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Abstract. The optical model of formation of polarization structure of laser radiation scattered by polycrystalline
networks of human skin in Fourier plane was elaborated. The results of investigation of the values of statistical
(statistical moments of the 1st to 4th order) parameters of polarization-inhomogeneous images of skin surface in
Fourier plane were presented. The diagnostic criteria of pathological process in human skin and its severity
degree differentiation were determined. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.21.7
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1 Introduction

Investigations in vitro prevail among various optical and physi-

cal techniques of diagnostics of structure and properties of bio-

logical objects.1–11 Particularly, laser polarimetry of microscopic

images of polycrystalline protein networks was formed as a sep-

arate approach in the study of optically anisotropic component of

histological sections of biopsy of different biological tissues.12–19

The analytical methods used in laser polarimetry are based on

the approximation of linear birefringence of biological tissues.

On the basis of the above-mentioned approach there has been

found an interconnection between the set of statistic moments

of the 1st to 4th orders, which characterize the azimuth and ellip-

ticity distributions of laser images, and the physiological state of

biological tissue layer. As the result, the method of polarization

mapping and the successful diagnostics of oncological (malig-

nant) changes of human biological tissues have been elaborated.

At the same time, such diagnostics requires a traumatic and not

always safe procedure of biopsy. This fact limits the possibility

of screening investigations in clinical practice.

In order to extend the functional possibilities of noninvasive

(optical) and accurate (comparable with histological methods)

oncological diagnostics, the application of polarization mapping

of biological tissues in vivo is topical. In this situation, the

obtaining of convenient microscopic images is complicated

due to the high level of diffuse background. Fourier polarimetry

of biological tissue can be used as an alternative approach.20

Such a method allows the ability to concentrate the reflected

by biological tissue radiation and perform the polarization map-

ping of obtained Fourier spectra. At the same time, polarization

structure of Fourier spectra of object fields of biological tissues

in vivo is practically unexplored.

This research is aimed at investigation of efficiency of optical

differentiation of benign (adenoma) and precancer (keratoma)

changes of human skin utilizing the statistical analysis of

polarization-inhomogeneous Fourier spectra of scattered laser

radiation.

2 Basic Analytical Relations

Let us consider the process of forming a polarization-inhomo-

geneous Fourier spectra of the reflected laser radiation by

human skin. In Refs. 12,16–18 what has been proposed and

experimentally proved is the model of amorphous-crystalline

structure of planar layers of main types of biological tissues:

connective, muscular, epithelial, and nervous. Within the limits

of such an approach, it has been shown that the following matrix

operator can characterize the optical properties of polycrystal-

line networks anisotropy20
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where dikðρ;ϕ; θÞ are Jones-matrix elements, which are deter-

mined by the directions of optical axis ρ of collagen fibrils

and the values of phase shifts of linear (φ) and circular (θ)

birefringence.

In accordance with Eq. (1) the processes of formation of

polarization-inhomogeneous laser field of polycrystalline
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network in the plane of skin surface completely described by the

following Jones-matrix equation
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Here φ0x and φ0y—phases of orthogonal components ðE0x; E0yÞ
of the amplitude of laser beam probing skin surface, φx and

φy—phases of orthogonal components Ex, Ey of the of laser

field amplitude formed by optically anisotropic collagen net-

works in the plane of skin surface.

From the Eq. (2) it is possible to determine the trajectory of

waves polarization in every point ðx; yÞ of laser image of skin

surface
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Here Δφ ¼ φx − φy.

Thus, polarization-inhomogeneous [polarization maps

αðx; yÞ, βðx; yÞ] image of human skin is formed18
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It should be noted that the relations of Eqs. (1)–(6) satisfactorily

describe the process of forming of polarization structure of laser

radiation transformed by optically thin layers of skin. Such a

scenario can be reached as the result of optical investigations

of skin in vitro. In the in vivo regime, due to the multiple scatter-

ing of laser radiation in the surface and subsurface layers of skin,

the transformation of polarization structure [Eqs. (4)–(6)] of

object field of human skin takes place. The formation of such

a polarization-inhomogeneous field in the Fourier plane can be

described analytically by forward Fourier transform. Taking into

account relations Eq. (2) intensity, azimuth, and ellipticity of

polarization of each point of Fourier spectrum can be deter-

mined from the next relations21
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Here Ux, Uy—amplitudes in the points of Fourier images of dis-

tributions of amplitudes of polarization-inhomogeneous field

Exðρ; δ; θÞ and Eyðρ; δ; θÞ in boundary (near-surface) zone. Here
ν ¼ ðx∕λfÞ and μ ¼ ðy∕λfÞ—spatial frequencies, λ—laser

radiation wavelength; and f—focal distance of microobjective.

By analogy with Eqs. (4)–(6) polarization maps [α�ðμ; νÞ,
β�ðμ; νÞ] of polarization-inhomogeneous Fourier images of

human skin were determined in accordance with the following

relations
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where χ—phase shift between the orthogonal component

of laser field amplitude Ux, Uy in Fourier plane, Θ ¼
arctanðUy∕UxÞ.

Comparative analysis of the structure of polarization-inho-

mogeneous object fields of human skin in different registration

zones {boundary plane [Eqs. (4) and (5)—in vitro] and Fourier

plane [Eqs. (9) and (10)—in vivo]} reveals the dependence

between the distributions of polarization azimuths ðα; α�Þ and

ellipticities ðβ; β�Þ values and anisotropy parameters ðρ;φ; θÞ
of human skin. It is known12,14,15 that oncological changes

of biological tissues accompanied by increasing of optical

anisotropy (φ ↑, θ ↑) due to destructive processes of neoplasms

formation. Optical “indicators” of such changes are the transfor-

mation of the distribution of values of polarization parameters of

object laser fields, transformed by human skin with various

types of pathology. Quantitatively and objectively, these proc-

esses in vivo can be assessed by monitoring changes of a set

of statistical moments of the 1st to 4th order, describing the dis-

tribution of values of polarization azimuth α� and ellipticity β�

in Fourier plane.

3 Experimental Results and Discussion

The most important monitoring of human skin pathological

changes is on early, precancerous stages. Therefore, in this

paper we have performed the following steps:

• at the first stage the possibility of finding a set of criteria

(statistical moments of 1st to 4th order, describing distri-

bution of values of azimuth and ellipticity of polarization

in the Fourier plane) of noninvasive optical diagnostics of

human skin during the differentiation of its conditions was

examined;

• at the second stage such data were compared with the

decisions of histological studies (“gold standard”) of

biopsy samples of benign and precancerous skin

formations;

• at the third stage sensitivity, specificity, and accuracy of

the method of Fourier polarimetry were determined.

3.1 Brief Characteristics of the Investigation Objects
and Experimental Setup of Fourier Polarimetry

As the objects of optical (in vivo) and histological (in vitro)

investigations, we chose two types of human skin pathological

states

• patients with the benign (sebaceous adenoma—group 1 to

47 patients) skin changes. A biopsy of tumors was taken

from the neck and trunk of patients.
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• patients with the precancer (keratoma—group 2 to 47

patients) skin changes. A biopsy of abnormal skin was

taken from the shoulders and legs of patients.

Optical investigations of pathologically changed skin areas

were made in the following experimental arrangement.

Figure 1 shows an optical scheme of Fourier–Stokes polarim-

eter. Illumination was performed with an expanded beam of

a He–Ne laser (λ ¼ 0.6328 μm,G ¼ 5.0 mW). The polarization

illuminator consists of the polarizer 3, quarter-wave plate 4, and

single-mode optical fiber 5.

Strain-free objective 7 (Nikon CFI Achromat P, working dis-

tance—30 mm, aperture—0.1, magnification—4×) is placed at

the focal length from the skin surface six. Such a scheme pro-

vides the illumination of the human skin area (S ¼ 20 mm2) and

forms the Fourier spectrum of scattered radiation in the plane of

CCD-camera 10 [The Imaging Source DMK 41AU02.AS,

monochrome 1∕2 0 0 CCD, Sony ICX205AL (progressive scan);

resolution—1280 × 960; light sensitive area size—7600 ×

6200 μm; sensitivity—0.05 lx; dynamic range—8 bit; SNR—

9 bit, deviation of photosensitive characteristics from linear

no more than 5%].

The analysis of polarization structure of Fourier spectra

of radiation scattered by skin was performed by means of

polarizer–analyzer 8. By turning with the help of step 9 the ana-

lyzer axis at an angle Θ within 0 deg–180 deg the arrays of min-

imal and maximal intensity levels Iminðm × nÞ; Imaxðm × nÞ
were determined for every pixel ðm × nÞ of CCD-camera,

as well as the rotation angles Θðm × nÞ½Iðm × nÞ ≡min� corre-
sponding to them. Further, the coordinate distributions (polari-

zation maps) of polarization azimuths and ellipticities of the

field of reflected radiation were calculated using the following

ratios20
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In order to obtain reproducible (valid) experimental polari-

zation distributions Eq. (11) we have used probing laser beam

with right circular polarization for adenoma and keratoma

illumination. Illustrative photos of typical abnormal skin are

shown in Fig. 2. Under these conditions, the value of polariza-

tion azimuth α� and ellipticity β� in the points of Fourier spec-

trum appears to be azimuthally-invariant in relation to the

direction of collagen fibrils packing and the orientation of

epidermis plates.

Fig. 1 An optical diagram of Fourier–Stokes polarimeter, where 1—He-–Ne laser, 2—collimator;
3, 8—polarizers; 4—a stationary quarter-wave plate; 5—optical fiber; 6—skin surface; 7—strain-free
objective; 9—step motor, 10—CCD camera; 11—a personal computer.

Fig. 2 Photos of typical abnormal human skin areas with adenoma (a) and keratoma (b).
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3.2 Polarization-Inhomogeneous Fourier Spectra of
Object Field of Human Skin

Figures 3 and 4 shows the central parts (800 × 600 μm) of

polarization maps of azimuths α�ðμ; νÞ [Figs. 3(a) and 3(b)],

and ellipticities β�ðμ; νÞ [Figs. 4(a) and 4(b)] and the corre-

sponding histograms of their values [Figs. 3(c), 3(d), 4(c), and

4(d)] of the Fourier spectra of reflected radiation by patient’s

skin of group 1 (b, d) and group 2 (a, c).

The obtained data show that

1. Fourier spectra of laser radiation reflected by skin are

polarization-inhomogeneous [Figs. 3(a), 3(b), 4(a),

and 4(b)].

2. Histograms of values of polarization azimuths and

ellipticities of Fourier spectra of reflected radiation are

characterized by the maximal possible range of chang-

ing (α¼−90 deg÷90 deg and β¼−45 deg÷45 deg)

[Figs. 3(c), 3(d), 4(c), and 4(d)].

Provided experimental results confirm the influence of opti-

cal anisotropy of human skin, as it has been predicted in the

model [Eqs. (1)–(10)], on the formation of polarization structure

of Fourier spectra of reflected radiation.

It has been revealed that the polarization structure of Fourier

spectra is different depending on the pathology type (benign-

malignant states) of skin. In the case of keratoma (group 2),

the dispersion of polarization parameters values of Fourier spec-

trum of reflected radiation is less than for adenoma (group 1)

[Figs. 3(d) and 4(d)]. Such fact, in our opinion, can be connected

with the destructive changes of birefringent structures of human

skin.2,7,9,11,16

3.3 Statistical Analysis of Polarization-
Inhomogeneous Fourier Spectra of
the Object Field of Human Skin

For the purpose of objective (quantitative) estimation of the

distributions α�ðμ; νÞ and β�ðμ; νÞ we have used a statistic

approach. Statistical moments of the first (R1), the second

(R2), the third (R3), and the fourth (R4) orders were calculated

by the following algorithms:
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where P ¼ 1280 × 960—amount of pixels of CCD-camera;

q ≡ ðα�; β�Þ.
The methodology of differential diagnostics of skin pathol-

ogy in vivo includes the following steps:22–24

1. Formation of representative samples of groups of

patients. For this purpose

Fig. 3 (a) and (b) Polarization maps α�ðμ; νÞ and the (c) and (d) histograms of distributions Nðα�Þ of laser
images of (a) and (c) adenoma and (b) and (d) keratoma of human skin in Fourier plane.
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• for each patient from group 1 and group 2 we

measured the distributions of values of polarization

parameters [Eq. (11), Figs. 3 and 4] of Fourier spec-

tra of reflected laser radiation;

• for each distribution of values of α�ðμ; νÞ and

β�ðμ; νÞ we calculated the statistical moments of

the 1st to 4th orders Ri¼1;2;3;4ðα
�Þ and Ri¼1;2;3;4ðβ

�Þ
[Eq. (12)];

• for a specified significance level (p ¼ 0.05) we

calculated the statistical power by using of z-test

(Fisher’s z-criterion);

• above-mentioned steps were in progress for each

of the eight obtained sets of values of statistical

moments Riðα
�Þ I Riðβ

�Þ until the range of statistical
power reached 95%;

• as a result we have obtained the statistically reliable

number of patients within the groups 1 and 2 n ¼ 47.

2. The differentiation between the group 1 and group 2

was performed by using of the following

methodology:

• within each set of values of statistical moments

Ri¼1;2;3;4ðqÞ we determined the average value

R̄i¼1;2;3;4ðqÞ and standard deviation σi¼1;2;3;4ðqÞ;

• differences between the statistical sets Ri¼1;2;3;4ðqÞ
were significant in the case when the average

value R̄i¼1;2;3;4ðqÞ within the group 1 didn’t overlap

with the range 1.96 × σi¼1;2;3;4ðqÞ (this provides

95% of confidence interval) within group 2 and

vice versa (see Table 1).

3. For the possible clinical application of such method

traditional for probative medicine operational charac-

teristics: sensitivity [Se ¼ ða∕aþ bÞ100%], specific-

ity [Sp ¼ ðc∕cþ dÞ100%], and balanced accuracy

(Ac ¼ ½ðSeþ SpÞ∕2�), where a and b are the number

of correct and wrong diagnoses within group 2; c and

d—the same within group 1 were determined. For this

purpose

• within both groups of patients for the distributions of

values of each statistical moments Ri¼1;2;3;4ðqÞ we

Fig. 4 (a) and (b) Polarization maps β�ðμ; νÞ and the (c) and (d) histograms of distributions Nðβ�Þ of laser
images of (a) and (c) adenoma and (b) and (d) keratoma of human skin in Fourier plane.

Table 1 Statistical moments of the 1st to 4th orders of the distribu-
tions of polarization azimuths [α�ðμ; νÞ] and ellipticities [β�ðμ; νÞ] of
human skin Fourier spectra.

Parameters

α�ðμ; νÞ β�ðμ; νÞ

Group 1 Group 2 Group 1 Group 2

R i � 1.96σi R i � 1.96σi

R1 0.14� 0.008 0.11� 0.007 0.08� 0.005 0.06� 0.004

R2 0.31� 0.025 0.25� 0.017 0.13� 0.009 0.11� 0.007

R3 1.79� 0;12 0.83� 0;13 0.57� 0.032 0.88� 0.061

R4 1.47� 0.11 2.26� 0.16 0.86� 0.057 1.27� 0.09
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chose cutoff of 3σ (99.72% of all possible values of

changes of Ri);

• sequentially, we determined the number of “false

negative” (b) and “false positive” (d) conclusions;

• for each of statistical moments Ri¼1;2;3;4ðqÞ we

calculated the values of sensitivity Se, specificity

Sp, and balanced accuracy Ac of diagnostical test of

Fourier polarimetry of laser radiation reflected by

human skin (see Table 2);

• from the obtained data {Se½RiðqÞ�, Sp½RiðqÞ�
IAc½RiðqÞ�} we chose the maximal values of

operational characteristics—highlighted in bold in

Table 2.

Therefore, operational characteristics of the method of Fourier

polarimetry of reflected by skin laser radiation in the tasks of

differentiation of benign and malignant states reached the excel-

lent quality of diagnostic test—Acðα�; β�Þ ¼ 92% − 96%.22

4 Conclusions

1. The distributions of polarization parameters of

reflected by skin laser radiation (adenoma and

keratoma) in Fourier plane were measured.

2. The set of statistical (statistical moments of the 1st to

4th orders) parameters characterizing the distributions

of azimuths and ellipticities of laser radiation in

Fourier plane were calculated.

3. It was shown that the most sensitive for diagnostics

and differentiations of pathological changes of

human skin appeared to be the following statistical

moments: of the 3rd order, which characterized the

skewness of the distribution of polarization azimuth

values, and of the 4th order, which characterized the

kurtosis of the distribution of polarization ellipticities

values of polarization-inhomogeneous Fourier spectra

of human skin.

4. The operational characteristics of the method of

Fourier polarimetry of laser radiation reflected by

human skin were determined. The excellent quality of

diagnostic test of such optical method in the task of

differentiation of benign and malignant states was

achieved.
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