Jones-matrix tomography of polycrystalline layers of various types of biological °uids
using the samples of bile and synovial °uid from the
knee joint.
The choice of these samples is due to the next
physical and medical considerations
Physical — Polycrystalline structure of ¯lms of
such liquids is formed by di®erent types of biochemical crystals. Therefore, a comparative analysis of the
obtained Jones-matrix tomography data will make it
possible to determine the reliable criteria which are
most sensitive to changes in the distributions of the
phase and amplitude anisotropy parameters.
The medical — The use of such criteria will expand the functional capabilities of early diagnosis of
various pathologies of human organs
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cholelithiasis (\CLS") — Worldwide spread
reaches 10%.32
joint infection — An irreversible loss of joint
function occurs in 25–50% of patients who have
su®ered septic arthritis (SA). Mortality varies
between 5% and 15%.33

These pathologies are impossible to detect at the early
stage of disease in most cases. Particularly, precise
methods of diagnosis (90–95%) have been developed
only for the late stages of CLS formation.34 Thus,
pathology diagnostics with the speci¯ed accuracy at
the \pre-consecutive" stage remain an open task.
Appropriate diagnostics of joint infection are
complex and ambiguous tasks. The clinical picture
of the presence of pathology can varies, and its
diagnostics methods are nonspeci¯c.35–37
Therefore, the development of new, more accurate and fast methods using the novel opticalphysical approaches for formation and processing of
microscopic images of polycrystalline ¯lms of biological °uids of di®erent human organs is an important task in bioimaging.

2. Methods and Materials
2.1. Basic equations and theoretical
remarks
We start with a brief theoretical description of the
Jones-matrix reconstruction (tomography) algorithms for the determination of the parameters of
optical anisotropy of polycrystalline ¯lms of biological °uids.
The theoretical background of the Jones-matrix
tomography has been presented.30,31 We determine
the relationship between the Jones-matrix fDg, the
generalized anisotropy TðL0;90 ; L45;135 ; C; Þ, the
planar layer and its complex elements dik ¼ jik expði
ðik  11 ÞÞ recorded in the polar form as follows:




L
ðC  iL 0 Þ

 cos 0:5T  i sin 0:5T
sin
0:5T


T
T
fDg ¼ 
;
0
ðC þ iL Þ
L


 
sin 0:5T cos 0:5T þ i sin 0:5T 
T
T



j11
j12 expðið12  11 ÞÞ 

:
¼ K
j21 expðið21  11 ÞÞ j22 expðið22  11 ÞÞ 

ð1Þ
Here, K is the universal complex constant; T is
the modulus of the generalized anisotropy vector

T, L ¼ LB0;90  iLD0;90 , L ¼ LB45;135  iLD45;135 ,
C ¼ CB;  iCD; . They can be rewritten as


K¼

j11 j22 expðið22  11 ÞÞ  j12 j21 expðið12  11 ÞÞ
 expðið21  11 ÞÞ

 0:5

;

ð2Þ
T ¼
¼

ðL 2
 0;90

2
þ
þ C ;
Þ 0:5 ;
ðLD0;90 þ iLB0;90 Þ 2 þ ðLD45;135
þ ðCD; þ iCB; Þ 2

L 245;135

þ iLB45;135 Þ 2

 0:5

;

ð3Þ
where LD0;90 , LD45;135 and LB0;90 , LB45;135 are the
linear dichroism — birefringence; CD; and CB;
are the circular dichroism — birefringence of optically
anisotropic component of biological layer for linearly
(0 0  90 0 i45 0  135 0 ) and circularly right — ()
and left — () polarized orthes.
Using Eqs. (1)–(3), the theoretical interrelations
Fj¼16 between the parameters of linear and circular
birefringence-dichroism and elements of the Jonesmatrix fDg of an optically anisotropic layer can be
written as follows:
8
LB0;90 ¼ F1 ðjik ; ðik  11 ÞÞ;
>
>
>
>
>
LB45;135 ¼ F2 ðjik ; ðik  11 ÞÞ;
>
>
>
< CB
; ¼ F3 ðjik ; ðik  11 ÞÞ;
ð4Þ
>
LD0;90 ¼ F4 ðjik ; ðik  11 ÞÞ;
>
>
>
>
>
LD45;135 ¼ F5 ðjik ; ðik  11 ÞÞ;
>
>
:
CD; ¼ F6 ðjik ; ðik  11 ÞÞ;
where jik is the real part and ik are the phase angles
of the elements of the Jones-matrix in the polar
coordinate system.
In our previous works,38,39 the technique for Jonesmatrix mapping of distributions jik ðx; yÞ and ik ðx; yÞ
was based on probing samples with di®erently polarized beams (0 0 ; 90 0 ; 45 0 ; ) and the technique for
measurement of series of polarization intensity units
0;90;45;
) at the points ðx; yÞ of microscopic
(I 0;90;45;135;;
images of biological °uid ¯lms has been developed
j11 ¼ ðI 00 Þ 0:5 ;
90 0:5
j21 ¼ ðI 90
Þ ;

0 0:5
j12 ¼ ðI 90
Þ ;

j22 ¼ ðI 090 Þ 0:5 ;

ð5Þ

12;11 ¼ ð12  11 Þ
 

f13 þ f23 þ iðf14 þ f24 Þ
¼ Im ln
;
ððf11 þ f21 Þ 2  ðf12 þ f22 Þ 2 Þ 0;5
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21;11 ¼ ð21  11 Þ
 

f31 þ f32 þ iðf41 þ f42 Þ
;
¼ Im ln
ððf11 þ f21 Þ 2  ðf21 þ f22 Þ 2 Þ 0;5
ð7Þ
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22;11 ¼ ð22  11 Þ
 

f33 þ f44 þ iðf43  f34 Þ
¼ Im ln
:
ððf11 þ f22 Þ 2  ðf21 þ f12 Þ 2 Þ 0;5
ð8Þ
Here, fik are the elements of Mueller matrix of a
biological layer
f11
f12
f13
f14
f21
f22
f23
f24

¼ 0:5ðS 10 þ S 190 Þ; f31 ¼ 0:5ðS 30 þ S 390 Þ;
¼ 0:5ðS 10  S 190 Þ; f32 ¼ 0:5ðS 30  S 390 Þ;
¼ S 145  f11 ; f33 ¼ S 345  f31 ;
¼ S 1  f11 ; f34 ¼ S 3  f31 ;
¼ 0:5ðS 20 þ S 290 Þ; f41 ¼ 0:5ðS 40 þ S 490 Þ;
¼ 0:5ðS 20  S 290 Þ; f42 ¼ 0:5ðS 40  S 490 Þ;
¼ S 245  f21 ; f43 ¼ S 445  f41 ;
¼ S 2  f21 ; f44 ¼ S 4  f41 ;

ð9Þ

0;90;45;
where S i¼1;2;3;4
is the Stokes vector parameters
0;45;90;
0;45;90;
S i¼1
¼ I 00;45;90; þ I 90
;
0;45;90;
0;45;90;
S i¼2
¼ I 00;45;90;  I 90
;
0;45;90;
0;45;90;
0;45;90;
S i¼3
¼ I 45
 I 135
;

ð10Þ

0;45;90;
S i¼4
¼ I 0;45;90;  I 0;45;90; :

anisotropy of polycrystalline ¯lms of biological
°uids
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>
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þ
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:
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Each biological layer has a complex feature of
optical anisotropy.1 Among them, structural anisotropy (linear birefringence LB and dichroism LD
of polycrystalline networks of biological molecules),
as well as optical activity (circular birefringence CB
and dichroism CD of chiral molecules) are
distinguished.9
In general, the polarization manifestations of the
anisotropy mechanisms mentioned above are described by a set of matrix elements fik .43 In fact, at
the moment, there is no data on an analytical form
of the algorithms of interconnections between
the parameters (LB,CB,LD,CD) and the set of
elements fik .
Based on the synthesis of theoretical30,31 and
experimental23–29,38,39 results, we obtained algorithms for complex Jones-matrix reconstruction of
the distributions of both phase (LB0;90 ; LB45;135 ;
CB; ) and amplitude (LD0;90 ; LD45;135 ; CD; )
1950017-4

ð12Þ
Here
8
>
>
< A1 ¼

f13 þ f23
;
ððf11 þ f21 Þ 2  ðf12 þ f22 Þ 2 Þ 0:5
f14 þ f24
>
>
;
: A2 ¼
ððf11 þ f21 Þ 2  ðf12 þ f22 Þ 2 Þ 0:5
8
f31 þ f32
>
>
;
< B1 ¼
ððf11 þ f12 Þ 2  ðf21 þ f22 Þ 2 Þ 0:5
f41 þ f42
>
>
;
: B2 ¼
ððf11 þ f12 Þ 2  ðf21 þ f22 Þ 2 Þ 0:5
8
f33 þ f44
>
>
;
< C1 ¼
ððf11 þ f22 Þ 2  ðf21 þ f12 Þ 2 Þ 0:5
f43 þ f34
>
>
;
: C2 ¼
ððf11 þ f22 Þ 2  ðf21 þ f12 Þ 2 Þ 0:5

D1 ¼ j11 j22 C1  j12 j21 ðA1 B1  A2 B2 Þ;
D2 ¼ j11 j22 C2 þ j12 j21 ðA1 B2 þ A2 B1 Þ:

ð13Þ

ð14Þ

ð15Þ

ð16Þ
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The found algorithms (Eqs. (9)–(16)) of the
Jones-matrix tomography open up the prospects for
the experimental investigation and obtaining of new
data on the polycrystalline structure of ¯lms of biological °uids of human organs with various pathologies and physiological states.
Further, the next equations will be used for
generalized linear birefringence (LB) and dichroism
(LD)31 as follows:
LB ¼

2.2.

ðLB 20;90

LB 245;135 Þ 0:5 ;

þ

ð17Þ

LD ¼ ðLD 20;90 þ LD 245;135 Þ 0:5 :

ð18Þ

3. Results and Discussion
3.1. Samples, preparation and statistical validation
The ¯lm samples of bile and synovial °uid have
been investigated as follows:

.

(b)

(c)

(d)

Experimental setup

Experimental studies were performed using a classic
2D polarimetry setup. The optical scheme of the
polarimeter and the characteristics of its functional
parts are described in detail elsewhere.38,39 In this
study, a laser with wavelength  ¼ 0:6328 m is
utilized. In this range of spectra, the absorption of
protein complexes is minimal. Thus, the spectral
probe makes it possible to study polarization-predominantly phase anisotropy (linear and circular
birefringences) of the molecular structures of biological objects. For the purpose of complex radiation of the parameters of phase and amplitude
(linear and circular dichroism) anisotropy of the
¯lms of biological °uids, we used a \blue" laser
diode with a wavelength  ¼ 0:405 m. This probing spectral range allows for simultaneous realization of birefringence-dichroism mechanisms.40–44

.

(a)

Bile — practically healthy donors (\Norm" —
\control" — group (1) and patients with cholelithiasis (\CLS" - \diagnosed" - group (2)
Synovial °uid — reactive synovitis (\RA"\control" — group (3) and septic arthritis (\SA"
- \diagnosed" — group (4) from the knee joint.

The ¯lm samples were made by applying a drop of
liquid to an optically homogeneous glass substrate,
followed by drying at room (t  22 0 Þ temperature.

Fig. 1. Microscopic (4) polarization-visualized images of the
optically anisotropic component of bile ¯lms (a,b) and synovial
°uid (c,d) of control (a,c) and research (b,d) groups.

For all polycrystalline ¯lm samples, the single
scattering regime ð < 0:01Þ has been realized.
Figure 1 shows the polarization visualized in
crossed polarizer analyzer, polycrystalline structures of bile ¯lms (Groups 1 and 2) and synovial
°uid (Groups 3 and 4).
The objects selected for the study combine the
similarity of a polycrystalline structure — the
presence in all cases of optically anisotropic networks. The biochemical structure of such networks
is di®erent. In bile samples, the structure is formed
by needle-shaped (LB;LD) crystals of fatty acids, as
well as optically active (CB;CD) crystals of cholesterol monohydrate and calcium bilirubinate.40
The phase and amplitude anisotropy of the synovial °uid forms various protein complexes (arginine, proline, etc.) with mechanisms of circular
anisotropy, as well as ¯brin ¯laments and collagen
¯bers with linear birefringence-dichroism.41
A comparative qualitative analysis of microscopic images revealed the next features (see Fig. 1)
.

Polarization-visualized polycrystalline networks
of various biological °uids have their own
structure;

1950017-5
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The polycrystalline structures of bile and synovial
°uid within the control and investigated groups
has no signi¯cant di®erences.

Forty-three patients in all groups were determined
as reliable using the Statmate software with significant di®erence p < 0:05.
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3.2.

Analysis of distributions of phase
and amplitude anisotropy

Obtained (relations (11)–(18)) distributions
 nÞ;
were analyzed using the statistical
OA  f Phðm
Amðm  nÞ
38,39
Using MATLAB software, we calcuapproach.
lated the histograms HðPhÞ, HðAmÞ (operator
\hist") and statistical moments of the 1st–4th order
(operator mean, STD, skewness, excess), which
characterize the distributions OAðm  nÞ
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u
K
K
X
u1 X
1
OAj ; Z2 ¼ t
ðOA  Z1 Þ 2j ;
Z1 ¼
K j¼1
K j¼1
K
1 1 X
ðOA  Z1 Þ 3j ;
Z3 ¼ 3
Z 2 K j¼1
K
1 1 X
ðOA  Z1 Þ 4j :
Z4 ¼ 4
Z 2 K j¼1

kurtosis or \peak sharpness" (Z4 ) of histograms
HðPhÞ and HðAmÞ.

3.3.

Figures 2 and 3 show results of the Jones-matrix
reconstruction of phase distributions (relations (11),
(13)–(17)) and amplitude (the ratio (12), (13)–(16),
(18)) anisotropy of polycrystalline bile ¯lms.
Figures 4 and 5 show results of the Jones-matrix
reconstruction of phase distributions (relations (11),
(13)–(17)) and amplitude (the ratio (12), (13)–(16),
(18)) anisotropy of synovial °uid from the knee
joint.

3.3.1.

Here, K is the number of pixels in the CCDcamera. These parameters characterize the mean
value (Z1 ), dispersion (Z2 ), skewness (Z3 ) and

Polycrystalline structure of bile
¯lms

The analysis of the obtained results revealed the
next features
.

ð19Þ

Jones-matrix reconstruction of
the polycrystalline structure
of biological °uid ¯lms

The presence of all types of optical anisotropy
(see Figs. 2 and 3, (2), (3), (7), (8), respectively)
for polycrystalline bile ¯lms of both groups.
The histograms of the distributions are characterized by signi¯cant ranges of variation of
¼ 0rad  0:06rad;
Þ — dichroism
the \birefringence ð LB
CB ¼ 0rad  0:09rad
LD ¼ 0rad  0:04rad;
ð CD ¼ 0rad  0:06rad Þ" (see Figs. 2 and 3, (4), (5), (9),
(10), respectively).

Fig. 2. Maps of intensity (1, 6), linear (2, 7) and circular (3, 8) birefringence; histograms of the phase anisotropy parameters (4, 5),
(9, 10) of polycrystalline bile ¯lms of patients from group 1 (1)–(5) and group 2 (6)–(10).
1950017-6
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Fig. 3. Maps of intensity (1, 6), linear (2, 7) and circular (3, 8) dichroism; histograms of the distribution of the parameters of the
amplitude anisotropy (4, 5, 9, 10) of polycrystalline bile ¯lms of patients from group 1 (1)–(5) and group 2 (6)–(10).

.

The predominance of optical activity and circular
dichroism (see Figs. 2 and 3, (3),(8)) over the
mechanisms of linear birefringence and dichroism
(see Figs. 2 and 3 (2), (7)) of polycrystalline
structures of bile ¯lms. The main extrema of the
histograms H(CB) and H(CD) are localized in the
region of large values CB and CD (see Figs. 2
and 3 (5), (10)) in comparison with the analogous
distributions of H(LB) and H(LD) (see Figs. 2
and 3 (4), (9)). As a result, the distribution of
circular anisotropy parameters is characterized by
 LB
 (see
large values of the mean values CB

.

 > LD
 (see Fig. 3
Fig. 2 (4), (5), (9), (10)) and CD
(4), (5), (9), (10)).
The predominance of the optical activity (see
Fig. 2 (3), (8)) of polycrystalline bile ¯lms from
group 2 (\CLS") in comparison with the samples
from group 1. The histograms H(CB) illustrate
the growth (the presence of additional extremes
CBmax ¼ 0:07rad  0:09rad) of circular birefringence of bile samples in patients (see Fig. 2 (5),
(10)). A similar but less pronounced picture is
also observed for distributions of circular dichroism H(CD) (see Fig. 3 (5), (10)). As a result, for

Fig. 4. Maps of intensity (1, 6), linear (2, 7) and circular (3, 8) birefringence; histograms of the distribution of the phase anisotropy
parameters (4, 5, 9, 10) of polycrystalline synovial °uid ¯lms of patients from group 3 (1)–(5) and group 4 (6)–(10).
1950017-7
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Fig. 5. Maps of intensity (1, 6), linear (2, 7) and circular (3, 8) birefringence; histograms of the distribution of the phase anisotropy
parameters (4, 5, 9, 10) of polycrystalline synovial °uid ¯lms of patients from group 3 (1)–(5) and group 4 (6)–(10).

the average values of the parameters of the circular phase and amplitude anisotropy of the bile
¯lms from both groups, the following relations
can be written:


CBð\CLS"Þ
> CBðNormÞ;


CDð\CLS"Þ
> CDðNormÞ

ð20Þ

These relations can be explained by the following
reasons. The ¯rst, one, the polycrystalline component of the bile ¯lm contains a high concentration of
optically active cholesterol monohydrate and calcium bilirubinate comparing to the linearly birefringent needle crystals of fatty acids. As a result, the
mechanisms of circular phase anisotropy prevail
over linear birefringence. Second, in the blue region
of the spectrum, the absorption of molecular bile
complexes is su±ciently larger.42 Therefore, the
predominance of circular dichroism is also quite
pronounced. Third, the increase in circular birefringence and circular dichroism in the early stages
of \CLS" can be associated with an increase in the
concentration of cholesterol monohydrate and calcium bilirubinate.

3.3.2. Polycrystalline structure of synovial
°uid ¯lms
For the polycrystalline structure of synovial °uid
¯lms, as well as for the bile ¯lms (see Figs. 2 and 3
(4), (5), (9), (10)), all types of optical anisotropy are
typical (see Figs. 4 and 5 (4), (5), (9), (10)). On the

other hand, the mechanisms of phase anisotropy (see
Fig. 4 (2), (3), (7), (8)) prevail over the optically
anisotropic absorption (see Fig. 5 (2), (3), (7), (8)).
This is indicated by the ranges of variation
(LB; CB ¼ 0rad  0:08rad and LD ¼ 0rad
0:07rad; CD ¼ 0rad  0:04rad) as well as by localization of the main extremes (LBmax ¼ 0:037rad;
CBmax ¼ 0:036rad and LDmax ¼ 0:034rad; CDmax ¼
0rad) histograms HðPhÞ (see Fig. 4 (4), (5), (9), (10))
and HðAmÞ (see Fig. 5 (4), (5), (9), (10)).
The pathological state of the knee joint leads to
an increase of polycrystalline synovial °uid ¯lms
linear birefringence from Group 2 (see Fig. 4 (4),
(9)). Histograms HðLBÞ are characterized by
large values of the main extremes (see Fig. 4 (9)) –
ð1Þ
ð2Þ
LB max ¼ 0:042rad and LB max ¼ 0:063rad compared
to similar distributions for samples from Group 1
(see Fig. 4 (4)).
Described features of the transformation of the
polycrystalline structure of synovial °uid ¯lms can
be explained by the following reasons. The ¯rst
one is the fact that in the synovial °uid of the
pathologically altered joint (\SA"), the concentration of ¯brillar protein structures increases. As a
result, the level of linear birefringence also increases.43 Second, in the blue region of the spectrum, the
absorption of the main protein complexes of the
synovial °uid is rather small.44 Therefore, the e®ects
of optically anisotropic absorption are less pronounced in comparison with the mechanisms of
phase anisotropy.
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Table 1. Parameters of the statistical analysis of Jones-matrix tomograms of
polycrystalline bile ¯lms.
LB
Parameters
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Z1  10 3
Z2  10 3
Z3
Z4

CB

Group 1
0.17
0.21
0.37
0.51

Group 2

0.011*
0.012
0.022*
0.027*

0.24
0.32
0.49
0.76

Group 1

0.015*
0.018
0.028*
0.044*

0.36
0.41
0.38
0.31

0.019*
0.023
0.022*
0.017*

LD
Parameters
Z1  10 3
Z2  10 3
Z3
Z4

3.4.

Group 1
0.09
0.11
0.43
0.66

0.006*
0.006
0.024
0.035

.

.

.

0.52
0.59
0.56
0.49

0.029*
0.032
0.029*
0.026*

CD
Group 2

0.12
0.14
0.35
0.53

Within each set of values of statistical moments
Zi¼1;2;3;4 (see Eq. (19)), we determined the
~ i¼1;2;3;4 and standard deviation
average value Z
i¼1;2;3;4 ;
Di®erences between the statistical sets Zi¼1;2;3;4
were signi¯cant in the case when the average
~ i¼1;2;3;4 within the control group did not
value Z
\overlap" with the standard deviation i¼1;2;3;4
within investigated group and vice versa;
Within both groups of biological tissues samples,
the cuto® of 3 (99.72% of all possible values of
changes of Zi ) was chosen for the distribution of
~ i¼1;2;3;4 . Sevalues of each statistical moments Z
quentially, we determined the number of \false
negative" (b) and \false positive" (d) conclusions;
For each statistical moment, the operational
characteristics traditional for probative medicine45–47 were calculated: sensitivity (Se ¼
a
c
aþb 100%), speci¯city (Sp ¼ cþd 100%Þ and bal-

Group 1

0.008*
0.008
0.0.19
0.028

.

Statistical analysis

Here, we present the results of statistical analysis of
data from Jones-matrix tomography of polycrys nÞ;
Þ of bile and synotalline structure (OA  f Phðm
Amðm  nÞ
vial °uid ¯lms.
The di®erentiation between the control groups
(\1"; \3") and investigated groups (\2"; \4") was
determined by using the following methodology 45;46 :
.

Group 2

0.14
0.16
0.37
0.51

Group 2

0.009*
0.009
0.021*
0.031*

0.21
0.24
0.21
0.36

0.013*
0.0015
0.012*
0.022*

The statistical moment for which the value of
balanced accuracy Ac is maximal was used as a
diagnostic criterion.

3.4.1.

Polycrystalline bile ¯lms

The comparative analysis of obtained data showed
that the di®erences between the values of average
moments of all orders are statistically valid
(Table 1).
The moments Zi¼1;3;4 (CB) and Zi¼1;3;4 (CD)
appeared to be sensitive for di®erentiation of circular birefringence (CBðm  nÞÞ and dichroism
maps (CDðm  nÞÞ of polycrystalline bile ¯lms
(marked by * in Table 1). For linear birefringence
and dichroism, the Jones-matrix tomograms
LBðm  nÞ; LDðm  nÞ of bile ¯lms are less informative. The di®erences between both groups of bile
samples are not so vivid.
Table 2 presents the parameters of Jones-matrix
tomography balanced accuracy value of polycrystalline bile ¯lm optical anisotropy of practically
healthy donors and patients with \CLS".

anced accuracy (Ac ¼ SeþSp
2 Þ were determined,
where a is a number of \truly positive" conclusions
within group (\1"; \3"); c is a number of \truly
negative" conclusions within group (\2"; \4").
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Table 2. Parameters of the statistical analysis of
Jones-matrix tomograms of polycrystalline bile ¯lms.
Parameters

Zi

LB

CB

LD

CD

AcðZi Þ

Z1
Z2
Z3
Z4

86%*
74%
88%*
86%*

90%*
76%
94%*
95%*

85%*
72%
82%
84%

88%*
75%
91%*
92%*

V. A. Ushenko et al.
Table 3. Parameters of the statistical analysis of Jones-matrix tomograms of
polycrystalline bile ¯lms.
LB
Parameters
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Z1  10 3
Z2  10 3
Z3
Z4

CB

Group 3
0.42
0.51
0.29
0.42

Group 4

0.026*
0.032
0.027*
0.037*

0.53
0.56
0.63
0.71

Group 3

0.032*
0.036
0.038*
0.054*

0.32
0.29
0.21
0.25

Group 4

0.018
0.016
0.034*
0.046*

LD
Parameters
Z1  10 3
Z2  10 3
Z3
Z4

0.018
0.018
0.047
0.032

Group 4
0.34
0.38
0.34
0.31

The obtained results enable to suggest Jonesmatrix tomography allows for high accuracy measurements. According to the criteria of probative
medicine,45–47 the parameters AcðZ1 ðOAÞÞ ¼ 85%
90% and AcðZ3;4 ðLBÞÞ ¼ 86%  88% correspond
to good quality (marked by * in Table 2). The
maximal level of accuracy has been for asymmetry
and kurtosis, which characterizes the distributions
of circular birefringence and dichroism — AcðZ3;4
ðCB; CDÞÞ > 90% correspond to high quality.

3.4.2. Polycrystalline ¯lms of synovial °uid
The results of the statistical and operational analysis of the Jones-matrix tomograms of the ¯lms of
synovial °uid from the knee joint of patients from
both groups are presented in Tables 3 and 4.
The analysis of the obtained data allows to suggest that the most sensitive parameters (Table 3) to
the changes in the polycrystalline structure of the
synovial °uid are Z1 , Z3 and Z4 , which characterize
the average, skewness and kurtosis of the linear
birefringence (LB) distribution (marked by * in
Table 3).

Group 3

0.023
0.021
0.073
0.048

0.11
0.16
0.63
0.82

Parameters

Zi

LB

CB

LD

CD

Ac(Zi )

Z1
Z2
Z3
Z4

86%*
74%
92%*
94%*

68%
70%
78%
80%

66%
68%
78%
79%

64%
65%
74%
72%

Group 4

0.008
0.009
0.023
0.018

0.13
0.18
0.51
0.62

0.009
0.011
0.029*
0.021

Good (AcðZ1 ðLBÞÞ ¼ 86%Þ and excellent
(AcðZ3;4 ðLBÞÞ > 90%Þ accuracy of di®erential diagnosis of pathology of the knee joint has been
achieved (marked by * in Table 4).
Similar studies were conducted for other biological °uids (Table 5)
.
.

.

urine — practically healthy donors (43 samples)
and patients with albuminuria (43 samples);
cytological smear — practically healthy donors
(41 samples) and patients with cervical cancer
(41 samples);
blood plasma — practically healthy donors
(42 samples) and patients with non-alcoholic
fatty liver disease (42 samples).

The obtained results allow suggesting that the
method of Jones-matrix tomography of polycrystalline ¯lms of biological °uids of human organs
with various pathologies can be perspective and a
Table 5. Parameters of the statistical analysis of Jones-matrix
tomograms of polycrystalline bile ¯lms.

Fluid
Table 4. Parameters of the statistical analysis of
Jones-matrix tomograms of polycrystalline bile ¯lms.

0.021
0.018
0.028
0.037

CD

Group 3
0.29
0.32
0.25
0.47

0.36
0.33
0.16
0.21

Pathology

Objective
parameters
Maximum
balanced
accuracy

1950017-10

Urine

Blood plasma

Albuminuria

Z2;3;4 (LD,CD)

Non-alcoholic
fatty liver
disease
Z3;4 (LB)

94%

93%

Cytological
smear
Cervical
cancer
Z1;2 (CB)
91%

Biomedical applications of Jones-matrix tomography to biological °uids polycrystalline layers
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useful method for clinical applications. This is indicated by the high ( 90%Þ level of balanced accuracy in the diagnosis of various diseases, not at
the late,32–37 but at the early stages of their occurrence. A further increase in the accuracy of diagnostics is possible by conducting systemic clinical
studies of a signi¯cantly larger number of patients.

4.

Conclusions

The investigation of e±ciency of the developed
technique of Jones-matrix-based polarization imaging polycrystalline ¯lms of biological °uids approach for diagnosis of the pathological conditions
of human organs has been presented. The highorder statistical moments of distributions of linear
and circular birefringence, dichroism and their
variations are utilized for quantitative noninvasive
assessment of the polycrystalline ¯lms of biological
°uids. It was shown that distributions of phase and
amplitude anisotropy formed by polycrystalline
¯lms of biological °uids of human organs with
various pathologies can be used as the quantitative
diagnostic parameters. Based on the obtained
results, the di®erentiation criteria between the
causes of reactive synovitis and septic arthritis,
early stages of cholelithiasis, as well as other pathologies (cervical cancer, non-alcoholic fatty liver
disease, renal albuminuria) were de¯ned using the
statistical (statistical moments of the 1st–4th order)
analysis of Jones-matrix tomograms of polycrystalline structure of ¯lms of biological °uids. The suggested quantitative approach is fast enough (the
time of getting the result is t 15 min) compared to
the other techniques currently used in clinical
practice. In this way, the described method has a
strong potential for application in histology for
di®erentiation of pathology of various human
organs. Thus, in order to implement this method
into routine laboratory practice, numerous clinical
tests are required in gastroenterology, traumatology, gynecology and oncology.
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