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Application of laser speckles for identification
of tissues with pathological changes

A.S. Ulyanov

Abstract. Two new techniques for the analysis of speckle-
patterns, formed by laser radiation dispersed on histological
sections with malignant and non-malignant growths, are
proposed. One of these techniques is based on the calculation
of invariant Zernike moments of the spatial distribution of
the speckle-field intensity. The second technique is based on
the calculation of the fractal dimension of the intensity spatial
distribution in the speckle structure. It is shown that both
these methods yield the same results, which drastically depend
on tissue properties. The possibility of using Zernike moments
and fractal dimensions, formed by laser light dispersed on
histological sections, in in vitro express-diagnostics of tissues
with pathological changes is investigated.
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1. Introduction

For a long time speckle-fields have been used for analysis of
characteristics of dispersive objects and the character of
their motion [1]. In some cases, statistical characteristics of
speckle-fields can be useful to obtain information about
average dimensions of dispersive objects, the degree of
roughness, etc. [1]. Speckle dynamics can be used to
determine the displacement of moving dispersive objects,
the degree of their deformation and the velocity of
dispersive flows. In the biomedical optics, speckle-fields
are widely used in optical diagnostics of biotissues [2], for
measurements of the blood flow velocity [3] and inves-
tigation of the cerebrum microvascular topology [4, 5].
Note that statistical characteristics of speckle-fields slightly
depend on characteristics of dispersive objects [6—38].
Developed speckles usually obey the Gaussian statistics
[6], their size depends on the scattering configuration
(emission wavelength, size of the illuminated object,
distance between a dispersive object and observation
plains), and the speckle contrast is equal to 1.
Nevertheless, not in all cases these statements are true. If
the phase fluctuation caused by a dispersive object obeys the
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K-distribution, the speckle-field statistics should also obeys
the K-distribution [9, 10]. As shown in Refs [11-14], if the
object has some fractal features, the speckle-pattern formed
by this object also can have fractal characteristics. There is a
number of papers devoted to the so-called ‘fractal speckles’
(see paper [15] and references therein).

In biology, medicine and biophysics the fractal dimen-
sion analysis has recently found the application. There have
been a few investigations devoted to the possibility of using
fractal dimensions to describe characteristics of different
biological objects. Thus, fractal dimensions have been used
to select single healthy cells from cancerous cells by using
the electron microscopy methods [16]. In review [17] fractal
characteristics of the vascular topology of cerebrum pial
membranes were described.

Invariant Zernike moments are widely used to describe
structural image characteristics [18, 19]. But Zernike
moments are rarely used in biology. As a matter of fact,
there is only one paper [20] in which Zernike moments,
calculated on the scattering indicatrix, were used to identify
the degree of bacterial colonies’ pathogenicity.

The aim of this paper is to study the possibility of using
specific methods for digital speckle-pattern processing
(calculation of the fractal dimension and Zernike moments)
in express-diagnostics of tissues with pathological changes.
The first attempt is made to use Zernike moments and
fractal dimensions in digital speckle-pattern processing to
identify biotissues with different new growths. It is shown
that tissues with non-malignant growths form speckle-fields
with fractal dimensions, which differ from speckle-patterns
formed by tissues with malignant growths.

2. Methods and materials

A 1-mW, 633-nm HN-5P He-—Ne laser has been used in
experiments. A Gaussian laser beam with a diameter of
l mm was transformed to a collimated beam with a
diameter of 1 cm. The collimated beam was produced by
using a system consisting of two lenses. The first lens with
the focal distance 1.14 mm and numerical aperture 0.44
(C200TM-B, Thorlab, USA) focused the beam to a spot of
diameter ~ 2 um (the spot size was estimated using the
equation for the Airy disc [7]). The front focal plane of the
second lens with the focal distance of 10 mm and numerical
aperture 0.55 (AL1210-A, S-LAH64 Aspheric Lens, Thor-
lab, USA) coincided with the back focal plane of the first
lens. A spatial filter was placed [with a small pinhole of
diameter 5 um (PSS, Thorlab, USA)] in the plane of the
focused beam. Both lenses and the spatial filter were
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assembled in the standard optical tube (SMOSL10, 0.5”
Lens Tube, Thorlab, USA). The collimated laser beam was
directed to the object under study by using a mirror (MEOQS5-
MO1, Gold, Thorlab, USA).

Speckle-patterns were recorded with a monochrome
CMOS Phoenics USB Digital 1298-M camera (MuTech,
USA) having a resolution of 1280 x 1024 pixels. The pixel
size of the camera was 5.2 pum. In some cases of illumina-
tion, an IR filter can cause the appearance of slanted
interference fringes in the detection plain. Because of
this, the IR filter was removed from the camera.

The histological sections under study were prepared on
freezing microtome in accordance with the standard techni-
que and had a thickness of 200 + 5 pm. The histological
sections were fixed between the object and microscope cover
glasses. The lateral dimension of objects was somewhat
larger than the diameter d of the illuminating beam (i.e.
d=1 cm).

The distance z between the illuminated object and
speckle detection plane (surface of the silicone area of
the CMOS camera) was 14 cm. The average lateral dimen-
sion of speckles in the detection plane can be estimated by
using the expression [21, 22]

3z
a~—.
d

Hence, in the case under study (A= 0.63 um, z = 14 cm,
d =1 cm), the estimated size of speckles was about 25 pum,
which is 5 times larger than the pixel size of the CMOS
camera.

()

Figure 1. A non-malignant growth (a) and a speckle-pattern (b)
corresponding to (a).

Figures 1b and 2b show typical speckle-patterns, formed
by dispersive laser radiation on samples under study. The
recorded images have, as a rule, an insignificant two-
dimensional trend [23] (Fig. 3). This trend can be obtained
by using the convolution of the Gaussian function with a
two-dimensional image of the detected speckle-pattern (the
width of the convolution window was 50 x 50 pixels). The
intensity of recorded speckle-patterns in each point was
normalised on the magnitude of the trend. In other words,
the obtained trend was used to suppress large-scale fluctua-
tions of the speckle-patterns intensity.

Figure 2. Malignant growth (a) and a speckle-pattern (b) corresponding
to (a).

Figure 3. Two-dimensional trend, obtained from the speckle-pattern.
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Figure 4. Autocorrelation function of intensity space fluctuations.

A typical example of the normalised one-dimensional
autocorrelation function (coefficient of autocorrelation) is
shown in Fig. 4. The central horizontal line of the speckle-
pattern was used to calculate the autocorrelation function.
One can see that the correlation length (20 um) obtained in
experiments is in good agreement with the theoretical
estimate (25 um), which was obtained by using (1).

Experiments show that the speckle-field, formed by laser
radiation dispersed on histological sections, is completely
depolarised on average and the speckle contrast (see
Ref. [6]) is 0.67.

It is known [8] that the distribution function of the
intensity probability density of multiply scattered light is
described by the function [§]

(3 (2.

where (I) is the average intensity. The speckle contrast for
the distribution described by Eqn (2) is equal to 0.7.

The histogram of intensity fluctuations obtained exper-
imentally is shown in Fig. 5 (the sample size was 1.3 x 10°,
the number of intervals in the histogram was calculated by
using the Sturgess expression [24]). The hypothesis about the
type of the distribution has not tested in this work, but, one
can see from Fig. 5 that speckle statistics obeys distribution
(2) of depolarised thermal radiation.

Thus, the shape of the distribution function of the
intensity probability density, the contrast speckle magnitude
(about 0.7) and the changes in the polarisation structure of
radiation, passed through the scattering object, indicate the
regime of multiple scattering of light in histological sections.
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Figure 5. Histogram of intensity space fluctuations.

3. Methods for speckle-pattern analysis,
based on calculation of Zernike moments
and fractal dimensions

3.1 Zernike moments
Consider a two-dimensional continuous stochastic speckle-
field intensity distribution I(x, y).

The equation describing Zernike moments of the func-
tion I(x,y) (see, for example, Refs [19, 20]) has the form:

An,m = JJI(xvy) Vn,m(xvy)dXdy' (3)

Here, V), is a polynomial which depends on x and y in
powers of n and m, and is described by:

Vn,m(xvy) = Rn,m(p)eiimea (4)

where p = +/x?+73?/p,; 0= arctan(y/x); n is the non-
negative integer; |m| is the number less or equal to n, which
satisfies (n — |m|); p, is the radius of a circle, inscribed in the
square field where the speckle-pattern is recorded;

(n—|m|)/2
Rn,m(p) = (71)5
s=0
)2
X (l’l S).p (5)
s![(n +|m| = 25)/2][(n — |m| — 25) /2]
is a radial polynomial
Taking into account the symmetry property:
Rn,m(p) = Rn,fm(p)v (6)

and using (3)—(5) for the continuous function, which
describes the intensity in a two-dimensional speckle-
structure, one can derive the final equation for Zernike
moments

2n 1 .
A =" [ 6.0 Runl)e " dpa. )
0 Jo

Note that obtained moments are invariant to the image
rotation. It means that if the image is rotated by an angle a:

1/(p,8):[(p,9—0(). (8)

Then, the equation of Zernike moments will be written in
the form:

1 2n 1 )
A :/Lm = 2 j[_ JO JO ](p7 0— a)Rn,m(p)e_lmopdde' (9)

By introducing a new variable 0; = 0 — «, equation (9)
will be written in the form:

n+1 2n 1
A;z.w = |: J J I(pvel)Rn,m(p)
T Jo Jo

% e—iin6|pdpd01:| e—imoc _ An’me—im‘x‘ (10)
The above analysis shows that the argument of the Zernike
moments changes upon rotation (orientation angle), but
their magnitudes remain constant.
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Note that in experiments the spatial distribution of the
scattered light intensity (speckle-pattern) is recorded by
CCD or CMOS cameras that allow the digital speckle-
pattern to be processed. In this case, it is expedient to write
the expression of Zernike moments in a discrete form. To
introduce the discrete function, it is necessary to replace
integrals in (7) by summations over the corresponding
variables py and 04:

n+ 1 —in
An,m = Zzl(pdvad)Rn,m(pd)e 10(1'

v
pa Og

(11)

It was shown in [20] that Zernike moments of the discrete
image also are invariant to the image rotation.

Note that characteristics such as Tchebyshev moments
and Legendre polynomials are often used to characterise
image properties (see Refs [25, 26]). But these characteristics
are not invariant to the image rotation. It is important to
stress that the invariant property is very useful in real
situations because the speckle-pattern is determined by the
object structure and its orientation in space. In experiments
it is impossible to prepare histological sections that would be
identically orientated in space. Even the absolutely identical
objects, prepared from the same biotissue of the same
patient, would be rotated randomly relative to each other.
Orientation of two different objects, prepared from bio-
tissues of different patients would be absolutely random,
even if the objects are identical in the statistical sense. Thus,
if statistical characteristics of speckle-fields, formed by
scattering from the object under study, depend randomly
on its location, these characteristics also will have random
properties. In other words, statistical characteristics of
speckle-patterns which are non-invariant to rotation
(such as Tchebyshev moments or Legendre polynomials)
are absolutely non-informative and cannot be used in
diagnostics of biotissues.

3.2 Fractal dimensions

Last few years apart from conventional methods (such as
the distribution function of the intensity fluctuation
probability density, the correlation function and correlation
moments of higher orders) [27], fractal dimensions have
been used to describe the properties of speckle-patterns [15].
The calculation procedure of fractal dimensions consists of
several steps. The first step is to obtain an average intensity
magnitude (/) of the image under study. Then, the initial
image is transformed into a new binary (black-and-white)
image. The transformation should satisfy the following rule:
if the intensity of the original image is higher than (7), the
magnitude of this point equates to the maximum magni-
tude. If this rule is not fulfilled, the point magnitude equates
to zero.

The next step is to cover the new binary image by boxes
with the cell size ¢ and to calculate the number N(g) of cells
covering the object under study. The lesser the cell size ¢, the
bigger the number of covering cells N(¢) (see Figs 6a,b). As a
result, the fractal dimension of the object [28] has the form

. lgN(e
D= —im &V (12)
e—0 lgb
Because the interval of self-similarity of a biological object
is limited, the cell size can vary only in a certain range,
whose maximum size is determined by the size of the image,

and the minimum — by a minimal structure element (in the
case of a digital image it is the pixel size). Thus, in our case
expression (12) is useless and the fractal dimension should
be calculated by using interpolation. This interpolation
consists in obtaining the dependence of the number of
covering cells on the cell size (in log—log plot) and
revelation of a linear section of the dependence [28]. The
slope angle of this linear section allows one to estimate the
value of the fractal dimension.

BN \

=N N

N T EE

a b

Figure 6. Fractal dimension calculation procedure (a — cells covering line
are filled with grey; b — cell size was decreased, cells covering line are
filled with grey).

4. Discussion

Figures 1a and 2a show histological sections with different
types of growths: non-malignant (Fig. 1a) and malignant
(Fig. 2a). Images have been obtained by the transmission
light microscope with a microscope objective having the
magnification 40*. The CMOS camera was placed in the
microscope image plane. Dimensions of the CMOS camera
were 5 x 7 mm. Due to this circumstance, the linear sizes of
the histological sections were 125 x 175 um. Figures 1b and
2b show speckle-patterns, formed by illuminating histo-
logical sections.

Note that there is no visual difference between Figs 1b
and 2b. The correlation analysis is also useless to obtain
differences between them. The contrast of speckles and their
average size, the shape of intensity fluctuation histograms
and correlation functions are the same and are within the
limits of the statistical sample error.

Invariant Zernike moments show the difference between
speckle-patterns. Despite the fact that it is difficult to locate
great differences between objects prepared from tissues with
malignant and non-malignant growths, the magnitudes of
calculated moments can differ from each other to one by an
order and a half. It is difficult to propose a well-founded
physical description of the observed effects now. Never-
theless, experimental results show that the magnitude of
Zernike moments corresponding to malignant growths
(modulus of the complex number A4,,) is higher than
the magnitude of moments corresponding to non-malignant
growths.

Figure 7 shows data obtained for a small sampling.
Speckle-patterns obtained by illuminating 29 histological
sections, which corresponded to tissues with non-malignant
(14 objects) and malignant (15 objects) growths, were
analysed. The type of the growth was determined by using
histological techniques.

The results of the empirical analysis show that there is a
level of amplitudes of second order moments. Above this
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Figure 7. Maximum of magnitudes of Zernike moments with n = 2 and
m =0 (a) and with n =6 and m =4 (b), where |4,,,| is the moment
modulus and v is the number of the object under study.(0) —malignant
growth and (@)—non-malignant growth.

level, points corresponding to the malignant growth are
located and below this level, points corresponding to the
non-malignant growth are located. This feature is valid for
moments of the order higher than 2 (Fig. 7b).

Figure 8 shows log—1log plots determining fractal dimen-
sions (Figs 8a, ¢) and the dependence of the increment of

the logarithmic magnitude of the number of covering cells
on the logarithmic magnitude of their size (Figs 8b, d). The
linear section in Figs 8a, ¢ corresponds to cell sizes when the
fractal structure can be observed. Note that the dependence
of the increment of the logarithmic magnitude of the
number of covering cells is more informative, because
the observation region of the fractal structure (taking
into account the error, the increment in this region should
be the same) can be detected more precisely.

There are two regimes of the fractal dimension behav-
iour: smooth and jumpwise augmentation of the increment.
The smooth regime corresponds to tissues with malignant
growths and the jumpwise regime — to tissues with non-
malignant growths.

5. Conclusions

It has been shown that the results obtained by using the
fractal dimension analysis are in good agreement with the
results obtained by using the Zernike moments analysis.
Results of application of both these techniques depend on
the type of pathological changes in tissues.

Note that the obtained results are only preliminary. The
reliability of these results, from the diagnostics point of
view, can be determined only by comparing wealthy tissues
and tissues with pathological changes. Tissues with different
changes have been compared in this work (malignant and
non-malignant growths). It is clear that changes in malig-
nant and non-malignant tissues can be similar to each other.
Unfortunately, the comparison of speckle-patterns, formed
by pathologically changed tissues, with speckle-fields,
formed by wealthy tissues, is impossible. All histological
sections can be prepared only from postoperative materials,
which is done in this work or from cadaveric tissues (it is
known that optical properties differ greatly from normal
tissues).

Nevertheless, it has been shown that there is a principal
possibility of using the above techniques for digital process-
ing of speckle-patterns in express diagnostics, which may be
an alternative to traditional histological methods. The
techniques described in this paper are very important for
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Figure 8. Dependences describing the fractal dimension of a malignant growth (a, b) and a non-malignant growth (c, d).
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different applications because the traditional histological
methods are very laborious and need well-qualified person-
nel.
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