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Abstract

Improving noninvasive approaches to monitoring blood microcirculation is
an urgent topic in modern biomedical engineering. One of the actively de-
veloping methods is laser speckle contrast imaging (LSCI), which allows not
only the visualization of microvessels but also the quantitative measurements
of microcirculatory blood flow. This work shows the application of LSCI for
mapping the cerebral vessels of a laboratory animal, and also presents the
time-frequency processing of the registered signal. Thus, we expand the ca-
pabilities of the existing LSCI approach and demonstrate spatial mapping of
blood flow rhythms. The proposed technology makes it possible not only to
measure the relative cerebral blood flow but also to expand diagnostic capa-
bilities for a detailed analysis of the physiological mechanisms of changes in
blood flow.

Keywords: laser speckle contrast imaging, cerebral blood flow dynamics,
wavelet transform

1. Introduction

The proper functioning of the blood microcirculation system is of great
importance, as it provides the delivery of nutrients and oxygen to biolog-
ical tissues and evacuates toxins and waste products. There is increasing
evidence that microcirculatory system dysfunction plays an important role
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in the pathogenesis of various brain diseases [1, 2]. As a result, cerebral
microcirculation appears to be a therapeutic target in treatment.

Cerebral blood flow is largely adjusted by the mechanism of cerebral
autoregulation, which protects brain tissue from a decrease in blood per-
fusion [3]. In turn, autoregulation of cerebral blood flow functions occurs
through myogenic, metabolic, and neurogenic mechanisms [4]. Therefore, by
analyzing these mechanisms, it is possible to obtain valuable diagnostic in-
formation on the state of cerebral blood flow [5]. Over the years of studying
oscillatory processes in the human microcirculation system, researchers de-
scribed the clinical and physiological aspects of cardiac, breath-dependent,
myogenic, neurogenic, and endothelial blood flow oscillations [6, 7, 8].

Nowadays, laser Doppler flowmetry (LDF) has become a well-established
and widely used technology to monitor blood microcirculation. This method
is also actively used to assess cerebral blood flow [9, 10, 11, 12]. However,
it has limitations such as potential large variations in the obtained results
depending on the detector placement due to single-point implementation
of measurements. It is worth noting that imaging technology with spatio-
temporal resolution that utilizes the laser Doppler effect also exists. Laser
Doppler imaging (LDI) is a technique that uses a laser beam to scan biological
tissues. Although LDI shows great potential for clinical applications [13],
including the study of cerebral blood flow [14, 15], it is quite challenging to
implement and requires additional time to collect and process data.

Recently, laser speckle contrast imaging (LSCI) has been widely used to
image blood flow in biological tissues. The ability to map blood flow makes
the technique applicable in the studies of blood microcirculation in various
medical and scientific cases [16, 17, 18, 19, 20]. LSCI technology has been
extensively applied to visualize regional cerebral blood flow [21, 22, 23, 24,
25, 26, 27].

To monitor blood flow using the LSCI method, clinicians have a dataset
that contains multiple images (perfusion maps) representing the temporal
evolution of blood flow in the study area. This provides the possibility
of performing a frequency analysis of the acquired signal in areas of inter-
est [28, 29, 30, 31, 32, 33, 34]. The analysis of blood oscillations in the
LSCI technique seems promising, since the method is simple to implement
and provides visualization of the entire area of investigation with high spatial
and temporal resolution [35]. Thus, LSCI has clear advantages over LDF and
LDI. Using LSCI, it is possible to obtain a blood circulation map and identify
areas with microvessels for further signal processing. Recent studies confirm
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that the temporal variations of the blood flow oscillations measured by LSCI
correlate well with the oscillations obtained by the LDF method [32]. This
makes it possible to use the same frequency analysis methods for LSCI that
have been used for LDF for a long time.

In this paper, we present the results of time-frequency analysis of laser
speckle contrast recording transcranially on the laboratory rat brain, pro-
duced using a new method of LSCI data processing and representation. We
also present the results of preliminary studies on a phantom simulating the
oscillatory motion of a liquid through a glass capillary.

2. Materials and Methods

2.1. Experimental Setup

Experimental studies were carried out using a specially developed exper-
imental setup shown in Fig. 1. The investigated area was illuminated with
the LDM785 laser source (Thorlabs, USA) with a light power of 20 mW
and a wavelength of 785 nm through the set of diffusers (Thorlabs, USA).
The backscattered light was collected via a high-resolution UI-3360CP-NIR-
GL CMOS camera (IDS, USA). To eliminate single scattering, a NIR linear
polarizer (Thorlabs, USA) was placed in front of the MVL25TM23 camera
objective (Thorlabs, USA). The images were obtained for 90 FPS and 11 ms
exposure time for all experiments.

2.2. Data Processing

Two different processing pipelines were used for the analysis of different
regions of interest (ROIs) and the full (pixel-wise) image analysis. This is
summarized in Fig. 2, and explained below.

Raw speckle images were processed using an original algorithm developed
in Matlab R2019b software. Depending on the selected parameters, the al-
gorithm allows one to process spatial, temporal, or spatio-temporal speckle
contrast [16]. Accordingly, using the temporal or spatial standard deviation
of the speckle intensity, the average speckle contrast can be calculated as
follows:

K =
σ

⟨I⟩
, (1)

where ⟨I⟩ is the mean intensity value and σ is the intensity standard devia-
tion.
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Figure 1: Scheme of the developed LSCI experimental setup and auxiliary equipment.

Figure 2: Flowchart of LSCI data processing explaining the steps of the analysis algorithm
of the selected ROIs (1) and the full image (2).

If moving scattering particles are present in the object illuminated by
coherent light, then the blurring of the speckle image recorded by the camera
will result in the observed standard deviation of the intensity being lower
than for a completely static set of scatterers, and therefore the speckle image
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contrast will also be reduced. The average velocity of the scattering particles
is inversely proportional to the characteristic correlation time of the intensity
of the observed speckle dynamics, τc [36]. The described behavior of the
speckle contrast value can be quantitatively analyzed as follows [37, 38]:

K =
σ

⟨I⟩
=

{
β

{
τc
T

+
τc

2

2T 2

[
exp

(
−2T

τc

)
− 1

]}}1/2

, (2)

where β is a constant depending on the parameters of the optical system and
T is the exposure time.

To visualize the brain vessels in a better quality, raw speckle images were
processed with a number of frames for a temporal averaging equal to 90.
Thus, the data was averaged over one second of recording. After temporal
averaging, we additionally applied a spatial algorithm with a window equal to
7. For frequency analysis, we used time averaging over 4 frames and spatial
averaging with the same window. Therefore, the initial frame rate (90 FPS)
was reduced to 22.5 FPS. The search for optimal parameters was especially
important because it was necessary to maintain a sufficient sampling rate of
the signal for reliable frequency analysis.

According to studies on the equivalence and differences between LDF and
laser speckle contrast analysis, to perform the same frequency decomposition
method as in LDF, the LSCI perfusion values were calculated as 1/K2 [39,
40].

The time-frequency analysis of the obtained perfusion value was per-
formed by the continuous wavelet transform (CWT). Perfusion signals were
decomposed using CWT in the form [41]:

Wx(s, τ) =
1√
s

∫ ∞

−∞
x(t)ψ∗

(
t− τ

s

)
dt, (3)

where x(t) is a target signal, τ is the time shift of the wavelet, s is the scaling
factor, and the symbol ∗ means complex conjugation. The decomposition was
performed using the Morlet wavelet [42]:

ψ(t) = e2πite−t2/2σ2

. (4)

The Morlet wavelet is one of the most commonly used wavelets. This is
the most reliable wavelet for timefrequency analysis of non-stationary time
series data, in particular of biological nature. The resulting spectrum con-
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tained 9 octaves that made it possible to observe all five frequency ranges of
blood microcirculation regulation found in animals [43, 44].

2.3. Phantom Experiments

The phantom experiments aimed to test the system’s ability to identify
the difference between various solution velocities and also to register solution
flow oscillations. As a phantom, a capillary tube with an internal diameter
of 1.6 mm and an electric pump calibrated according to the velocity of the
liquid were used. The detailed description and general appearance of the
phantom are shown in one of our previous work [17]. An 8% solution by
volume of Intralipid 20% (Fresenius Kaby, USA) was pumped through the
capillary using an electric pump. The selected 8% Intralipid concentration
approximately corresponds to the optical scattering properties of blood at a
wavelength of 785 nm (µs = 72 mm−1) [45, 46]. The Intralipid solution was
pumped through a capillary tube with linear velocities of 1 and 2 mm/s to
cover the in vivo range of blood velocities.

In phantom experiments were obtained two-minute recordings for each
velocity of liquid flow in the capillary. The processing of the data was carried
out according to the algorithm described in Section 2.2 and resulted in laser
speckle contrast images with a resolution of 500×500 pixels. A 12×12 pixels
ROI in the central part of the tube was selected and the value of the spatio-
temporal speckle contrast K was calculated using Eq. 1.

2.4. Animal Study

In the animal part of the study, a one-month-old Wistar rat (male) with
an initial body weight of 100 g was used. The experimental studies were car-
ried out in accordance with the principles of GLP. The work was approved
by the Ethics Committee of Orel State University (protocol No.12 dated 6
September 2018). The study protocol included animal anesthesia by intra-
muscular injection of Zoletil/Xyla drug composition in standard proportions
and dosages. The animals were placed on a heated table (37 ◦C) to maintain
stable body temperature. After that, the animal was fixed in a 3D printed
stereotaxis to avoid movement artifacts. To access the study area (cerebral),
the skin was cut and removed from the head of the animal. The animal’s skull
was not removed and therefore a noninvasive transcranial cerebral imaging
was performed [47, 48, 49, 27, 24]. During the in vivo experiments, the sur-
gical warming and monitoring system (model: Rodent Surgical Monitor+,
Indus Instruments, USA) was used to monitor the physiological state of the
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animal. It provides information such as multi-lead ECGs, heart rate values
with the range from 200 to 999 beats per minute (BPM), respiration rate
values with the range from 15 to 400 breaths per minute (BrPM), and core
body temperature values up to 50 ◦C. The use of this system also made it
possible to verify the information about cardiac and respiratory oscillations
obtained by LSCI perfusion post-processing.

Speckle images were captured transcranially for 5 minutes. To study the
dynamics of cerebral blood flow in various parts of the brain, three target
areas were selected: the superior sagittal sinus, its tributaries, and brain
areas that have no clearly visualized vessels. In each of the target areas,
five ROI (12×12 pixels) were selected to obtain statistics (see Fig. 5). In
addition, pixel-by-pixel wavelet analysis was used for a detailed study of the
spatial frequency distribution, which made it possible to plot the oscillation
maps.

3. Results

3.1. Phantom Experiments

The results of the laser speckle contrast imaging of capillaries with dif-
ferent solution flow velocities (1 and 2 mm/s) are shown in Fig. 3.

Figure 3: Raw and speckle contrast images of fluid motion in a capillary at different flow
rates. The white square is the ROI analyzed.

The calculated contrast was transformed into pseudo-colors, where the
high velocity of the scattering particle flow corresponded to red, and the low
velocity corresponded to blue. This experiment shows that the built-in setup
is capable of detecting changes in the flow rate of scattering particles.

The results of the CWT analysis for the capillary phantom are shown in
Fig. 4. First, the obtaining of the LSCI signal for each of two velocity vari-
ations was performed in accordance with formula 1/K2. Then, the wavelet
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transform was used, which made it possible to obtain amplitude scalograms
and averaged wavelet spectra for different flow rates.

Figure 4: Wavelet analysis of laser speckle contrast signals obtained for the capillary
phantom. First row: laser speckle contrast signal from the selected ROI, CWT amplitude
scalogram, and time-averaged wavelet spectrum for 1 mm/s flow velocity; second row
shows the same types of data for 2 mm/s flow velocity. The white dashed line and the
shaded area show the cone of influence where edge effects become significant at different
frequencies.

The obtained results show that for various solution flow velocities, there
are different frequency distributions. For 1 mm/s and 2 mm/s, there are
multiple peaks in the wavelet spectra, indicating that the needed rate of
administration is achieved by pulsations of several frequencies. At a given
Intralipid flow rate of 1 mm/s in the capillary, oscillations at a frequency of
approximately 1.28 Hz were detected. At a higher fluid flow rate (2 mm/s),
high-frequency oscillations of 0.64 Hz were modulated by a low frequency of
about 0.32 Hz.

3.2. Animal Study

The next step was to conduct studies of dynamic changes in the cerebral
blood circulation of the rat. Fig. 5 shows images of the rat brain obtained on
the camera in initial monochrome mode, as well as the speckle contrast image.
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For wavelet decomposition, zones with very different blood flow dynamics
were selected: the superior sagittal sinus, its tributaries, and brain areas
that do not have clearly visualized vessels. Areas with higher blood flow,
such as large vessels, have lower speckle contrast values and appear yellow in
the images.

Figure 5: Raw speckle and processed images of the rat brain obtained transcranially. The
white squares indicate ROIs for wavelet analysis.

Fig. 6 shows the results of the wavelet analysis of the obtained perfusion
in each target area.

Figure 6: Wavelet analysis of obtained perfusion values: (a) example of CWT amplitude
scalogram for the superior sagittal sinus (red line in d), (b) tributary (green line in d),
and (c) brain tissue that does not have clearly visualized vessels (blue line in d); (d)
corresponding time-averaged spectra.

In the data for all target areas, there were prominent amplitudes of oscil-
lations caused by vasomotions (0.11-0.13 Hz), respiratory activity (1.3 Hz),
and heart beats (6.3-6.7 Hz). Vasomotion amplitude values vary from 12.5

9



to 33.7 a.u.; respiratory - from 13.3 to 37.2 a.u.; cardiac - from 29.2 to 40.6
a.u. (depending greatly on the target area that is analyzed). According to
the data obtained from the monitoring system, the animal had 386 BPM
(approximately 6.44 Hz) and 73 BrPM (approximately 1.22 Hz) on average.
Fig. 6 also illustrates the fact that LSCI is sensitive to blood flow not only in
visible superficial vessels, but also in tissue regions with vessels that are non-
visible in the given speckle-contrast image. The presence of oscillations in
such regions suggests that the dynamic characteristics of the speckle contrast
contain information on the blood flow of the underlying microvessels.

Fig. 7 presents mean time-averaged spectra and standard deviations for
five ROIs in each of the three target areas (see Fig. 5). This was done in
order to acquire statistics on whether the wavelet spectrum shape repeats at
different ROIs in the same region.

Figure 7: Mean time-averaged spectra (solid lines) and standard deviations (semi-
transparent areas) for five ROIs in each of three target areas.

Based on the results of the calculation, the lowest scatter of values was
found in the area without clearly visualized vessels for the cardiac oscilla-
tions. On the contrary, the tributary appeared as the region with the largest
difference in values found for the myogenic oscillations.

Next, we performed a pixel-by-pixel wavelet analysis of perfusion and
obtained oscillation distribution maps for the three dominant components
(Fig. 8). A high amplitude of cardiac oscillations is observed fairly evenly in
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large vessels over the entire surface of the rat brain. As expected, according
to the mean time-averaged spectra calculated above, respiratory oscillations
have a pronounced amplitude only in the central vessel, and myogenic oscil-
lations are most pronounced in peripheral vessels of small diameter.

Figure 8: Spatial variations in cardiac (6.4 Hz), respiratory (1.3 Hz), and myogenic (0.13
Hz) activity.

It is worth noting that the calculation of the average wavelet spectrum is
similar to the use of a time algorithm for calculating speckle contrast, which
allows for high-quality visualization of the vascular network.

4. Discussion

The study of cerebral blood flow is an ideal application for laser speckle
contrast imaging, given that blood vessels are very close to the surface, so it
allows recording images with high signal-to-noise ratio in laboratory animals
even without skull destruction. According to some authors [50], the diag-
nostic volume depth of the LSCI technology is 300 µm while using a laser
source with a wavelength of about 780 nm. Analysis of perfusion map se-
quences recorded by the LSCI method in a simple hardware implementation
has been shown to provide insight into perfusion dynamics in spatial and
temporal dimensions.

The phantom of fluid motion with specified pulsations proposed by us al-
lowed to experimentally investigate the reliability of time-frequency analysis
of the laser speckle contrast method. Speckle data analysis was performed for
two velocities of pulsating flow of the scattering fluid in the capillary tube.
The velocities corresponded to the physiological parameters of blood flow
in the cerebral capillaries and arterioles [51]. When analyzing the obtained
speckle contrast images of fluid motion (Fig. 3), it can be concluded that the
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proposed experimental system for the registration of speckle images provides
visual indication of flow changes in the capillary when simulating different
flow rates in it. Wavelet analysis of signals in the ROI (the central part of the
fluid flow in the capillary) revealed pulsations caused by operating patterns
of the perfusion plunger system (Fig. 4). The infusion rate in infusomats is
not a constant parameter and has pulsations permitted by the manufacturer.

To assess the oscillations of cerebral blood flow in vivo, we used laser
speckle imaging to monitor the relative changes in blood flow in the cerebral
vascular system. Additionally, we used wavelet analysis to identify features of
rhythmic activity. We provided continuous simultaneous monitoring of car-
diac activity and respiratory rate to ensure that the cardiac and respiratory
frequency ranges were correctly determined.

Vasomotions are of great interest since they are assumed to be related
to local regulation of blood flow and can be used in various clinical and
fundamental medical applications. The range of vasomotor activity can be
further divided into shorter intervals depending on the vasomotor origin. T.
Mastantuono et al. reported earlier that in the rat brain, oscillatory patterns
characterize pial blood flow and the pial circulation of rats is regulated by
the same mechanisms as the microcirculation of the human skin [52].

We found (Fig. 7) that cardiac oscillations (6.3–6.7 Hz) are present in the
spectra of all ROIs and have a rather high amplitude even in tissue where
vessels are not clearly visualized. Respiratory oscillations are most clearly
observed in the central vessel, whereas the appearance of a peak that has a
frequency twice higher than the respiratory rate requires additional study and
explanation. At this point of investigation, we assume that the appearance of
the peak may be due to physiological movement of bones and tissues. During
the periodic cycle, the speckle structure depends on many variations that
cause secondary frequencies other than the main frequency, including those
associated with the movement of the skull bones and cerebral tissue during
breathing. These secondary frequencies can lead to some misidentification
of the real oscillation frequency and manifest as the second harmonic of the
main frequency [53].

Cardiac and respiratory regulation is common to the entire microcircula-
tory system of the body, including the vascular system of the brain, therefore,
as expected, we found these oscillations in all the studied ROIs. In the range
of myogenic oscillations, repeatability of the peaks was also observed. In
contrast to the ranges mentioned above, the oscillation spectra of the neuro-
genic and endothelial origins did not repeat each other in shape, suggesting
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the spatial heterogeneity of these oscillations.
An interesting observation was the registered high intensity of myogenic

oscillations in the peripheral vessel of the brain. Experimental works show
that there is a longitudinal gradient of myogenic reactivity in the arteriolar
system [54]. At the same time, relative myogenic reactivity increases with
decreasing vessel diameter, which is most likely what we have seen in our
work. However, the physiological significance of the myogenic range in the
regulation of cerebral blood circulation is still under discussion [3, 52]. The
origin of such signals in cerebral microcirculation is not definitively clear, and
separating the effect of blood pressure fluctuations from vasomotor dynamics
on cerebral hemodynamics is an unresolved problem [55].

The obtained oscillation maps in three frequency ranges (Fig. 8) allowed
us to confirm that cardiac oscillations are manifested in almost all vessels,
both large and peripheral. It also seems that the assumption of a stronger
severity of myogenic oscillations in small-diameter vessels is confirmed by a
map of myogenic oscillations, where higher values of amplitudes are observed
at the periphery.

The visualization of rhythms proposed in the article based on the pro-
cessing of speckle contrast images can play a great role both in fundamental
medicine to clarify physiological mechanisms and in clinical practice to de-
velop new diagnostic parameters. From our point of view, the proposed
approach is most interesting to develop in the field of hemodynamics of both
cerebral circulation and blood flow of other organs using functional tests
(physiologically active substances, temperature tests, phototherapy, etc.).

5. Conclusions and Limitations

LSCI has become widely used in the last decade as it allows a quanti-
tative assessment of changes in blood flow with high spatial and temporal
resolution. In this paper we presented the results of time-frequency analysis
of laser speckle contrast recording on the laboratory rat brain. The proposed
technology makes it possible not only to measure the relative cerebral blood
flow of the cerebral cortex, but also to expand diagnostic capabilities for de-
tailed analysis of the physiological mechanisms of changes in cerebral blood
flow. The developed approach can be useful for studying changes in cerebral
blood flow, as well as peripheral blood flow in other areas, in a number of
different applications, including the study of the effect of physiologically ac-
tive substances or physical factors (e.g., laser radiation) on vascular blood

13



flow mechanisms.
In this paper, we do not analyze neurogenic and endothelial oscillations

in detail. This is due to the relatively short perfusion records. This may be
the subject of further research.

The proposed method is relatively easy to use, however, LSCI measures
only relative blood flow, while absolute velocity values cannot be quantified
at this stage of the setup realization. This could also be the subject of
research improvement. Another limitation of the experiment is that blood
flow monitoring using the LSCI method can be performed transcranially only
in rats no older than one month. For adult rats, craniotomy may be required
to obtain an accurate signal of cortical blood flow. An additional increase in
penetration depth can be achieved using optical clearing methods [56].

Although the performance of the speckle contrast calculation algorithm
allows real-time processing, the wavelet analysis for each pixel creates a bot-
tleneck in the pipeline of the measurement procedure, thus imposing the
main limitation on the method performance: large size of files created dur-
ing processing, and as a result - a high amount of RAM needed. The use of
powerful multi-core computing systems can significantly increase the speed
of calculations. In addition, combining the presented spectral decomposi-
tion with machine learning methods [57] can further improve the analysis of
speckle images.
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