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Abstract—The influence of stationary structural inclusions in inhomogeneous strongly scattering media such
as biotissues on the results of speckle-contrast measurements using temporal and spatial methods of image
processing by means of laser speckle-contrast imaging is investigated. The limits of applicability of the
method of laser speckle-contrast imaging are established in detail for the case in which ergodicity conditions
are not fulfilled. Based on model experiments, it is demonstrated that an increase in the number of stationary
scatterers relative to that of the dynamic ones in the sampling volume introduces substantial error into the
results of spatial and temporal processing of speckle images for given exposure time of the detector. At the
same time, analysis of spatial and temporal speckle contrasts, the values of the coefficient of speckle dynam-
ics, along with the results of Monte-Carlo simulation of the sampling volume, revealed that the presence of
a relatively thin, up to 30% of entire volume, static layer does not introduce considerable changes into the
results of measurements by the method of laser speckle-contrast imaging. The exposure time of the camera,
along with the number of frames used for image processing, can be varied and chosen individually for each
experiment. The developed algorithms of spatial and temporal processing of images obtained by the method
of laser speckle-contrast imaging were tested in the experiments on transcranial visualization of the cerebral
blood flow of a mouse.
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INTRODUCTION

The method of Laser Speckle-Contrast Imaging
(LSCI) is relatively simple and promising for in vivo
investigation of morphological and functional changes
in the blood flow and perfusion in biological tissues
[1]. The method is based on statistical analysis of
interference speckle patterns formed on the surface of
a randomly inhomogeneous turbid medium as a result
of scattering of laser radiation. The LSCI is success-
fully used for visualization of blood and lymph flows in
tumor tissues [2—4], estimation of the influence of
allergens and optical clearing agents on skin microcir-
culation [5, 6], monitoring of cerebral blood flow [7,
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8], monitoring of skin perfusion [9], etc. The advan-
tages of LSCI include the possibility of visualization of
the blood flow and perfusion in biological tissues in
real time, the possibility of conducting noninvasive
measurements, as well as a relatively low cost of the
experimental setup.

Classical theory of speckle formation was described
in detail in [10]. In fact, laser speckle represents a ran-
dom interference pattern appearing as a result of inter-
action of coherent light with a scattering surface
and/or a turbid inhomogeneous medium. Under the
experimental observation conditions, an image
formed in each pixel of a photodetector (a CCD or
CMOS camera) represents a superposition of multiple
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amplitude scattering functions each of which is
formed by different scattering points of the medium
under observation. Hence, the scattering functions are
characterized by different phases, which leads to the
appearance of a random interference pattern that is
referred to as the speckle or the speckle pattern [11].
Changes in local dynamics in the object under obser-
vation (motion of scattering particles) results in fluc-
tuations of the speckle pattern. Detection of such a
speckle pattern by a camera with a finite exposure time
leads to blurring of the obtained speckle image in the
regions corresponding to motion of scattering parti-
cles. Moreover, the more intense the motion of parti-
cles in the object under observation, the more blurred
the speckle image obtained by a camera. Statistical
analysis of the speckle pattern allows estimating the
speed of particles in the medium [11].

To obtain such an estimate, speckle-contrast
parameter K was introduced in [12]:

o
K==, (1)
(1)
where (/) is the average intensity of the speckle pat-
tern, and © is the standard deviation of intensity.

Theoretically, (/) and ¢ are equal to each other in
the case of an ideally formed speckle pattern. This
means that the speckle contrast must be equal 1 in this
case. Nevertheless, the properties of the optical sys-
tem, the properties of the object under investigation,
and coherence of the laser source influence formation
of the speckle pattern. As a result, in practice, the
speckle contrast attains values between 0 and 1.

Using the theory of correlation functions, an inter-
relation of speckle contrast, camera exposure time,
and speckle correlation time was demonstrated in [12].
It was suggested in [13] that temporal fluctuations of
speckle-pattern intensity caused by variation of the
electric field due to light scattering by moving particles
can be related to the real velocity of these particles. A
quantitative estimate of the temporal fluctuations can
be obtained using a normalized autocorrelation func-
tion of the electric field [14]:

(E (1) E*(t + 1))
g(n)=" "
(E (1) E*(1))
where E(?) is the electric field of the detected light,
E*(?) is the complex conjugate of the electric field at
time ¢, and 7T is the autocorrelation delay time. For
Gaussian random optical fields, autocorrelation (2) is
related to the autocorrelation function of the scattered
light intensity:

& (1) =

()

(1) 1+ 7))

)

Second-order autocorrelation function (3) can be
expressed in terms of first-order autocorrelation func-
tion (2) through the Ziegert relationship [15]:

3
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(1) =1+Blg (1), (4)

where B (0 < < 1) is the coefficient of multiplicative
decrease of the speckle contrast related to such factors
as polarization, effects of coherence, and mismatch
between pixel size of the camera and the average size
of a speckle [16].

Hence, equation (1) governing the speckle contrast
can be presented in the form
1/2
[i-5)e]

FBJ'
where K(7) is the speckle-contrast function that
depends on the camera exposure time.

In the case of scattering from an ensemble of statis-
tically independent particles, the detected field rep-
resents a superposition of a large number of partial sta-
tistically independent fields. According to the central
limit theorem, statistics of such a field is Gaussian,
and Ziegert relationship (3) is real only under these
conditions. In addition, the theory described above is
based on the assumption that the studied medium is
spatially homogeneous, dynamic, and laser radiation
scattered from the medium satisfies the ergodicity
condition [17, 18]. In practice, biological tissues are
strongly inhomogeneous spatially and consist of
dynamic inclusions (blood, lymph), along with static
components (skin, bones, etc.). A scattering system of
this kind does not satisfy the ergodicity condition,
which results in the appearance of a systematic error in
the LSCI method and, as a consequence, in incorrect
interpretation of the obtained data [16, 19—21].

The possibility of applying the LSCI method in the
case of violation of the ergodicity condition was ana-
lyzed in a number of studies [16, 22—26]. The detected
laser radiation scattered in biological tissues can be
presented as a sum of dynamic (E,(f)) and static (&)
components of the electric field:

E(t)=E,(t)+ E,. (6)

Hence, the autocorrelation function of the field can be
presented in the form

& (1) =(1-p)|gu (D) +p (7)

where p=1,/(I, + 1,) is part of the detected light
scattered from the static scattering particles.

The intensity autocorrelation function,
takes the form

& (1) =1+B[(I-p |gld |+pg1()]z- ()

Taking into account equations (6)—(8), the speckle
contrast can be expressed in the form

1/2
K(T) = &3][(1 — g (] + Pgl(O)T(l _l) el
Ty &1(0) T )
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in turn,
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In the case of a fully dynamic medium, equation (9)
reduces to equation (5) due to the absence of the static
scattering particles (p — 0). Nevertheless, equation
(9) does not reduce to a constant value of the speckle
contrast in the case of a static scattering medium, as
could be expected from equation (1).

Despite substantial limitations in the applicability
of the LSCI method under the conditions of violation
of ergodicity, various methods were proposed. In par-
ticular, a multi-exposure LSCI [27] and using a slowly
rotating diffuser in the optical setup [26] proved to be
efficient solutions.

It is important to note that the terms “ergodicity”
and “nonergodicity” in the present work are used
under the conditions of a finite camera exposure time.
In general, ergodicity assumes that the observation
time of an object is infinite. However, under experi-
mental conditions, the time of each individual mea-
surement is limited by the camera exposure time, and
obtained image represents an averaged signal. More-
over, in most cases, the camera exposure time is much
longer than the relaxation time of the dynamic com-
ponent of the speckle pattern but shorter than the
relaxation time of the static one. Hence, the studied
medium can be classified as being ergodic or nonergo-
dic depending on the camera exposure time. For
example, a very slow flow represents an ergodic pro-
cess in a general sense, because the temporal and spa-
tial statistics are identical in the case of an infinite
observation time. Nevertheless, when recorded by a
camera with a very short exposure time, this process
will be classified as a nonergodic one [23].

The present work aims at investigation of the appli-
cability boundaries of the LSCI in the case when the
ergodicity condition is not fulfilled, as well as at esti-
mating optimal parameters for conducting measure-
ments with live objects. In this regard, we investigated
the influence of stationary structural inclusions in an
inhomogeneous strongly scattering media, such as
biological tissues, on the results of the speckle-con-
trast measurements using temporal and spatial meth-
ods of image processing by the LSCI method. As part
of this study, we tested the LSCI method in the exper-
iments on transcranial in vivo visualization of the
brain of a mouse.

MATERIALS AND METHODS

The optical layout of the experimental setup used
in the present work is illustrated in Fig. 1. A laser diode
with an output wavelength of 655 nm and power of
13mW (RLD650-13-3, Roithner Lasertechnik
GmbH, Austria) was used as a source of radiation in
the experiment with a phantom. In the experiment
with a mouse, we used a laser diode operating at
808 nm and delivering 3 mW of power (LDMS808/3LJ,
Roithner Lasertechnik GmbH, Austria). A diffuser
(ED1-C20, Thorlabs, USA) was used to obtain uni-
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Fig. 1. Optical layout of the experimental setup for LSCI.
CMOS—imaging camera; LD—Ilaser diode; D—diffuser;
Obj—objective lens; O—object.
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form distribution of the laser radiation over the studied
object. A CMOS camera (DCC3240M, 1280 x 1024,
pixel size 6.7 um, Thorlabs, USA) in combination
with a 12-mm F1.4 objective lens (Kenko Tokina Co.,
Ltd, Japan) was used for speckle-pattern acquisition.
The obtained images were processed by means of a spe-
cially developed algorithm based on MATLABr2019b
software.

The spatial algorithm of analysis of speckle statis-
tics is the most widely used method for processing the
LSCI images [28]. In this algorithm, speckle statistics
is calculated within a window sliding along a raw
speckle image. As a rule, a window with a size of 5 X 5
or 7 X 7 pixels is used for obtaining an optimal result.
The major drawback of the spatial algorithm consists
in the loss of spatial resolution determined by the size
of the sliding window. To resolve this problem, an
alternative algorithm of temporal analysis of speckle
statistics was proposed in [29]. In this algorithm, a
series of consecutive speckle images is obtained. After
that, speckle statistics is calculated from one image to
another for each individual pixel of the series. In this
way, spatial resolution can be preserved at the expense
of losing the temporal one. In practice, a combination
of both methods with parameters chosen depending
on the problem being solved is usually used [30].

In the case of light scattering from dynamic parti-
cles, the temporal and spatial algorithms yield identi-
cal results, because the ergodicity condition is ful-

No. 6 2020
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Table 1. Optical parameters of the sticky tape and intralipid
at 655 nm. p—scattering coefficient, |L,—absorption coef-
ficient, g—anisotropy factor, n—refractive index, W;—
reduced scattering coefficient.

Sticky tape
ug, mm~' | w,, mm™! g n w,, mm™!
36.38 0 0.946 1.6 1.96
Intralipid, 3%
U U 8 n u,
11.8 0.02 0.55 1.33 5.31

filled. In the case of scattering from static scatterers,
the results of spatial and temporal processing of
speckle images turn out to be different. In particular,
theoretical value of the spatial speckle contrast for an
ideally formed static speckle pattern is equal to 1,
because spatial fluctuations of intensity (dark and
bright speckles) attain their minimum and maximum
values of intensity, respectively. In this case, the aver-
age intensity equals the standard deviation of intensity.
The temporal speckle contrast should be equal to 0,
because standard deviation in each pixel attains the
value of 0 for a static speckle pattern. In practice, it
seems impossible to create ideal conditions. There-
fore, the speckle contrast attains values between 0 and
1. Nevertheless, the described difference between the
temporal and spatial speckle contrasts in the case of
presence of static scatterers can be considerable and
can result in a systematic error in the interpretation of
the obtained results.

In our previous work [24], we introduced a coeffi-
cient of speckle dynamics (CSD) that allows estimat-
ing the influence of the nonergodic component on the
results of measurements by means of the LSCI:

2K,

K, +K,’
where K, is the speckle contrast calculated by using the
temporal algorithm, while K is the speckle contrast
calculated by using the spatial one. Theoretically, this
coefficient attains the value of 1 for a medium dynam-
ically scattering light and 0 for a turbid medium con-
sisting of static scatterers. Nevertheless, in practice,
the CSD also does not reach minimum and maximum
theoretical values since K, and K attain values between
Oand 1.

A rectangular phantom with a hole (1 cm in diam-
eter) on the surface was fabricated from silicone for
model experiment [31]. A 3-% intralipid solution was
used as a system of dynamic scatterers. A nontranspar-
ent sticky scotch tape with a thickness of 55 £ 2 um
was used for mimicking the static layers. A total of
49 consecutive frames obtained with a camera expo-
sure time of 10 ms were acquired for calculation of the

CSD = (10)
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coefficient of speckle dynamics of the phantom. These
frames were used for calculation of the temporal
speckle-contrast image. In addition, 49 spatial
speckle-contrast images were calculated with a slid-
ing-window size of 7 X 7 pixels. After that, 49 images
of the coefficient of speckle dynamics were calculated
that were subsequently averaged to form a final image.
The spatial speckle-contrast images were also aver-
aged to form one final image.

An 8-week-old CDI1 female mouse supplied by
Envigo (UK) was used for transcranial visualization of
the brain of a mouse. An intraabdominal injection of
10 mg/100 mg/kg of ketamine (Vetoquinol, France)
was used to anesthetize the mouse. After introduction
of the anesthetic, skin was removed in the forehead,
temporal, crown, and back of the head areas. The
studied area of the head was moisturized with a physi-
ological solution. After that, the mouse was placed on
a warming pad to maintain her body temperature at
37°C. The total duration of the measurements did not
exceed 1.5 h, after which the animal was euthanized by
an overdose of barbiturate. To calculate the images of
the coefficient of speckle dynamics of the mouse head,
a sequence of frames of different size was obtained
with an exposure time of 10 ms. After that, these
frames were used to calculate the temporal speckle-
contrast image using the same principle as in the
experiment with the phantom.

RESULTS AND DISCUSSION

To demonstrate the influence of an increase in the
thickness of layer of static scatterers on the results of
measurements conducted by the LSCI method, we
carried out the following experiment. The hole in the
phantom was filled with an intralipid solution. The
surface of the phantom was covered by layers of a non-
transparent sticky tape, layer by layer. Addition of each
sticky-tape layer can be considered as an increase in
the thickness of the layer of static scatterers above the
medium dynamically scattering light (an intralipid
solution). A total of 16 layers were added in the exper-
iment. Their combined thickness was equal to 880 um.
Optical properties of the intralipid solution [32] and
the sticky tape used for modeling are presented in the
table 1. Optical properties of the sticky tape were mea-
sured experimentally using an integrating sphere [33].

Examples of spatial and temporal speckle-contrast
images, along with the images of the coefficient of
speckle dynamics, calculated for different number of
layers of static scatterers on phantom surface are pre-
sented in Fig. 2. Figure 3 illustrates the average values
of the temporal and spatial speckle contrast, along
with the average value of the coefficient of speckle
dynamics, calculated within the area marked by a
green square in Fig. 2 for the discussed experiment as
functions of the number of static layers. Also, the cor-
responding interpolation curves are shown.
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Fig. 2. Spatial speckle-contrast images (upper row), temporal speckle-contrast images, along with images of the coefficient of
speckle dynamics, calculated for the experiment with a phantom filled with an intralipid solution without static layer (0 layers)
on the surface and with 1, 4, 7, 10, and 13 static layers on the surface. The length of the scale bar is 5 mm.
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Fig. 3. (Color online) Average value of the spatial speckle contrast (blue circles), average value of the temporal speckle contrast
(red squares), and average value of the coefficient of speckle dynamics (green triangles) as functions of the number of static layers
on phantom surface. Symbols denote experimental values. Solid lines represent the interpolation curves.
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It can be seen from Figs. 2 and 3 that intensity of
the Brownian motion of particles of the intralipid
solution remains nearly unchanged, while the values
of the spatial and temporal speckle contrast increase
linearly with successive addition of sticky-tape layers.
It can be seen that the values of the spatial speckle
contrast increase 4 times faster relative to those of the
temporal speckle contrast. The values of the speckle
contrast can thus depend not only on the velocity of
scattering particles but also on the thickness of the
layer of static scatterers above the medium dynami-
cally scattering light. This effect is usually ignored in
studies using the LSCI method. Nevertheless, the
influence of thickness of the layer of static scatterers
on the value of speckle contrast must be taken into
account, especially, when conducting measurements
with biological objects the blood vessels in which lie at
various depths. A different value of the speckle con-
trast can be a manifestation of not only the blood-flow
velocity in the blood vessels but also of their depth,
which could, in turn, lead to a systematic error in anal-
ysis and interpretation of the experimental data
obtained by means of the LSCI. Calculation of the
coefficient of speckle dynamics allows distinguishing
between changes in the speckle contrast caused by an
increase or a decrease in the intensity of motion of
scatterers and those caused by the presence of a stati-
cally scattering layer above the medium scattering light
dynamically [24].

It can also be seen from Figs. 2 and 3 that the spatial
and temporal speckle contrasts attain close to each
other values in the absence of the static scattering layer
above the intralipid solution, which indicates that the
system under consideration satisfies the ergodicity
condition. The difference between the spatial and
temporal speckle contrasts increases with addition of
static layers. Simultaneously, the value of the coeffi-
cient of speckle dynamics decreases, which indicates
the growth of violations of the ergodicity condition.
These violations cause the appearance of a systematic
error in the LSCI method and must be taken into con-
sideration accordingly when conducting measure-
ments with biological objects. It can be seen from
Fig. 3 that the value of the temporal speckle contrast is
influenced less by an increase in the static-layer thick-
ness. Moreover, the region filled with intralipid
remains visible in the course of temporal processing
even in the presence of a large number of static scatter-
ing layers. Hence, the quantitative estimate of the
blood-flow velocity in the blood vessels can strongly
depend on the chosen method of speckle-image pro-
cessing. At the same time, the fact that the system
under consideration does not comply with the ergo-
dicity condition will not impact qualitative measure-
ments in which it is important to demonstrate only the
relative changes in the blood flow or perfusion. It can
also be seen from the figures that the value of the coef-
ficient of speckle dynamics decreases inversely pro-
portional to an increase in the fraction of static scatter-
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ers (the nonergodic component). Presumably, the
presence of static layers of small thickness does not
introduce substantial error in the estimate of speckle
contrast. Hence, the coefficient of speckle dynamics
can be used to estimate the influence of depth of a
blood vessel on the result of the speckle-contrast mea-
surements.

The Monte-Carlo method [34] was used to esti-
mate the effective sampling volume in the model
experiments carried out with phantoms containing
various numbers of static layers. The results of simula-
tion of the effective sampling volume for the model
experiments conducted with phantoms containing
various numbers of static layers are illustrated in
Fig. 4. Optical properties presented in the Table 1 cor-
respond to radiation with a wavelength of 655 nm. To
estimate independent of wavelength effective sampling
volume of a tissue, the data of simulation were plotted
as a function of optical density that was calculated as a
product of the layer thickness (D) and the reduced
scattering coefficient (U}). It can be seen that consid-
erable effective amount of radiation scattered from
intralipid is registered by the detector even in the pres-
ence of several static layers (up to 7 layers of sticky tape
with a total thickness of 385 wm), which allows carry-
ing out more or less accurate measurements using
the LSCI.

According to different sources, a typical skull
thickness of a mouse at an age of up to 2 months varies
from 150 to 310 um [35, 36], while infrared radiation is
characterized by large penetration depth into biologi-
cal tissues. The reduced scattering coefficient in the
infrared spectral range for a skull of a mouse equals
1.75 =+ 0.05 [35]. Hence, the presence of a static scat-
tering layer in the form of skull bones does not intro-
duce substantial distortions in the results of the cere-
bral blood flow measurements of a mouse by means of
the LSCI. Examples of spatial and temporal speckle-
contrast images, along with images of the coefficient
of speckle dynamics, calculated using different
sequences of the raw speckle images under transcra-
nial in vivo visualization of the cerebral blood flow of
a mouse are presented in Fig. 5. As we mentioned
above, the skull thickness of a young mouse does not
introduce substantial errors in the results of the mea-
surements. It can be clearly seen from Fig. 5 that spatial
and temporal speckle-contrast images obtained by pro-
cessing a sequence of 10 frames are identical for both
parts of the brain containing blood vessels (point 2
in Fig. 5) and areas free of blood vessels (point / in
Fig. 5). The coefficient of speckle dynamics attains
high value in the regions of measurements corre-
sponding to the brain, which is indicative of the fact
that the ergodicity conditions are either not violated or
violations are not significant. Nevertheless, the LSCI
is based on statistical measurements. Therefore, it is
important taking into account the size of the data sam-
ple, which corresponds to the number of consecutive
frames used for obtaining the speckle-contrast images
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Fig. 4. Monte-Carlo simulation of an effective sampling volume of radiation for intralipid in the absence of a static layer above
(a); for intralipid with 1 (b), 4 (c), 7 (d), 10 (e), and 13 (f) static layers above. Black arrow marks position of the static-layer lower
boundary.
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Fig. 5. Spatial speckle-contrast images (upper row), temporal speckle-contrast images, and images of the coefficient of speckle
dynamics calculated for the case of transcranial visualization of the brain of a mouse using 10, 5, 3, and 1 consecutive speckle
images. The length of the scale bar is equal to 1 mm.
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is the case under consideration. It can be seen from
Fig. 5 that a reduction in the number of frames
strongly influences the result of temporal processing.
In particular, the difference between spatial and tem-
poral speckle-contrast images increases for both
regions of the brain containing blood flow/blood ves-
sels (point 2in Fig. 5) and the region in which they are
absent (point 7 in Fig. 5), which can also be clearly
seen from the image of the coefficient of speckle
dynamics. This effect must also be taken into consid-
eration when using the spatiotemporal algorithm of
speckle-image processing. It was established in our
case, in the experiment carried out with an exposure
time of 10 ms, that the minimum sufficient size of the
sample of consecutive raw images was equal to
10 frames.

Incorrectly chosen camera exposure time, algo-
rithms of speckle-image processing, the number of
frames used for image processing, or the presence of a
static scattering layer can substantially impact the
results of the measurements conducted by means of
the LSCI. Optimal parameters of the LSCI should be
chosen depending on whether it is necessary to obtain
quantitative or qualitative data, whether it is more
important preserving spatial or temporal resolution,
etc. The coefficient of speckle dynamics allows esti-
mating the influence of system nonergodicity for given
exposure time, which can help choosing optimal
parameters for the LSCI measurements. In particular,
it was demonstrated in the present work that the skull
bones do not introduce substantial distortions from
the point of view of fulfillment of the ergodicity con-
dition upon visualization of the cerebral blood flow in
the brain of a mouse. Nevertheless, skin must be
removed from the region of the measurements in order
to minimize the systematic error of the LSCI experi-
ment. In the case of an adult mouse, in addition to skin
removal, the procedures of skull thinning by means of
a drill [37] or its total removal [38] are applied. Using
optical clearing [39] can potentially reduce the influ-
ence of the layer of static scatterers of a biological tis-
sue [40] (skin, in particular [40]) on the results of the
LSCI, thereby increasing the efficiency of the nonin-
vasive in vivo visualization of the cerebral blood flow.

CONCLUSIONS

Thus, we investigated the influence of the ergodic-
ity condition of the studied inhomogeneous strongly
scattering medium on the results of the LSCI. Using a
phantom, it was demonstrated experimentally that an
increase in the number of stationary scatterers relative
to the number of dynamic ones in the studied volume
causes the results of spatial and temporal processing of
the speckle images for given exposure time to be differ-
ent. Analysis of the obtained experimental values of
the spatial and temporal speckle contrast, the values of
the coefficient of speckle dynamics, along with analy-
sis of the effective sampling volume of radiation simu-
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lated by means of the Monte-Carlo method, suggest
that the presence of a relatively thin, up to 30% of the
total volume, static layer does not introduce consider-
able changes in the LSCI results. This supposition was
confirmed by means of the transcranial in vivo visual-
ization of the cerebral blood flow in the brain of an
8-week-old mouse. It was demonstrated that violation
of the ergodicity condition in the studied object must
be taken into account when conducting the measure-
ments. It was also demonstrated that system parame-
ters for the LSCI, such as the camera exposure time,
the method of analysis of the speckle images, and the
number of frames used for processing, must be chosen
individually for each experiment depending on the
problem being solved.
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