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Abstract. The spatial frequency domain imaging (SFDI) method is rapidly
emerging for quantitative mapping of the concentration of tissue
chromophores and their scattering coefficients. This method analyzes the
optical response of tissues to spatially inhomogeneous radiation with different
spatial frequencies, which makes it possible to separate the contributions of
absorption and scattering to the diffusely reflected light. However, the
projection of spatially inhomogeneous radiation usually requires complex
optical schemes, including the use of a spatial light modulator, which is difficult
to implement in endoscopes. In this work, we evaluate an alternative
approach, in which, instead of analyzing deterministic intensity patterns, the
diffuse reflectance at different spatial frequencies can be reconstructed based
on the information from random speckle patterns projected onto the surface
of the studied tissue, which can be generated without the use of spatial light
modulators. We evaluated the speckle-SFDI approach by simulating random
speckle patterns and their interaction with turbid and absorptive media with
tissue-like optical properties, as well as evaluated this approach
experimentally using optical phantoms mimicking properties of real
biotissues. The error of absorption and reduced scattering estimation on the
number of projected speckles, speckle spatial properties, and optical
properties of studied samples was assessed. The suggested approach provided
an estimation error of ~10-15% for optical parameters. Given the ease of both
experimental and analytical implementation of this technique, it can find
applications for quantitative analysis of the optical properties of biological
tissues, where “classical” SFDI is hard to implement. The major benefit is the
possibility to implement the developed approach within endoscopes.
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1 Introduction

Optical methods are now increasingly used for a wide
range of tasks of biomedical diagnostics. Using the
optical response, the examined tissue can be
characterized in terms of molecular composition or
classified as healthy or pathological.

Among the simplest, yet diagnostically valuable
optical techniques is diffuse reflectance spectroscopy.
Light passing through tissues is partially scattered on
inhomogeneities and absorbed by the main tissue
chromophores, yielding the reflectance spectra and
allowing to perform quantitative composition analysis or
classification of a tissue. Diffuse reflectance
spectroscopy was demonstrated to be a valuable
diagnostic tool in the classification of healthy and
cancerous tissues of various organs [1-3], quantification
of major tissue chromophores— hemoglobin [4, 5],
melanin [6], water, and lipids [7] and less common
chromophores, such as carotenoids, bilirubin, etc. [8, 9].

Yet, diffuse reflectance spectroscopy has some
disadvantages. Since both scattering and absorption
processes contribute simultaneously to the diffuse
reflectance, direct quantification of tissues chromophore
concentrations requires measuring the diffuse reflectance
at different source-detector geometries, e.g., at different
distances between the source and detector [10].
Moreover, for most clinical tasks, for example, for
intraoperative diagnostics, it is preferable to instantly
visualize a macroscopic area of tissues (of the order of
several centimeters), which limits the use of fiber probes
for diagnostics.

Spatial frequency domain imaging (SFDI) is one of
the actively developing extension of the diffuse
reflectance spectroscopy that tackles both of the
mentioned problems. It allows separating the
contributions of scattering and absorption to the diffuse
reflectance signal and quantitatively imaging the
concentration of chromophores and scattering properties
for a macroscopic scanning area. SFDI method is based
on the idea that tissue differently reflects spatially-
inhomogeneous light of different spatial frequencies —
absorption of light significantly influences reflectance at
low spatial frequencies, while scattering affects the
reflectance at high spatial frequencies. Thus, by
projecting spatially inhomogeneous light, for example,
intensity, modulated by a sinusoid along one of the
spatial coordinates with various spatial frequencies, one
can disentangle absorption and scattering contribution to
the reflected signal [11, 12]. Signal detection in this case
can be performed by a camera, while optical properties
(chromophore concentrations and scattering coefficients)
can be restored immediately for a macroscopic tissue
area. SFDI has been actively used to characterize the
severity and depth of burn wounds [13, 14], to assess the
concentration of chromophores in healthy and
pathological tissues [15,16] and to classify and
characterize them ex vivo and in vivo [17, 18]. A larger
number of SFDI application examples are given in
Ref. [19].
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The technical disadvantage of the SFDI method is the
need to project patterns with different spatial frequencies
onto the surface of an investigated object. This, in
particular, limits the niche of SFDI in studying tissues of
the internal organs in vivo with the use of endoscopic
systems. Only a limited number of works have
demonstrated the possibility of implementing the SFDI
method in an endoscopic scheme. In Refs. [20, 21] SFDI
was implemented in a rigid endoscope configuration, in
which structured illumination (sinusoidal patterns) was
transmitted by a separate projection channel of the
custom-build endoscope to the tissue surface. In the
work [22], an imaging fiber bundle with a large number
of fibers was used to transmit structured illumination to
the tip of an endoscope in order to use SFDI to quantify
the concentration of doxorubicin in tissues. The
evaluation of optical properties in the endoscopic scheme
is also proposed to be combined with the SFDI Single
Shot Optical Properties processing method, which uses
only one spatial frequency to determine the absorption
and scattering coefficients of tissues [20, 21, 23].

In this paper, we explore an alternative approach that
allows the implementation of SFDI in an endoscopic
scheme, avoiding the need to transmit structured
illumination through the endoscopic optical system using
a complex setup. This approach was recently proposed in
Refs. [24, 25] and is based on the analysis of the diffuse
reflectance obtained from random speckle patterns,
which can be generated by the coherent light source and
can be transmitted via a simple optical fiber. Speckles
have physical properties suitable for this purpose. On the
one hand, the speckle pattern is a stationary random
process (i.e., its characteristics as a random process do
not change in time) [26], on the other hand, it is spatially
inhomogeneous, thus allowing analysis of the reflectance
at different spatial frequencies. The authors of
works [24, 25] suggested to analyze the diffuse
reflectance at different spatial frequencies by calculating
the spatial autocorrelation function of the detected
speckle pattern, from which, according to the Wiener-
Khinchin theorem, one can calculate the power spectral
density of the intensity at different spatial frequencies
and estimate the diffuse reflection at different spatial
frequencies and the absorption p, and reduced scattering
u's coefficients.

Here we demonstrate the possibility of using a
simplified algorithm in which the amplitude of the
Fourier transform of the captured speckle pattern is used
to restore the diffuse reflectance at different spatial
frequencies and to estimate absorption and scattering
coefficients without the calculations of the spatial
autocorrelation function. We describe the algorithm for
estimation of absorption and scattering coefficients from
the images of the diffusely reflected speckle pattern,
evaluate possible sources of errors of the introduced
algorithm, and demonstrate the possibility of mapping
absorption and scattering coefficients by the proposed
procedure experimentally using homogeneous phantoms
that mimic optical properties of real biotissues by
projecting simulated speckle patterns using custom-build
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SFDI setup. We believe this approach can be further
adapted for the implementation with optical fibers and
used in endoscopic systems for quantitative analysis of
tissue optical properties.

2 Materials and Methods

2.1 Speckle Simulation Algorithm

The algorithm used to simulate projected speckle patterns
is described in Ref. [26]. Briefly, to imitate free-space
propagation and far-field observation speckle intensity
maps consisted of n x n pixels, first the (n/Kk) x (n/k)
matrix of random phases uniformly distributed in the
[0, 27] range was generated, where k is the positive
integer, which characterizes the “grain” size of the
speckle. Second, the complex exponents for the
generated phases were calculated to produce so-called
random phasors field. Obtained random phasors matrix
was then padded with zeros to get the n x n matrix, and
after that the array of random phasors was transformed
into resulting speckle intensity patterns by the forward
Fourier transform (simulating the propagation of waves
with random phases into the free space) and by
calculation of the absolute value of the Fourier transform
amplitude to get intensity of the speckle field.

2.2 Visualization and Data Analysis

Simulation of the projected speckle patterns, interaction
of speckle patterns with diffusely reflecting objects,
visualization and data analysis were implemented in
custom-build Python scripts using NumPy, SciPy,
Pandas and Matplotlib modules.

Relative error of the estimated optical parameters was

calculated § = @, where p is the value of the parameter

predicted by the algorithm and t is the true value of the
parameter. By the intensity at given spatial frequency the
amplitude of the Fourier-transformed intensity image at
the given spatial frequency is meant.

2.3 Optical Phantoms Fabrication Protocol

To experimentally verify the evaluated speckle-SFDI
technique, liquid homogeneous phantoms were used both
as reference and test objects, in which a 20% lipofundin
solution (Lipofundin MCT/LCT 20%, Braun Melsungen
AG, Melsungen, Germany) in water was used as a
scatterer, and water-soluble nigrosine (Vektone, Saint
Petersburg, Russia) was used as an absorber. The
concentrations of scatterer and absorber were selected so
that the reduced scattering and absorption coefficients of
reference phantom at 630 nm were 20.7 cm™ and
2.01 cm™, while for test phantom reduced scattering and
absorption coefficients were equal to 11.2 cm™ and
3.0 cm™?, respectively. This values of the absorption and
reduced scattering coefficients are of the same order of
magnitude as the values of absorption and reduced
scattering coefficients of skin, its layers and other soft
tissues in the 500-700 nm range [27, 28].
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2.4 Experimental SFDI Setup

A custom-build experimental setup was used to project
synthetic speckle patterns and to detect reflected
intensity maps from reference and test phantoms. A
commercially available digital micromirror device
(DMD)-based projector (TouYinger D021, Everycom
Technology, Shenzhen, China) was used to project
patterns. The LED light source with emission maxima
at 630 nm and full-width at half-maxima of 10 nm was
used as a light source. To detect the signal, a
monochrome CMOS camera (CS135MUN, Thorlabs
Inc., Newton, NJ, USA) was used. The images with
1024 x 1280 pixels were captured using a varifocal
objective (20R0001604, Navitar, Rochester, NY,
USA).

With the described setup, multiple synthetically
generated speckle patterns (generated by the algorithm
described in Section 2.1 with n = 1600 and k = 5) were
projected onto the surface of the studied phantoms and
captured for the subsequent analysis.

3 Results

3.1 Simulation of Speckle Interaction with
Turbid Media

To develop and evaluate the algorithm of estimation of
tissues absorption and scattering coefficients by the
analysis of the reflected speckle patterns, we simulated
the free-space speckle patterns and modeled their
interaction with the scattering and absorptive
homogeneous semi-infinite media. Speckle patterns
simulation procedure is described in Materials and
Methods (Section 2.1). A typical intensity map of
simulated speckle pattern and its 2D Fourier spectrum
of amplitudes (i.e. intensity at given spatial frequency)
are shown in Fig. 1A.

To model the interaction of a speckle pattern with
a diffusely scattering and absorbing media, we used
the fact that within the framework of the diffuse
approximation of the light transport equation, it can be
assumed that each spatial frequency of the incident
irradiation  independently interacts with  the
tissue [11, 12]. In the range of scattering an absorption
coefficients characteristic for biological tissues in the
visible and near infrared range
(Mg ~0.01-10 cm? « pg' ~10-100 cm?) tissue
effectively acts as a low-pass filter and significantly
affects the attenuation of high spatial frequencies. The
dependence of the reflectance R(k) on the spatial
frequency for a biological tissue with an absorption
coefficientp, =1 cm™?, and a scattering coefficient
ue' =10 cm! (anisotropy factor g = 0.9) is shown in
Fig. 1B. The formulas describing the dependency of
the reflectance on the spatial frequencies are also
summarized in Fig. 1B below.
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Fig. 1 (A) Intensity map of the simulated speckle and corresponding map of 2D Fourier intensity amplitudes before
interaction of the speckle with the scattering medium. (B) Map of the diffuse reflectance coefficient R for different spatial
frequencies for a semi-infinite medium within the framework of diffuse approximation for media with absorption
coefficient u, = 1 cm™ and reduced scattering coefficient u; = 10 cm™. The formulas in the panel summarize the
dependence of the diffuse reflectance on spatial frequencies in the diffuse approximation. (C) Intensity map of the speckle
pattern diffusely reflected from the media with u, = 1 cm*and p; = 10 cm™. The formulas in the panel summarize the
procedure used for the analysis of intensity of the reflected speckle pattern using diffuse reflectance coefficient and

intensity map of the incident speckle-pattern.

Due to the independent transformation of the intensity
at any selected spatial frequency upon diffuse reflectance,
the intensity of a speckle pattern diffusely reflected from
the surface can then be obtained as the inverse Fourier
transform of the 2D-Fourier spectrum of the incident
radiation multiplied by the diffuse reflectance coefficient
at a given spatial frequency. As the scattering media
effectively acts as a low-pass filter, this, as expected, leads
to blurring of the picture of the incident speckle-pattern
(Fig. 1C). The formulas for deriving the diffusely scattered
speckle pattern from the Fourier spectrum of the incident
speckle and R(ky, ky) are summarized in Fig. 1C.

3.2 Algorithm for the Determination of the
Absorption and Scattering Coefficients of
Tissues from the Properties of Reflected
Speckle Patterns

Using the modeling procedures described above, we
proposed and tested an algorithm that allows one to
determine the absorption and reduced scattering
coefficients of tissues by analyzing the properties of
speckle patterns detected from the sample. This algorithm
is similar to the algorithm proposed in Refs. [24, 25], yet,
it has a number of differences, in particular, it does not
require the calculation of autocorrelation functions of
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detected images and operates with the amplitude of
Fourier-transformed images directly.

The main steps of the algorithm are summarized in
Fig. 2. To measure absorption and scattering properties of
the sample with unknown optical properties, a reference
phantom with known ( p,, ps ) must be measured
first (Fig. 2A). After that, measurements can be performed
for the investigated sample (Fig. 2B). At the first step of
the algorithm, the speckle pattern is measured for a
reference sample (Fig. 2A.1). For the detected image, the
Fourier transform of the intensity map is performed and
the amplitude of the intensity at each spatial frequency is
calculated (Fig. 2A.2). As the Fourier spectrum of the
speckle is radially symmetrical, the amplitude of the 2D
Fourier spectrum can be radially averaged to reduce the
error of the intensity estimation at different spatial
frequencies (Fig. 2A.3). Using the estimated values of the
intensity of the reflected speckle for different spatial
frequencies and the dependence of the diffuse reflectance
R(k:), the dependence of the intensity on the spatial
frequency for the incident speckle can be estimated
(Fig. 2A.4).

After measuring the reference phantom, similar
manipulations have to be performed for the “test” sample.
Similarly, to steps (1-3), a scattered speckle pattern is
detected for the test sample (Fig. 2B.6), and then a 2D
amplitude spectrum of spatial frequencies is calculated for
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it, which is averaged radially (Fig. 2B.6). Using the
estimated intensity for different spatial frequencies for the
investigated test sample and the intensity for the reference
phantom, the dependency of the diffuse reflectance on the
spatial frequencies R(kr) can be restored (Figs. 2B.7-8). To
estimate the absorption and reduced scattering coefficients
from the R(k;) curve one can fit the curve using analytical
formula (Fig. 1B) derived for diffuse approximation or use
lookup tables (LUT) obtained via Monte-Carlo simulation
of light transport in tissues (Fig. 2B.8). Instead of using
diffuse reflectance estimated using diffuse approximation,
one can use diffuse reflectance obtained via Monte-Carlo
simulation to use at steps (4, 7, 8) of the algorithm.

To use this algorithm for mapping the p,, ps values for
different regions of tissue, the detected image can be split
into individual regions of interest, and steps (1-8) of the
algorithm can be performed for them.

3.3 Estimation of the Speckle-SFDI
Performance: Model Data

Since the projected speckle patterns are random, the
question of the robustness of this technique arises, and how
the error of estimation of optical parameters depends on
the properties of the projected speckle patterns. We
considered three factors that can possibly affect the error

doi: 10.18287/JBPE22.08.040509

of determination of absorption and scattering coefficients
using speckle-SFDI.

First, we estimated how the error of optical parameters
estimation depends on the number of projected speckle
patterns. For this we simulated the work of the algorithm
using speckle patterns reflected from the reference object
with p,= 1 cm™? and pt= 10 cm™ and optical response
from the test object with u,= 0.5 cm™, p;= 15 cm™. The
spectrum of intensities at different spatial frequencies was
averaged for several separate speckle patterns projected
onto a given medium (at steps 1-3 for the reference object
and steps 5-6 for the test object), and then the dependence
of the diffuse reflectance on the spatial frequency of the
test sample was determined using averaged spatial
frequency spectra, and the p,, u; parameters of the test
object were estimated. Fig. 3A shows the dependence of
the relative error in determining the absorption and
scattering coefficients on the number of speckle patterns
used in the simulation. It was found that the relative error
decreases proportional to the N2 (N — number of
speckles), and reaches the level of 5-10% upon averaging
over 10 speckles or more. Therefore, further, when varying
other speckle parameters, the number of speckle patterns
used for the estimation was fixed at 20 in order to exclude
errors associated with the random nature of speckles.
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Fig. 2 The main steps of the algorithm for the determination of the absorption and scattering coefficients from the
properties of diffusely reflected speckle patterns, carried out with a reference phantom (A) and with the studied (test)

object (B). Steps (1-8) are described in the text.
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Fig. 3 The dependence of the relative error of the determination of the absorption coefficients p, and reduced scattering
coefficients p of the test object (A) on the number of projected speckles, (B) on the size of the spatial inhomogeneity of
the speckles estimated as the ratio between average intensity in the (5, 50] cm™ to the average intensity in the
(0, 5] cm™ range, (C) on the true values of the absorption and scattering coefficients of the test object.

Another important parameter may be the size of the
spatial inhomogeneities of the speckle which are formed
upon random interference of the field of coherent light
source. We estimated the influence of the inhomogeneity
size on the estimation error of the optical parameters of the
test samples. Since the speckle pattern has a continuous
spatial frequencies spectrum, to characterize the size of the
spatial inhomogeneity we introduced the “high spatial
frequency ratio” parameter which is calculated as the ratio
between the average intensity in the range from
(5,50] cm™? to the average intensity in the range
(0,5] cm™. The larger this high frequency ratio is, the
lower is the size of the observed inhomogeneities. The
dependence of the relative error of y,, ug' estimation on
the introduced high spatial frequency ratio is shown in
Fig. 3B. As can be seen, at the values of high frequency
ratio larger than 0.1, the relative error of p, and pg’
estimations are lower than 10%, and increases
significantly upon the decrease of high spatial frequency
ratio (i.e., when the size of the spatial inhomogeneity
increases) and reaches ~ 35% for the relative error of '
estimation and ~ 20% for the estimation of p, when high
frequency ratio is equal to 0.01.

Finally, we evaluated the error in determining the
parameters of test phantoms with different absorption and
scattering coefficients (Fig. 3C). We observed that when
the absorption coefficient of the test object varies in the
range from 0.1 to 10 cm™, the error of its determination is
about 10%, and increases to 15-30% with a decrease in the
absorption coefficient down to 0.1 cm'?, while the error in
determining the scattering coefficient is practically
unchanged neither in the case of variation in the absorption
coefficient, nor in the case of variation in the scattering

J of Biomedical Photonics & Eng 8(4)

040509-6

coefficient of the test phantom in the range from 102 to
10% cm* (at the anisotropy factor g = 0.9).

Thus, we see that with the optimal selection of the
algorithm parameters — the number of speckles, the size of
the speckle inhomogeneities — an error on the order of
5-10% in determination of the optical parameters of the
sample can be achieved.

3.4 Experimental Verification of the
Absorption and Scattering Speckle-Based
Estimation

Next, we evaluated the performance of the proposed
algorithm on the real experimental data using the
homogeneous phantoms mimicking optical properties of
the tissues. For this, we used a phantom based on an
aqueous solution of lipofundin acting as a scatterer and
nigrosine acting as an absorber.

To generate speckle patterns, we used a custom-made
SFDI setup that allows projecting various types of images,
including synthetic random speckle patterns with fixed
properties. We used speckles with a large contribution of
high spatial frequencies to the spatial frequency spectrum.
As a reference phantom, we used a phantom with an
absorption coefficient of 2 cm™ and a reduced scattering
coefficient of 20 cm™ at a wavelength of 630 nm and a
phantom with absorption coefficient of 3 cm™ and reduced
scattering of 11 cm™ as the test object. These values of the
coefficients of absorption and reduced scattering are close
to the values of the coefficients of reduced scattering and
absorption of the skin, its individual sublayers, as well as
other soft tissues in the range of 500-700 nm [27, 28] and
were the same orders of magnitude as the values used in
modeling in Sections 3.1-3.3.
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Fig. 4 (A) A typical image of the speckle pattern projected onto an optical phantom. (B) Dependence of the intensity and
the diffuse reflectance coefficient on the spatial frequency for the reference phantom. (C) Absorption coefficient map

estimated for the test phantom with p, = 3 cm™.

An example of a projected speckle is shown in Fig. 4A.
Using the algorithm described in Section 2, we calculated
the spatial frequency intensity spectra and estimated the
diffuse reflectance dependence on the spatial frequency for
the test phantom (Fig.4B). Finally, by applying the
algorithm to ROIs with the size of 1 x 1 cm?, we verified
that for different parts of the image, the absorption
coefficient varies in the range from 2.7 to 3.2 cm™, i.e. the
error in determining the absorption coefficient was about
10%.

4 Discussion

In this work we evaluated the method of determination of
the absorption and reduced scattering coefficients of the
diffusely reflecting samples, e.g. biotissues, that involves
the analysis of the spatial frequency spectrum of random
speckle patterns projected onto the surface of the sample.
This method is an alternative approach to the “classical”
SFDI technique, which maps the absorption and scattering
coefficients of object by analyzing its optical response to
the spatially inhomogeneous intensity patterns (usually
modulated by sinusoid) with different spatial frequencies
varied from 0 up to 20 cm™.

The speckle-SFDI method initially proposed in
Ref. [24, 25] and evaluated in this work uses random
speckle patterns as inhomogeneous intensity field instead
of deterministic sinusoidal intensity patterns. The benefit
of this approach is in the lack of necessity to use spatial
light modulators and complex optical schemes to transmit
structured illumination to the surface of the sample, for
example, in an endoscopic scheme — speckles can be
generated using coherent light sources and can be formed
after leaving the optical fibers directly [26], while the
optical fiber can be easily combined with standard
endoscopes. Although the optical and statistical properties
of speckle patterns generated by multimode fibers differ
globally from the properties of “free-space” speckle
patterns, they are locally similar [29], thus the obtained
results should be valid for both types of speckles.

In this work we modified the algorithm for
determination of the absorption and scattering coefficients
from the properties of speckle patterns proposed in
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Refs. [24, 25], eliminating the need to calculated the
autocorrelation function of the image and directly
determining the dependence of the diffuse reflectance on
the spatial frequency from radially averaged intensity
amplitudes at different spatial frequencies obtained from
the Fourier transform of detected speckle (Fig. 2). We
evaluated the main sources influencing the determination
of absorption and scattering coefficients. In particular, we
found that the optical parameters’ estimation error
decreases as the inverse root of the number of speckle
patterns used for averaging (Fig. 3A). This observation can
be explained by the fact that speckle patterns over which
the averaging is carried out are independent, thus, the
accuracy of the estimations obeys the central limit theorem
for random values. In the case of averaging the results over
incompletely independent speckle patterns, a slower
decrease in the error in determining absorption and
scattering can be expected.

We also noted that upon reducing the contribution of
high spatial frequencies (in the range (5, 50] cm™) to the
spatial frequencies spectrum of random speckles a
significant increase is observed for the error of
determination of reduced scattering coefficient (up to 35%
or even higher), while the error of absorption coefficient
increases not so dramatically and remains below the level
of 20% (Fig. 3B). This observation can be explained by the
fact that the absorption process mainly affects the values
of the diffuse reflectance at low spatial frequencies, while
scattering affects diffuse reflectance at high spatial
frequencies, therefore, with an increase in the size of the
spatial inhomogeneity (decrease in the “High frequency
ratio” parameter), the largest increase is observed for the
error in determining the scattering coefficient. The
observed changes in the error of p, estimation can be
indirectly related to the errors of estimation of p;, since
both of the parameters are estimated simultaneously.

At the same time, we found that the relative error in
determining the scattering coefficients does not change
significantly for scattering coefficients varying in the
range from 102 cm to 10° cm (reduced scattering in
101-10% cm™) and is less than 10%. At the same time, the
relative error in determining the absorption coefficients
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can be about 20-30% in the case of low absorption
coefficients (less than 1.0 cm™?). This fact should be taken
into account when analyzing the optical properties of
tissues in the red and near infrared regions of the spectrum
in the so called “transparency window” of biological
tissues, where the absorption coefficient of tissues is
significantly lower than the blue-green region of the
spectrum, where the absorption of hemoglobin and other
chromophores predominates [27].

Despite these shortcomings, we believe this approach
can be a promising and simple alternative to the “classical”
SFDI method and can be easily implemented for
endoscopic applications and quantitative analysis of tissue
composition, including in vivo applications.

5 Conclusion

Here we evaluated a method of estimation of the
absorption and reduced scattering coefficients of turbid
media such similar to optical properties of biotissues by the
analysis of the spatial frequency spectrum of random
speckles. The proposed method uses information on the
distribution of speckle intensity over different spatial
frequencies to determine the dependence of the diffuse
reflectance coefficient on the spatial frequency, which can
then be fitted to estimate absorption and reduced scattering
coefficients of the studied object. Using simulation of
random speckles and calculation of their interaction with
diffuse-scattering and absorbing media, we estimated the
error in determining the absorption and scattering
coefficients using the proposed approach and its
dependence on the number and parameters of projected
speckle patterns, as well as on the optical properties of test
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