
1 

Speckle dynamics under ergodicity breaking 

 

Anton Yu. Sdobnov*,1, Alexander Bykov1, Guillaume Molodij2, Vyacheslav Kalchenko2, 

Topias Jarvinen1, Alexey Popov1, Krisztian Kordas1 and Igor Meglinski
1,3,4

 

 

1 Faculty of Information Technology and Electrical Engineering, University of Oulu, Oulu 90570, Finland 

2 Department of Veterinary Resources, Weizmann Institute of Science, Rehovot 76100, Israel 

3 Interdisciplinary Laboratory of Biophotonics, National Research Tomsk State University, Tomsk 

634050, Russia 

4 Institute of Engineering Physics for Biomedicine (PhysBio), National Research Nuclear University 

MEPhI, 115409 Moscow, Russia 

* Correspondence: sdobnovanton@mail.ru 

 

Abstract. Laser speckle contrast imaging (LSCI) is a well-known and versatile approach for the 

noninvasive visualization of flows and microcirculation localized in turbid scattering media, 

including biological tissues. In most conventional implementations of LSCI the ergodic regime is 

typically assumed valid. However, most composite turbid scattering media, especially biological 

tissues, are non-ergodic, containing a mixture of dynamic and static centers of light scattering. In 

the current study, we examined the speckle contrast in different dynamic conditions with the aim 

of assessing limitations in the quantitative interpretation of speckle contrast images. Based on a 

simple phenomenological approach, we introduced a coefficient of speckle dynamics to 

quantitatively assess the ratio of the dynamic part of a scattering medium to the static one. The 

introduced coefficient allows one to distinguish real changes in motion from the mere appearance 

of static components in the field of view. As examples of systems with static/dynamic transitions, 

thawing and heating of Intralipid samples were studied by the LSCI approach. 
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1. Introduction 

The spatio-temporal coherence properties of light scattered by rough surfaces and/or by turbid randomly 

inhomogeneous scattering medium lead to the intensity fluctuations. The image formed at a given point of 

the observation plane consists of a superposition of a multitude of amplitude-spread functions, each 

arising from a different scattering point on the surface of the medium. Thus, the various spread functions 

sum up with markedly different phases, resulting in a highly complex pattern of interference, known as a 

laser speckle pattern. The formation of speckle patterns is a random process most comprehensively 

described by Goodman [1]. 

 

The speckle contrast parameter K is defined as: 

,
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K


       (1) 

where σ is the intensity standard deviation and 〈I〉 is the mean intensity value. In the experiment, the local 

dynamics in scattering samples (moving scatterers) leads to speckle blurring due to the finite camera 

exposure time. This blurring, consequently, decreases the speckle contrast value that, in fact, allows 

quantifying the flow rate.  

 

When the speckle patterns are observed with the finite integration time, K is related to the electric field 

temporal autocorrelation function  )(*)()(  tEtEG . The measurable quantity M(τ) can be 

linked to actual physical microscopic properties by the normalized field autocorrelation function G(τ) via 

the Siegert relation, 
2)(1)(  GM   [2,3], with 
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dynamics of the scatter medium, the speckle contrast becomes: 
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Here, β represents a multiplicative reduction in contrast which is not associated with the dynamics of the 

scattering particles, but related to the depolarization, coherence length, or mismatch between the image 
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pixel and speckle size at the CCD camera. If the scattering objects are static, the field does not change and 

K reduces to β. If the detected light is composed of dynamic and static components, 
s

Et
d

EtE  )()( , 

the field autocorrelation function can be presented as  ,0)()1()( G
d
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I   is the part of detected light scattered at the static scattering particles. 

The intensity autocorrelation function becomes   .2]0)()1[(1)( G
d
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The temporal speckle contrast is calculated, but the ergodicity requirement is not fulfilled: 
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When the turbid medium is fully dynamic and there are no static scatterers (ρ → 1) and Eq.(3) simplifies 

to Eq.(2). However, if only static scatterers are presented (ρ → 0), Eq.(3) does not reduce to a constant 

speckle contrast value as one would expect for the speckle contrast represented by Eq.(1). Typically, in 

Laser Speckle Contrast Imaging (LSCI) the speckle contrast is estimated by spatial sampling, assuming 

that ergodicity is replaced ensemble sampling of speckles with a temporal sampling [4]. However, if any 

static scatterers are presented the requirement for this assumption is not fulfilled. 

 

Introduced in 1981 [4], the LSCI technique is now a powerful cost-effective method allowing non-contact 

full-field real-time visualization of flows. A number of LSCI-based experimental systems have been 

successfully implemented in various applications, including cerebral blood flow monitoring [5], in vivo 

characterization of tumor and tumor vascular network [6], fundamental studies towards the ultimate 

understanding of the nature of ‘biological zero’ [7], investigation of the structural malformations of blood 

[8], assessment of influence of allergens on skin blood microcirculation [9], and other. Potentially LSCI 

can be also used for monitoring of various dynamic processes in liquids, including characterization of 

Brownian motion [10,11] and turbulence [12,13]. 
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A major limitation of LSCI for more advanced application in biomedicine is associated with the non-

ergodicity of the biological tissues. The biological tissues are heterogeneous composing both static and 

dynamic scattering particles/centers, and/or dynamic scattering areas overlaid by static scattering layers 

and vice versa. Therefore, averaging ensembles for time and space are different. The presence of static 

areas yields the non-ergodic speckle fluctuations that provide a systematic error for the quantitative 

interpretation of the images obtained.  

 

The non-ergodic to ergodic transition has been studied by diffuse light scattering [14,15] and laser 

speckle imaging [16,17] techniques. It has been shown [14,17] that the ergodicity breaking is a signature 

of a transition towards an arrested state such as the aggregation process. Different approaches have been 

used to treat the problematic of non-ergodic highly scattering turbid medium for fifty years. The brute 

force method combining Monte Carlo modeling, multi-exposure speckle imaging (MESI) and spatial 

frequency domain imaging (SFDI) has been implemented [18,19]. Also, a dedicated experimental 

procedure with a dual laser source and multiple detectors allowing isolation of the single scattering 

contribution from the total scattered signal has been described [20-22]. Experimental procedures using an 

ergodic reference sample, for instance by slowly rotating the sample during the experiment [23], or using 

a second cell filled with dynamic material placed behind the sample (second cell randomizes and gently 

shakes the speckle pattern of the static sample) [24] are used to treat non-ergodicity. The last method 

indicates that ergodic and non-ergodic components co-exist in the data and can be separated for different 

calibration purposes. 

 

In the experimental conditions, the duration of a single measurement, which is equivalent to the camera 

exposure time T, is much longer than the relaxation time of moving component of speckle pattern but 

much shorter than that of the static component. It is important to note that each raw image is an average 

signal collected during the exposure time. Thus, the definition of ergodicity and non-ergodicity depends 

on chosen camera exposure. Ergodicity in the general sense assumes temporal averaging during unlimited 

observation time. Nevertheless, the non-ergodicity caused by limited observation time can appear in the 

system that is ergodic in general sense. In particular, slow dynamics is ergodic process in general sense 
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due to the equal temporal and spatial statistics during unlimited observation time. However, during the 

fixed exposure time the camera records the limited number of observed states that may turns the statistics 

to appear as non-ergodic [25]. Thus, in the experiment, the separation between ergodic and non-ergodic 

processes can be a complex task. However, it is possible to analyze the dynamics of speckle pattern for 

given exposure time to prevent systematic errors appearing with the presence of static elements in the 

system. 

 

With the ultimate aim to understand the peculiarities of speckle patterns formation, in the current study 

we compare the spatial and temporal statistical approaches used for the LSCI analysis. A coefficient for 

characterization of contribution of static and dynamic components of the speckle pattern has been 

proposed. As an example of the systems with static/dynamic transitions, thawing and heating of the 

Intralipid samples were studied by LSCI approach. Thawing is a complex process of dramatic changes in 

dynamic properties of the scattering medium. During the thawing process, the considered system changes 

its state from fully static to dynamic via the intermediate mixed state. Heating of the liquid Intralipid 

sample expectedly leads to the enhancement of the Brownian motion. However, heating to the 

temperature of 45 ºC and above leads to formation of a solid lipid film on top of the liquid layer 

representing the process of dynamic to static state transition. The introduced coefficient has been also 

used for characterization of dynamics changes in the tissue phantom with embedded capillary.  

 

2. Materials and methods 

2.1. Experimental setup and scattering samples 

The classical LSCI setup has been used for measurements. The experimental setup utilizes 13 mW laser 

diode (RLD650-13-3, Roithner LaserTechnik GmbH, Austria) emitting the light at 655 nm that is further 

expanded by Thorlabs Engineered Diffuser (ED1-C20, Thorlabs, USA) providing the uniform angular 

distribution of the transmitted radiation. CMOS camera (DCC3240M, 1280×1024, pixel size – 6.7 µm, 

Thorlabs, USA) was used in combination with 12 mm F1.4 objective (Kenko Tokina Co., Ltd., Japan) for 

acquisition of gray-scale raw speckle images. The obtained images were processed by custom developed 

algorithm in offline regime using MATLAB r2017b software environment. 
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Intralipid-5% obtained by dilution of Intralipid-20% (Intralipid®, Fresenius Kabi, Sweden) was used as a 

model fluid for monitoring of thawing and heating processes. Intralipid is an emulsion of soybean oil that 

is used widely for modelling of turbid scattering medium [26]. Petri dishes were used as phantom holders 

both for thawing and heating experiments. 

2.2. Methods of laser speckle images processing 

First and the most commonly used method of LSCI is the spatial analysis of speckle statistics using 

sliding window over raw speckle image obtained from CMOS or CCD camera [27]. Typically, the sliding 

window has the size of 5×5 or 7×7 pixels. However, in the result of spatial processing, the considered 

scheme has a disadvantage related to the loss of spatial resolution determined by the sliding window size. 

To avoid this problem an alternative method of temporal statistical analysis has been introduced for LSCI 

measurements [28]. The method implies the registration of several consecutive speckle patterns and the 

calculation of mean value and standard deviation of the time-integrated speckle intensity for each specific 

pixels of the pattern thus preserving the initial resolution. Both of the approaches have been utilized in the 

current study. Further, sSC and tSC abbreviation will be used for spatial and temporal speckle contrast 

respectively. For obtaining sSC images 7x7 pixels window has been used. For correct comparison, 

sequence of consecutive 49 frames has been used for obtaining tSC images. Each speckle image was 

recorded with 18 ms exposure. To reduce processing time the parallel computing has been implemented 

[29]. 
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Figure 1. Raw speckle image for static scattering medium – ground glass diffusor placed on paper sheet 

(a), and corresponding images of sSC (b) and tSC (c); raw speckle image of dynamic scattering medium – 

Intralipid solution in a Petri dish (d), and corresponding images of sSC (e) and tSC (f). Respectively, (g) 

spatial intensity distribution across the 49 pixels (solid line) and temporal intensity fluctuations, obtained 

at the same pixel of 49 consecutively measured laser speckle contrast images (dashed line), corresponding 

to (a-c); (h) spatial intensity distribution across 49 pixels (solid line) and temporal intensity fluctuations, 

obtained at the same pixel of 49 consecutively measured laser speckle contrast images (dashed line), 

corresponding to (d-f). 

 

2.3. Laser speckle contrast of dynamic and static systems 

In case of dynamic light scattering spatial and temporal approaches would give the same result. However, 

for the static areas, time and spatial averaging becomes not equal. For the ideal static speckle pattern, the 

theoretical speckle contrast value obtained by spatial processing should be equal to 1. In this case, the 

dark and bright speckles take minimal and maximal intensity values correspondingly, thus, the mean 
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intensity is equal to the standard deviation. Whereas, the speckle contrast obtained by the temporal 

processing approach in each particular pixel of the image should be equal to 0, due to the fact that 

standard deviation over chosen image sequence tends to 0 for fully static speckle pattern. While, for 

dynamic speckle pattern, speckle contrast obtained by temporal processing should be greater than 0 due to 

the fact that standard deviation for dynamic speckle pattern cannot be equal to 0. In the experiment it is 

impossible to achieve the ideal conditions, thus, 0 and 1 speckle contrast values usually cannot be 

obtained without additional post-processing. Nevertheless, the difference in results of static speckle 

pattern processing by spatial and temporal methods is significant in the experiments.  

 

Figure 1 illustrates the difference between static and dynamic speckle patterns utilizing both, spatial and 

temporal processing approaches. In this experiment, round-shaped ground glass diffusor and the Intralipid 

5% solution poured into the Petri dish were used as the samples for generation of static and dynamic 

speckle patterns respectively. 

 

Figure 1(a,d) shows the example of raw speckle images of diffusor and Petri dish obtained by the camera. 

Figure 1(b,e) shows sSC images in chosen ROI (Region of Interest) (green square on raw images). For the 

obtaining of the final sSC image, 49 raw frames were averaged. Figure 1(c,f) shows tSC image of the 

same ROI. As it mentioned previously, spatial processing reduces the resolution of the speckle contrast 

image. Thus, sSC and tSC images have different resolutions. So, for the correct comparison, the 

resolution of tSC images has been downgraded by averaging within 7×7 pixels sliding window. 

 

It is clearly seen that sSC image of diffusor is trends to high values (blue color) that means the absence of 

any movements in ROI (figure 1-b). Some bright blue spots with low speckle contrast may appear on 

image because of significant roughness of the diffuser. 

 

Figure 1-c shows tSC image of diffusor. As mentioned early (see Ref.[30]), speckle signals are 

uncorrelated in time and statistically independent for typical cameras exposure time. It is clearly seen that 

speckle contrast image trends to lower value (red color) corresponding to dynamic speckle pattern. 
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Nevertheless, for Petri dish filled with Intralipid solution, the speckle contrast images obtained with both 

temporal and spatial processing give the same values (see figure 1-e and figure 1-f). To clearly 

demonstrate the difference between the spatial and temporal processing for the ergodic and non-ergodic 

systems, figure 1-g and figure 1-h shows spatial and temporal intensity distributions for randomly taken 

49-pixel line and 49-value temporal sequence taken in one pixel for ground glass diffusor and 5% 

Intralipid solution respectively. Thus, the described difference should be necessarily taken into account 

and compensated during data processing. Moreover, these differences between spatial and temporal 

processing can be used to distinguish static and dynamic areas during measurements with given exposure 

time. For this purposes we introduce the coefficient of speckle dynamics (CSD) as follow: 

,
2

t
K

s
K

t
K

CSD


      (4) 

where KS is the speckle contrast over spatial window and Kt is the speckle contrast over temporal window.  

Figure 2 shows the results of CSD calculations for the KS and Kt presented in figure 1 both for static and 

dynamic scattering media. For the calculation of KS and Kt 49 consecutive raw frames were used. Firstly, 

as described above, 49 frames were used to obtain one Kt image. Then, 49 KS images has been calculated 

using 7x7 sliding window. Further, the obtained Kt image has been used with each of 49 KS images for 

calculation of 49 CSD maps. Finally, 49 CSD maps were averaged to obtain final CSD map. The higher 

values of CSD corresponds to the dynamic system while the lower values denoting the static areas (see 

Figure 2). 

 

 

Figure 2 CSD map calculated using Eq. (4) for static (a) and dynamic (b) speckle patterns presented in 

Figure 1. 
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3. Results and Discussion 

3.1. Heating experiment 

 

Figure 3 sSC images of 5% Intralipid solution heating process for 1ºC (a), 5ºC (b), 14ºC (c) and 26ºC (d). 

Scale bar is equal to 10 mm. Temperature dependence of the averaged speckle contrast for the heating 

process of Intralipid 5% (red dots) and its fitting curve (blue line) (e). 

 

To demonstrate the possibility of monitoring heating processes in liquids by LSCI technique the 

following experiment was performed: 3 ml of 5% Intralipid were poured into a glass Petri dish and placed 

onto a computer-controlled cooling and heating thermo-plate (THMS600, Linkam, United Kingdom). The 

temperature of the liquid was remotely monitored with a thermal camera (FLIR, Sweden). Prior to the 

measurements, Intralipid was cooled to 1 ºC. After that the Intralipid sample was step-wise heated up to 

42 ºC with the step size of 3-5 ºC. Figure 3 (a-d) shows the obtained speckle contrast images for the 

Intralipid-5% at the temperature of 1, 5, 14 and 26 ºC, respectively. From this figure it is clearly seen that 

the speckle contrast decreases as the temperature grows. This is related to the intensification of the 
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movement during the sample heating. Figure 3-e shows the results of the temperature-depended 

measurements of the speckle contrast averaged over the surface area of the entire Petri dish. Here, one can 

see the continuous decrease of the spatially averaged speckle contrast during heating due to the increase 

of the Brownian motion speed with the temperature rise. 

 

Figure 4. sSC images of 5% Intralipid solution at 1ºC (a) and 53ºC (b). Scale bar is equal to 10 mm. Solid 

lipid film formed at 53 ºC is partly removed. (c) and (d) – the corresponding CSD maps calculated using 

Eq.(4). 

 

Moreover, it was discovered that a solid lipid film on the Intralipid surface could appear during heating to 

the temperature of 45ºC and above. Thus, the Intralipid heating process could be considered as the 

process with dynamic to static transition. Figure 4(a,b) shows a comparison of speckle contrast images for 

5% Intralipid solution at 1ºC and 53ºC. To observe the difference, some parts of the lipid film formed at 

53ºC were gently removed with the syringe needle (see Figure 4-b). Thus, the considered sample 

represents the mixture of solid and liquid areas. The areas with high values of speckle contrast in the 

Figure 4-b correspond to decreasing of dynamics. In fact, for the complex heterogeneous scattering 

medium containing static and non-static inclusions the interpretation of changes of speckle contrast is 

often more complicated. For example, it’s not nessecerally that only changes in flow or dynamics of 

scattering particles can influence the speckle contrast, it also can be changed by roughness of the surface 

or bottom of the samples [31] or their movement artifacts [32]. In this point of view, the CSD mapping 

can be more accurate for assessment of speckle images. So, the CSD naps was calculated for the 

considered experiment (see Figure 4(c,d)). As it mentioned previously, the higher values of the CSD 
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corresponding to the dynamic system are shown with blue color and the lower values denoting the static 

areas are shown with dark red color. Area outside of ROI has been colored in black for the better clarity. 

From figure 4-c it is clearly seen that the liquid Intralipid sample at 1ºC represents fully dynamic system. 

However, the appeared solid lipid film (see Figure 4-d) turns the considered system to the static state. It is 

clearly seen that the areas corresponding to the solid film pieces indicate static areas.  

 

Thus, calculation of CSD by the proposed method can be useful to distinguish real changes in motion 

from appearance of static components in the field of view. 

 

3.2. Thawing experiment 

 

Figure 5. sSC images of the Intralipid solution thawing process for 0 (a), 5 (b), 10 (c), 15 (d), 20 (e), 30 

(f), 40 (g), 50 (h), 60 (i), 70 (j), 120 (k) and 180 (l) min after starting the experiment. Scale bar is equal to 

10 mm. 
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To demonstrate the possibility of monitoring the complex processes with a transition from the static to 

dynamic state (including the combinations of these states) by LSCI technique, we have performed the 

following experiment: 5 ml of 5% Intralipid solution was poured into a Petri dish and placed into a 

refrigerator at -19 ºC until complete freezing. The Petri dish with the frozen Intralipid was then placed 

onto an air damped optical table (Newport Inc., USA) to prevent possible external vibrations for the 

imaging with the LSCI system mounted on the same table. The thawing process of the Intralipid solution 

was monitored during 3 hours at the room temperature (21 ºC). The 50 consecutive raw speckle images 

were recorded each minute for the processing.  

 

Figure 5 displays the sSC images for the selected moments of time during the thawing process. As one 

can see, at the beginning of experiment, speckle contrast has a maximum value. This is due to absence of 

scattering particles motion for the given exposure time when the Intralipid sample is frozen. In about 5 

minutes time due to thawing of Intralipid sample along the edge of the Petri dish the speckle contrast in 

this area is decreasing (see Figure 5-b and Figure 5-c). In 15 minutes the speckle contrast is dramatically 

decreased over the whole Petri dish (see Figure 5-d). This is associated with covering of the surface of the 

frozen sample (static area) by thin layer of thawed Intralipid solution. The further evolution of speckle 

contrast is observed during the next 60 minutes (see Figure 5 (e–i)) correspondingly to the complete 

melting of the frozen area under the liquid layer, and an increase of the speckle contrast values (see 

Figure 5 (j-l)) indicates that thawing process is completed and the speckles are defined only by Brownian 

motion. 

 

Figure 6 shows the normalized tSC and sSC values averaged over the sample area and averaged CSD for 

the first 30 minutes of the experiment. As one can see, during the first 7 minutes tSC and sSC take 

different values due to the systematic error of temporal processing appearing with the presence of static 

area. Further, after 10 – 15 minutes from the start of the experiment the deviations of the temporal and 

spatial speckle contrasts become saturated. Also, it is seen that after 7 min the CSD became saturated that 

corresponds to the dynamic state when the averaged speckle contrast values obtained with temporal and 

spatial processing are very close. As it was mentioned previously, static frozen area can be covered by 
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dynamic liquid layer. After 7 min from start of experiment the thickness of this layer is enough to count 

whole system as dynamic. In this point of view, dynamic layer appearing during thawing can be 

considered similar to an ergodic reference sample, as described in Ref. [23,24] and allowing us to use the 

temporal processing providing a higher resolution without errors related to presence of static components. 

 

Figure 6 Evolution of speckle contrast during the thawing of Intralipid solution: black and red lines 

represent, respectively, relative values of normalized spatial and temporal speckle contrasts in comparison 

with the CSD measured experimentally (red dots); dashed line represents fitting curve. 
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Figure 7 CSD maps of the Intralipid solution thawing process obtained after 1 (a), 5 (b) and 10 (c) 

minutes and corresponding tSC (d,e and f) and sSC (g, h and i) images. Scale bar is equal to 7 mm.  

Figure 7 shows the CSD, maps calculated for the thawing process at 1 (see Figure 7-a), 5 (see Figure 7-b) 

and 10 (see Figure 7-c) minutes after the beginning of the experiment. In this experiment, 49 consecutive 

raw frames have been recorded for calculation of KS and Kt. Thus, 49 CSD maps have been averaged to 

obtain final CSD map. Important to notice that difference between sSC and tSC images can be seen for 

the thawing process at 1 minute after the beginning of the experiment (see Figures 8-d and 8-g). Some 

differences can be seen between sSC and tSC images after 5 minutes from beginning of the experiment 

(see Figures 8-e and 8-h) while no significant differences is noticeable after 10 minutes (see Figures 8-f 

and 8-i). Also, it is clearly seen that the sample gradually becomes dynamic along the edge of the Petri 

dish to the inner part during the first few minutes after experiment starting. In a 7 minutes time till the end 

of the experiment the whole sample in the Petri dish is observed to be dynamic. 

Thus, utilizing LSCI approach describing above it is possible to identify and quantitatively assess the 

stages of thawing phases, peculiar properties of the dynamic processes and transition from static to 

dynamic stage. 

 

3.3. Tissue phantom experiment 

 

Figure 8. sSC maps for the tissue phantom with no flow (a) and for the flow rate of 2 ml/min (d). tSC 

maps for the phantom with no flow (b) and the flow of 2 ml/min (e). CSD maps for the phantom with no 

flow (c) and the flow of 2 ml/min (f). Scale bar is equal to 7 mm. 
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Figure 8 shows sSC, tSC and CSD maps for the experiment with the tissue phantom containing a Y-

shaped hollow channel with the diameter of 1 mm. The phantom is made of PVC [33,34] and has the 

absorption and scattering coefficients of 0.07 mm-1 and 1 mm-1 respectively. The embedding depth of the 

channel is about 2 mm. Intralipid 5% was pumped with the syringe pump (Fusion 100, Chemix, United 

States) at the rate of 2 ml/min through the phantom channel. In this experiment, 49 consecutive raw 

frames have been recorded for calculation of Ks and Kt. Thus, 49 CSD maps have been averaged to 

obtain final CSD map. It is clearly seen that in the absence of any motion the sSC and tSC maps are 

different (see Figures 8-a and 8-b). The CSD map (see Figure 8-c) in this case shows the low values as it 

is a fully static system. Important to note that in the presence of flow the spatial and temporal speckle 

contrast inside the vessel takes equal values while the speckle contrast values for area outside the vessel 

are different. However, this difference is smaller than for the static case (see Figures 8-d, 8-e and 8-a, 8-

b). This effect can be explained by the fact that the movement inside the channel can cause the vibration 

of whole phantom structure that subsequently leads to the reduction of speckle contrast. Therefore, the 

area outside the vessels became not fully static that is clearly seen from corresponding CSD map (see 

Figure 8-f). Thus, CSD mapping can be a possible marker for detection of micro movements during the 

measurements.  

For more advanced flow and dynamics assessment, the proposed method can be used combined with 

multi-exposure speckle contrast imaging [35], optical clearing [36], etc. Moreover, it should be 

emphasized that the approach, described above, can be used not only in biological studies, but can find 

straightforward industrial applications. More specifically, it is very likely that CSD mapping can 

complement conventional speckle imaging approach in paint drying monitoring and/or roughness 

measurements [37,38].  

 

4. Conclusions 

We examined LSCI at the conditions of dynamic/static state transition with a final aim of assessment of 

limitations in quantitative interpretation of speckle contrast images. Based on the simple 

phenomenological approach we introduced the coefficient of speckle dynamics to assess quantitatively 



17 

fraction of the dynamic part of scattering medium in the static one and for separating static and dynamic 

speckle patterns for given exposure time with aim to distinguish real changes in motion from appearance 

of static components in the field of view. We showed that presence of dynamic layer above the static part 

of the sample allows to neglect all limitations of spatial processing of laser speckle contrast images. This 

result is in an excellent agreement with the results of alternative studies performed early. Also, we 

showed that proposed method can be used for assessment of the flow changes in the tissue phantom. High 

flow rates inside phantom vessels can lead to vibration of the phantom structure which can be detected 

and estimated by proposed method. The presented experimental findings have a strong potential to be 

used in future practical applications of LSCI to distinguish between the static parts of scattering medium, 

surface roughness variations and the dynamic areas attributed to the flows. The introduced coefficient 

allows quantification of the eligibility conditions when the spatial approach of speckle pattern processing 

can be replaced with more preferable time processing preserving high spatial resolution. Furthermore, the 

introduced speckle dynamics coefficient can be potentially find an application in the evaluation of vessels 

masking and very likely for estimation of biological tissue micro-vibrations.  
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