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ABSTRACT   

Laser speckle contrast imaging (LSCI) is a simple and quite powerful method for visualization of flow, microcirculation 
and perfusion. In current study the speckle contrast variations towards breaking ergodicity conditions are considered with 
a final aim of envision a practical approach allowing real-time imaging of variations in dynamic properties of complex 
fluids with an opportunity of quantitative interpretation of the obtained flowing map. As example of systems with static 
to dynamic transition, melting of Intralipid samples were studied. Also, investigation of influence of static layer 
thickness above the dynamic sample on the ergodicity condition has been studied.  
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1. INTRODUCTION  

Laser Speckle Contrast Imaging (LSCI), firstly introduced in the early 1980s [1], is a powerful low cost method 
allowing noncontact, full-field and real-time flow system mapping. It is widely known that when a diffuse object is 
illuminated with laser source a high-contrast speckle pattern is produced. Laser speckle is a random phenomenon which 
has been statistically described by Goodman [2]. The full theoretical background would be out of place in this paper. So, 
only the most important conclusions are given. The speckle contrast parameter is defined as: 
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where K is the speckle contrast, σ is the intensity standard deviation and <I> is the mean intensity. 

If any parts of illuminated object are moving it is introduces temporal fluctuations in single speckle intensity. These 
fluctuations are manifested in blurring of the speckle pattern during observation with fixed camera exposure duration. 
The blurring leads to a reduction in speckle contrast and can be used to obtain information about movement in object by 
statistical analyzing of blurring degree. The higher movements in object, the higher blurring degree. Therefore, changes 
in motion produces corresponding changes in speckle contrast value. 

The firstly introduced and most commonly used method for LSCI measurements is the spatial statistics analyzing using 
sliding window over raw image [3]. Window of 5x5 or 7x7 pixel size is usually used to achieve good statistics but such 
kind of processing has disadvantage of speckle contrast image resolution reduction. To avoid this problem method of 
temporal statistics analyzing has been introduced [4]. 

So, various LSCI system setups has been successfully implemented for different applications such as assessment of 
influence of allergens on skin blood microcirculation [5], cerebral blood flow monitoring [6], clinical use on skin [7], 
monitoring of diabetic foot ulcers [8], in vivo characterization of tumor and tumor vascular network [9], etc. Also, LSCI 
potentially can be a powerful tool for monitoring of various processes in liquids. Some LSCI applications have been used 
for the studies of speckle patterns for Brownian motion [10,11] and turbulence [12]. 

Nevertheless, one important limitation of LSCI associated with non-ergodicity effect can dramatically affect results  
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obtained by this technique. In the clinical experiments, sample usually heterogeneous and composed of both static and 
dynamic areas, or dynamic areas overlaid by static layers. Averaging ensemble is not equivalent for time and space. In 
practical case, duration of a single measurement which is equivalent to camera exposure time is much longer than 
relaxation time of moving contribution but much smaller than of the static contribution. So, the presence of static areas is 
manifested in non-ergodic speckle fluctuations, which lead to wrong data interpretation due the difference between 
spatial and temporal processing. It was shown that this difference can be used for more accurate speckle contrast 
imaging. [13] The introduced method, also allows the quantification of the eligibility conditions when the spatial 
approach can be replaced with the temporal approach for the obtaining of the images with higher resolution. 

For this purposes the coefficient of speckle dynamics (CSD) has been introduced: 
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where KS is the speckle contrast over spatial window and Kt is the speckle contrast over temporal window. The higher 
values of CSD corresponds to the dynamic system while the lower values denoting the static areas. 

In this study, with the main aim to assess limitations in the quantitative interpretation of speckle contrast images, the 
samples with various static to dynamic components ratio has been investigated. Melting of frozen Intralipid suspension 
has been observed as the process with transition from fully static to fully dynamic system. Also, liquid Intralipid covered 
by static layers with different thickness has been investigated. 

2. MATERIALS AND METHODS 

The following LSCI-based experimental setup illustrated on the Figure 1(a) has been used in this study: 13 mW laser 
diode working at 655 nm (Roithner LaserTechnik GmbH, Austria) has been expanded by ground glass diffuser 
(Thorlabs, USA). CMOS- camera (Pixelink, Canada) with 1280×1024 pixels and 6.7 µm pixel size was used in 
combination with 12 mm Kenko objective(Kenko Tokina Co., Ltd., Japan) for raw speckle image acquisition. Images 
obtained by camera were processed by custom made software in offline regime. For each speckle contrast image raw 
images from camera were obtained with 18 ms exposure.  

 

Figure 1. Schematic presentation of the laser speckle contrast imaging system (a). LS – laser source, D – diffusor, S – 
sample, Obj – objective, C – camera. Spatial and temporal presentation of the obtained images (b). 

In this study, 5% and 2% intralipid solution (Intralipid®, Fresenius Kabi, Sweden) was used for experiments. For the 
calculation of spatial and temporal speckle contrast 49 consecutive raw frames were used. Firstly, 49 frames were used to 
obtain one temporal speckle contrast image. Then, 49 spatial speckle contrast images has been calculated using 7x7 
sliding window and averaged in final spatial speckle contrast image. Further, for the calculation of CSD map the 
obtained temporal and each of 49 spatial speckle contrast images has been used.  

3. RESULTS AND DISCUSSION 

To demonstrate possibility of monitoring processes with transition from fully static to fully dynamic state the further 
experiment has been prepared. 5 ml Intralipid suspension was poured in Petri dish. Further, the sample has been placed 
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into the fridge and was frozen at -19º C. Then, sample was placed on the damper table (Newport Inc., USA) and 
observed by LSCI system during the 3 hours at the room temperature (21 ºC).  

 

Figure 2. Temporal speckle contrast images of the Intralipid solution thawing process for 0, 5, 15, 40, 50 and 70  min after 
starting the experiment (a); Relation between averaged speckle contrast and time after starting the experiment: black and red 
lines represent, respectively, relative values of averagedspatial and temporal speckle contrasts in comparison with the  
averaged CSD values (blue line). 

Figure 2(a) shows temporal speckle contrast images for 0, 5, 15, 40 50 and 70 min after the beginning of melting 
process. In the beginning of melting speckle contrast takes the maximum values corresponding to static state. After 5 
minutes from beginning of experiment speckle contrast values along the edges of Petri dish started to decrease which 
means that Intralipid sample is melting from the edges to the center. In 15 minutes the speckle contrast is significantly 
decreased over the whole sample area meaning that surface of the frozen Intralipid is covered by the thin dynamic layer.  

 

Figure 3. CSD maps of the Intralipid solution with 1 (c), 2 (f) and 3 (i) layers of tape and corresponding temporal (b, e and 
h) and spatial (a, d and g) speckle contrast images. 
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Images for 40 and 50 minutes showed further melting of solid Intralipid sample under the liquid layer. After 70 min, the 
whole sample is completely melted and an increase of the speckle contrast values indicates that the speckles are defined 
only by Brownian motion. 

Figure 2(b) shows the temporal and spatial speckle contrast values averaged over the sample area and averaged CSD 
values for the first 30 minutes of the melting process. It is clearly seen that in first 7 minutes spatial and temporal speckle 
contrast takes different values meaning presence of the static area. Also, after 7 min the CSD became saturated that 
corresponds to the dynamic state when the averaged speckle contrast values is equal for the temporal and spatial 
approach. This is means that in 7 minutes the static frozen area has been covered by the dynamic liquid layer of melted 
Intralipid. Moreover, the thickness of this layer is enough to consider the whole system as dynamic. So, this dynamic 
liquid layer can be considered as ergodic reference sample, described in Ref. [14,15]. 

To demonstrate influence of the thickness of static layer above dynamic one on the ergodicity conditions, the further 
experiment has been prepared. 2% Intralipid suspension has been poured into the plastic container. Then, 1, 2 and 3 
layers of the tape (53 ±2 mkm thickness of 1 layer) has been placed on the suspension surface. For each experiment 
spatial speckle contrast, temporal speckle contrast and CSD images has been calculated. It is clearly seen that coefficient 
of speckle dynamics takes lower values for the experiment with 3 layers of tape due the fact that thickness of static area 
here bigger than in experiment with 1 and 2 layers of tape. So, presence of 3 tape layers correspond to fully non-ergodic 
state, while 2 and 1 layer corresponds to partially ergodic state. Thus, CSD mapping can be useful marker for changes in 
thickness of static layer embedded in dynamic one. For more advanced LSCI imaging, the proposed method can be used 
combined with optical clearing [16-18] allowing to reduce scattering of the static layer. Moreover, the approach, 
described above, can complement conventional speckle imaging approach in paint drying monitoring and/or roughness 
measurements [19]. 

4. CONCLUSIONS 

We examined CSD mapping and LSCI approach at the conditions of static to dynamic state transition. CSD is a simple 
phenomenological approach which allows to assess quantitatively fraction of the dynamic and static parts of scattering 
medium. We showed that presence of dynamic layer above the static part of the sample allows to neglect all limitations 
of temporal 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 influence of 
static layer thickness on the ergodicity of observed sample. Presented results have a strong potential to be used in clinic 
and industry.  
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