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Abstract.  The results of experimental approbation of the method of 
laser full-field speckle-imaging for monitoring the changes in blood 
microcirculation state of the brain cortex of laboratory rats under 
the conditions of developing stroke and administration of vasodilating 
and vasoconstrictive agents are presented. The studies aimed at the 
choice of the optimal conditions of speckle-image formation and 
recording were performed and the software implementing an adaptive 
algorithm for processing the data of measurements was created. 
The transfer of laser radiation to the probed region of the biotissue 
was implemented by means of a silica-polymer optical fibre. The 
problems and prospects of speckle-imaging of cerebral microcircu-
lation of blood in laboratory and clinical conditions are discussed. 

Keywords: laser speckles, full-field method, contrast of speckle-
images, adaptive algorithm, microcirculation, cerebral blood flow. 

1. Introduction

The progress of such methods, as laser Doppler flowmetry 
[1 – 4], Doppler optical coherence tomography [5], intravital 
microscopy [6], magnetic resonance tomography and angio­
graphy [7], transcranial dopplerography [8], etc., allowed inves­
tigation of vascular system state and blood microcirculation 
in real time. Many of these methods suffer from essential 
limitations, such as insufficient spatial and temporal resolu­
tion, the limited information about the flow of particles, espe­
cially for in-depth scanning of biotissue, some invasiveness of 
measurements, etc. At present the most efficient diagnostic 
methods to determine the main parameters of microcircula­
tion are those based on the dynamical scattering of light (laser 
Doppler flowmetry, LDF) [1 – 4], diffusion-wave spectroscopy 
[9, 10], speckle-visualisation [11 – 15], and the methods of com­
puter biomicroscopy [6, 14, 16].

Note that in the modern medicine, when studying the 
blood circulation system, the issues related to the study of mech­
anisms of microcirculation of blood in norm and pathology 
are the key ones [17, 18], since it is just microcirculation that 

provides the delivery of oxygen and other necessary substances 
to individual organs and tissues, as well as the removal of 
metabolic products.

In the present work the study of capillary blood flow 
dynamics is carried out using the method of full-field speckle-
correlometry [11 – 15], since it is a noninvasive contactless 
method that allows visualisation of capillary blood flow in 
real time without scanning of the laser beam. Full-field speckle-
correlometry solves the problem of microcirculation imaging 
by means of the analysis of spatial statistics of time-averaged 
speckles, in particular, the analysis of spatial contrast of the 
speckle pattern. The method allows investigation of time-
dependent scattering objects with complex dynamics, since it 
possesses greater temporal resolution as compared with the 
method of analysis of speckle pattern temporal contrast, 
where the values of contrast are calculated using a set of suc­
cessively obtained images.

Important changes that allow more efficient monitoring 
of cerebral blood flow were introduced into the classical scheme 
[12 – 15], implementing the method of full-field speckle-corre­
lometry. Thus, for visualisation of capillaries a microscope 
objective was used instead of a ‘traditional’ photo objective, 
and the probing radiation was transferred to the observing 
site via a silica-polymer optical fibre. In the course of experi­
ments with laboratory animals in vivo one often meets with 
situations that make the measurements hard to perform. They 
include reflectory motions of the animal, the variation of bio­
tissue optical parameters, e.g., due to oedema, etc. To provide 
partial compensation for the arising noise, an algorithm for 
automated tuning of the digital camera parameters was devel­
oped and incorporated in the program of contrast analysis.

In this paper we present the results of cerebral blood flow 
studies in laboratory rats under the conditions of developing 
stress-provoked stroke and administration of vasodilating 
and vasoconstrictive agents.

2. Materials and methods

2.1. Method of stroke modelling

We used the method of modelling stroke using stress [19], when 
a haemorrhage followed by blood microcirculation distur­
bance in the brain cortex occurs in the experimental animal. 
To control the changes in the blood flow velocity in all animals 
vasodilating and vasoconstrictive agents were administered 
intravenously using a catheter.

2.2. Method of measurements

The full-field speckle-correlometry – a simple and high-effi­
ciency method used for blood flow imaging – was proposed in 

Laser speckle-imaging of blood microcirculation in the brain cortex  
of laboratory rats in stress 

M.A. Vilensky, O.V. Semyachkina-Glushkovskaya, P.A. Timoshina, Ya.V. Kuznetsova, 
I.A. Semyachkin-Glushkovskii, D.N. Agafonov, V.V. Tuchin 

M.A. Vilensky, O.V. Semyachkina-Glushkovskaya, P.A. Timoshina, 
Ya.V. Kuznetsova, I.A. Semyachkin-Glushkovskii, D.N. Agafonov   
N.G. Chernyshevsky Saratov State University (National Research 
University), ul. Astrakhanskaya 83, 410012 Saratov, Russia;	
V.V. Tuchin  N.G. Chernyshevsky Saratov State University (National 
Research University), ul. Astrakhanskaya 83, 410012 Saratov, Russia; 
Institute for Problems of Precise Mechanics and Control, Russian 
Academy of Sciences, Rabochaya ul. 24, 410028 Saratov, Russia; 
University of Oulu, P.O. Box 4500, FIN-90014, Oulu, Finland; 	
e-mail: tuchinvv@mail.ru	
	
Received 23 April 2012	
Kvantovaya Elektronika  42 (6) 489 – 494 (2012)	
Translated by V.L. Derbov

PACS numbers: 87.57.–s; 87.19.U–; 42.30.Ms
DOI: 10.1070/QE2012v042n06ABEH014887



	 M.A. Vilensky, O.V. Semyachkina-Glushkovskaya, P.A. Timoshina et al.490

the middle of 1990s and is known as LASCA (LAser Speckle 
Contrast Analysis). It is based on closeness of statistical 
moments, describing spatiotemporal intensity fluctuations in 
ergodically and statistically homogeneous speckle fields, eval­
uated by means of averaging in time and space [12 – 15, 20 – 27].

With the aim of monitoring microhaemodynamics, the 
laboratory version of a full-field speckle-correlometer was 
developed, the scheme of which is presented in Fig. 1. The 
present setup allowed recording images of the same fragment 
of the sample both in coherent light (illumination by a laser) 
and in incoherent one (illumination by a light-emitting diode) 
without mechanical rearrangement. Since the final object of 
investigations is the blood flow, the speckle-imaging was imple­
mented using the single-mode helium-neon laser GN-5P with 
the wavelength 633 nm, at which a substantial scattering of the 
probing radiation by red blood cells occurs. For microscopic 
studies we designed and used the ring illuminator, consisting 
of 12 light-emitting diodes with the central wavelength ~530 nm 
(AllLight, Guangdong, China). The choice of light emitting 
diodes was motivated by the fact that blood strongly absorbs 
light in the appropriate spectral region, which provides increased 
image contrast of the blood vessels. The laser beam was directed 
to the observing site through the silica-polymer optical fibre 
having the diameter 400 mm. Speckle-modulated images of the 
analysed surface area were recorded by means of the mono­
chrome CMOS camera (Baslera802f, number of pixels in the 
matrix 656 ́  491, pixel size 9.9 ́  9.9 mm, 8 bit  pixel–1), equipped 
with the LOMO objective with the magnification 10´.

In the full-field speckle-correlometry method the contrast 
of the dynamical time-averaged speckles is evaluated depend­
ing on the time of averaging of speckle-modulated images. To 
perform the measurements in real time it is necessary to aver­
age speckle-images during the time from 5 to 30 ms (in the 
experiments, described in the present paper, the exposure 
time of the CMOS camera was 20 ms). The rate of contrast 
reduction in the recorded speckles with increasing time of 
averaging depends on the mean time during which the moving 
scattering centres in the probed volume shift by the distance, 
equal to the wavelength of the probing radiation in the 
medium, and on the mean number of scattering events during 
the propagation of the radiation in the probed volume. The 
analysis of local contrast values of speckle-modulated images 

of the object surface at fixed exposure time over zones, includ­
ing a given number of speckles, allows visualisation of regions, 
where the values of movability characteristics of scattering 
centres essentially differ from those, averaged over the entire 
probed area. During the processing of the speckle-modulated 
images of the analysed fragment of the biotissue surface, the 
values of contrast are calculated using the formula Vk = sIk /Ikr , 
where k is the frame number in the sequence of speckle-mod­
ulated images;
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is the brightness value, averaged over the analysed frame;
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is the root-mean-square fluctuation component of the pixel 
brightness; M and N are the numbers of pixels in rows and 
columns of the analysed fragment of the frame, respectively; 
Ik(m, n) is the pixel brightness in the kth frame. 

Time averaging of the image of moving objects leads to 
reduced contrast for any type of the speckle motion. For ran­
dom distribution of velocities the intensity of each speckle is 
fluctuating. In each individual case the problem of quantita­
tive measurements is associated with understanding the inter­
connection between the contrast of speckles and the velocity 
of motion scattering centres (or velocity distribution) [22 – 26].

The relation between the velocity and the contrast is 
described as follows: the higher the velocity, the faster the 
fluctuations and the lower the contrast for the fixed exposure 
time. The interrelation between the contrast and the temporal 
autocorrelation function of intensity fluctuations is described 
by the expression [13, 15]:
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where ss2 is the variance of the spatial intensity fluctuations 
in  the speckle pattern; T is the exposure time; ( )g2 tu  is the 
covariance function of temporal intensity fluctuations of an 
individual speckle, which is an analogue of the autocorrela­
tion coefficient:
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This relation determines the interrelation between the full-
field speckle-correlometry and the methods that use intensity 
fluctuations of the laser light, scattered by a moving object or 
particle. Full-field speckle-correlometry uses speckle-modula­
tion in the zone of the image, while the basic temporary methods 
use speckle-modulation in the far-field zone.

In principle, all these methods allow determination of the 
correlation time tc. In the case of full-field speckle-correlo­
metry some additional assumptions should be made to specify 
the relation between the measured speckle contrast (defined as 
ss /áIñ) and the correlation time tc. Depending on the type of the 
studied motion, different models may be used. For the Lorentz 
velocity distribution the equation takes the form [13, 15]
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Figure 1.  Schematic diagram of experimental setup: 	
( 1 ) He – Ne laser GN-5P with the wavelength 633 nm; ( 2 ) optical fibre; 
( 3 ) detector (CMOS-camera Basler Z602f) (in the speckle-imaging re­
gime); ( 4 ) lens tube of the microscope with microscopic objective 
(LOMO 10´)  and 8-element light-emitting-diode illuminator (central 
wavelength ~530 nm); ( 5 ) object of study (in the microscopy regime).
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This equation relates the speckle contrast, calculated as 
the ratio of the root-mean-square intensity fluctuation to the 
mean intensity, and the correlation time tc for given T.

From this point of view the full-field speckle-correlometry 
meets the same problems as all frequency-temporal methods, 
namely, the evaluation of the correlation time is affected by the 
form of the velocity distribution of scattering particles, multiple 
scattering, size of the particles (in the present case, red blood 
cells), shape of scatterers, non-Newtonian flow of the liquid, non-
Gaussian statistics due to small number of scatterers, etc. Due to 
uncertainties caused by the mentioned factors, one should rely 
on appropriate calibration using dynamic phantoms of biotissues 
rather than on absolute measurements, when using these methods.

To measure the temporal statistics of a fluctuation speckle 
pattern one has to trace the intensity of an individual speckle. 
In this case the detector aperture must be smaller than the mean 
speckle size, otherwise a certain spatial averaging appears and 
the first-order statistics is disturbed. The full-field speckle-cor­
relometry implies calculation of the local contrast of speckles 
using a set of pixels, the number of which is controlled by the 
operator. The wider the processed area, the better the statis­
tics. But it is also important to process a large enough number 
of speckles, not only of pixels; if the speckles are much larger 
than the pixels, then a smaller number of speckles are pro­
cessed. This circumstance means that the suitable size of 
speckles is limited. If the speckles are too small, then each 
pixel contains more than one speckle, which leads to their 
averaging and reduces the measured contrast. If the speckles 
are large, then the present number of speckles can appear 
insufficient to provide good-quality statistics. Therefore, the 
size of speckles should be carefully controlled, which can be 
implemented by choosing the aperture of the optical system, 
forming the image, because only it determines the speckle size. 
On the other hand, this can limit the possibility to control the 
light flux entering the camera, since the camera shutter expo­
sure time is specified by the range of the velocities measured. 
If the dynamic range of the camera is not very large, this may 
become a serious limitation and require using neutral filters to 
provide the level of the light flux acceptable for the detector.

Another problem is the impossibility to obtain experi­
mentally the whole range of contrast variation, described by 
theory. A stationary object must give the contrast equal to 
unity (s = áI ñ). A completely smeared speckle pattern, arising 
in the case of fast motion of scatterers, must have zero con­
trast. For example, the Lorentz model predicts the dependence 
of the contrast s/áI ñ on tc /T. For the given exposure time T 
the dynamic range of the contrast measurement from 0.1 to 
0.9 must correspond to nearly 2.5 orders of magnitude for tc 
(and, therefore, the velocity). 

Practically, even for stationary random scatterers the 
measured contrast is equal to 0.6 [12]. One of the reasons is 
the CCD camera itself. Most of the CCD cameras are designed 
to have a shift of the constant component with respect to zero, 
called a pedestal. This is done to prevent cutting of negative 
peaks, arising in the course of processing. The pedestal gives 
rise to a shift of the probability density histogram along the x 
axis with corresponding influence on the root-mean-square 
value and, therefore, on the contrast. By the appropriate data 
processing one can eliminate the influence of dark current. 
Then the measured contrast of the image of a stationary dif­
fuse surface increases from 0.41 to 0.95, which is close to the 
theoretical value, equal to one for fully developed speckles [13]. 
Under the same conditions the contrast of the speckle pattern, 
obtained from a fragment of human skin, increases from 0.33 

to 0.68. The smaller contrast, as compared with the case of 
stationary scatterers, is due to the effect of moving scatterers 
(red blood cells) in the tissue volume. Other statistical problems 
are associated with the Gaussian profile of the laser beam and 
with the nonlinearity of the CCD camera [13]. 

To perform the measurements and to calculate the contrast 
we developed a program in the LabVIEW 8.5 environment 
(National Instruments, USA) that allows real-time recording 
of the intensity distribution of the speckle field with the rate of 
100 frames per second and calculation of the mean contrast or 
its spatial distribution using Eqn (1) with parallel visualisa­
tion in the region chosen by the operator. The block diagram 
of calculating the contrast and the distribution of the contrast 
local estimates is presented in Fig. 2. Figure 3 shows the images 
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Figure 2.  Block diagram of calculation of contrast and intensity distri­
bution in speckle patterns.
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of a typical blood vessel, obtained by means of the method of 
digital microscopy, the method of spatial distribution of local 
contrast estimates, and after normalisation of this distribu­
tion. One of the most important parameters in the studies of 
the contrast is the time of speckle pattern recording, i.e., the 
exposure time. In spite of the possibility (in certain limits) to 
exercise programmed control of the camera exposure, in the 
real experiment there are limitations that do not allow choos­
ing any available exposure. Thus, in connection with different 
absorption and scattering coefficients in different samples, and 
with the difference in their internal dynamics (or in case of 
significant temporary and spatial variations of these parame­
ters within a single sample) at constant intensity of the incident 
radiation one can observe essential difference in the statistics 
of the recorded distribution of intensity fluctuations, and, 
therefore, in the contrast, calculated on its basis.

The algorithm of automated tuning of the digital camera 
parameters, which was developed and incorporated into the 
used program of the contrast analysis, allowed partial com­
pensation of the abovementioned differences by means of the 
optimal choice of the amplification and brightness at fixed 
exposure. Nevertheless, in the cases of insufficient acquisition 
time or excess light, incident on the light-sensitive elements 
of the camera during the exposure time, the statistics of the 
intensity fluctuations in the recorded image is disturbed. This 
happens due to insufficient sensitivity or ‘overload’ of the light-
sensitive elements of the detector. 

3. Discussion of the results

The developed software allowed calculation of the contrast 
spatial distribution from the experimental data obtained in 
the study of the cerebral blood flow in animals (Table 1), and 
also successful investigation of the dynamics of blood micro­
circulation in the human nail bed under occlusion (not pre­
sented in this publication). The result of the program opera­
tion consists in calculating the spatial distribution of the con­
trast, obtained from five sequential images of the dynamical 
speckle pattern. 

Table 1 presents the experimental values of the contrast, 
obtained as a result of speckle-correlation monitoring of blood 
microcirculation in the surface layers of the brain cortex of 
experimental animals in normal state and in the cases of arti­
ficially induced pathologies. The data summarised in the Table, 
corresponding to stabilised haemodynamic regimes in norm 
and pathologies, are the results of averaging over sets of experi­
mentally measured contrast values in different experimental 
animals. In correspondence with the procedure of evaluating 

the confidence interval Dx with the distribution function of the 
measured random variable x being unknown [28], the values 
of DV were specified as DV » 1.6s for the significance level 0.9. 
The expected result is the increase of time-averaged speckles 
contrast due to suppression of microhaemodynamics by the 
intravenous injection of a vasodilating agent. On the con­
trary, the intravenous injection of a vasoconstrictive agent is 
expected to cause increased haemodynamic intensity and essen­
tial reduction of contrast as compared with the normal state. 

The results of the studies have shown that in the stabilised 
physiological regime in healthy animals (the third group) the 
contrast, depending on the blood microcirculation, varies from 
0.24 to 0.28. In 24 hours after the stress impact (the first group 
of animals) the velocity of capillary blood flow was reduced, 
which could be seen from the contrast of 0.3 – 0.33, increased 
as compared with the normal state. The reduction of the capil­
lary blood flow intensity on the next day after the stroke, 
induced in the animals under study, is an expected result. The 
monitoring of the blood microcirculation state directly after 
the stress impact (the second group of animals) revealed changes 
in the contrast value with respect to the normal state only in 
two animals (the contrast increased up to 0.33). The change of 
the contrast, and, correspondingly, the state of blood micro­
circulation under the administration of vasodilating and vaso­
constrictive agents was also in agreement with the expected 
physiological response (dilation and constriction of the blood 
vessels and appropriate changes of the blood flow velocity) to 
the action performed. Hence, the method of speckle-imaging 
allows real-time tracing of the changes in blood microcircula­
tion state.

Table 1.  Dynamics of contrast under varying functional conditions of 
experimental animals.

		            Mean contrast value

Group	 Before admi- 	 After admi- 	 Before admi-	 After admi- 
of	 nistration of	 nistration of	 nistration of	 nistration of 
animals	 vasoconstric-	 vasoconstric-	 vasodilating	 vasodilating 
	 tive agent	 tive agent	 agent	 agent

	 0.30±0.02	 0.14±0.01	 0.31±0.01	 0.36±0.02
1	 0.33±0.01	 0.27±0.01	 0.31±0.01	 0.34±0.01
			   0.32±0.01	 0.36±0.01

	 0.24±0.01	 0.15±0.01	 0.27±0.01	 0.32±0.03
2	 0.33±0.01	 0.25±0.01	 0.33±0.01	 0.37±0.02
			   0.20±0.01	 0.32±0.02

	 0.26±0.01	 0.21±0.01	 0.27±0.01	 0.40±0.02
3	 0.28±0.01	 0.23±0.01	 0.24±0.01	 0.31±0.02
	 0.24±0.01	 0.22±0.01

100 mm
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a b c

Figure 3.  Microscopic image of a typical blood vessel (a), spatial distribution of local contrast estimates (b), and spatial distribution of the local esti­
mates of contrast after normalisation in the zone of the vessel (c).
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For the proposed method of full-field speckle-correlation 
monitoring using the multimode optical fibre to transport the 
laser radiation to the probed site the contrast does not exceed 
0.6 even in the cases of probing steady-state multiply-scattering 
media (e.g., model scatterers based on polymer layers). One 
of the reasons that cause such low values of the contrast of 
detected speckle-modulated images is the depolarisation of 
laser radiation in the course of its propagation in multimode 
optical fibres. As a result, the speckle field, produced in the 
detection zone and being macroscopically depolarised, may be 
presented as a superposition of two statistically independent 
developed-speckle fields having mutually orthogonal direc­
tions of polarisation [29, 30]; in this case the maximal possible 
contrast for the resulting steady-state speckle field is equal to 
~0.7. Other factors that reduce the contrast are non-control­
lable microscopic vibrations of elements of the speckle-cor­
relometry system (in the first place, the optical fibre), as well 
as instrumental errors in recording the dynamical speckle-
modulated images by the CMOS array.

Significant variations of the contrast, caused by the changes 
in blood microcirculation, are observed in our experiments 
with the exposure time 20 ms; in this case the characteristic 
time of red blood cell displacement l/n– by the distance of the 
order of the probing radiation wavelength due to their motion 
in the microcirculatory bed amounts to 10–3 – 10–2 s. On the 
other hand, preliminary studies of the possibility to calibrate 
the speckle-correlometry system using a flow of a scattering 
liquid (a suspension of polydisperse particles in water) with 
fixed velocity in a polystyrene tube having the diameter 3 mm 
have shown that at the exposure of 20 ms the values of V(T ), 
obtained by detecting the flow-scattered radiation, vary from 0.4 
to 0.04 when the flow velocity varies from 30 to 400 mm s–1 [31]. 

One of the possible future applications of the full-field 
speckle-correlation method in the clinical practice is low-
invasive monitoring of cerebral blood microcirculation in the 
brain of small animals without craniotomy under the condi­
tions of immersion optical clearing of the skin and bone head 
tissues by means of hyperosmotic agents [32 – 34] and using 
alternative algorithms for speckle pattern processing [35 – 37]. 
For example, the authors of [36] reported the results of cerebral 
blood flow monitoring using the full-field speckle-correlation 
method with temporal averaging without damaging the brain­
pan of a rat. Among the publications, devoted to the solution 
of this problem, paper [38] is worth mentioning, in which the 
efficiency of combined application of optical clearing tech­
nique and full-field speckle-correlometry to the monitoring of 
strongly scattering media with pronounces dynamics of scat­
terers is investigated. The recently published paper [39] reports 
a successful application of the full-field speckle-correlometry 
method to the monitoring of cerebral blood flow with the use 
of the optical clearing method. 

Thus, the experimental study of the blood flow velocity 
dynamics under the conditions of stroke in laboratory rats 
demonstrates high efficiency of the developed instrument and 
algorithm for data acquisition and processing, implementing 
the method of full-field speckle-imaging, in monitoring of the 
blood microcirculation state in the brain cortex, affected by 
pathological changes or action of agents.
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