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Abstract

Laser speckle contrast imaging is a modern technique uniquely suited for the full-field, non-
invasive measurement of the motion of particles within randomly inhomogeneous highly
scattering and absorbing media, including biological tissues. This technique is based on
illuminating the medium with a coherent laser light, detecting the arising speckle pattern and
further statistical analysis of the speckle pattern fluctuations caused by the motion of the scattering
particles in the observed medium. Despite the active use of laser speckle contrast imaging for
biomedical applications, this technique suffers from several issues complicating the understanding
of obtained speckle contrast data.

The present work is aimed at the investigation of limitations, improving, and discovering new
potentials of currently existing methods of laser speckle contrast imaging. In particular, the
influence of effects of non-ergodicity on the results of speckle contrast analysis was investigated
using the phantom and animal models. It was shown that the presence of a thin static layer above
the dynamic layer does not introduce significant errors in speckle contrast calculation. The simple
approach for the adjustment of speckle contrast values in different types of brain vasculature
during transcranial visualisation was introduced. For the first time, the protocol for the monitoring
of skin acute vascular permeability reaction in response to simultaneous application of tree
different chemical substances has been described. Moreover, in a new approach, the optical setup
combining a hyperspectral camera and multi-wavelength light source was implemented for the
depth-resolved blood flow and perfusion assessment. The proposed technique was applied for skin
perfusion monitoring. Finally, the unprecedented use of laser speckle contrast imaging was
introduced for handwriting pressure and kinematics evaluation.

Keywords: blood, brain, ergodicity, flow, handwriting, light scattering, perfusion, skin





Sdobnov, Anton, Lasertäpläkontrastikuvantaminen toiminnallista visualisointia
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Tiivistelmä

Lasertäpläkontrastikuvantaminen on nykyaikainen tekniikka, joka soveltuu ainutlaatuisesti koko
havainnointikentän alueella tunkeutumattomasti tapahtuville liikkuvien hiukkasten mittauksille
satunnaisesti epähomogeenisten, suuresti sirottavien ja absorboivien väliaineiden kuten biologis-
ten kudosten tapauksessa. Kyseinen tekniikka perustuu väliaineen valaisemiseen koherentilla
laservalolla, ilmaantuvan täpläkuvion havainnointiin ja sirottavien hiukkasten tutkittavassa väli-
aineessa tapahtuvan liikkeen aiheuttamien täpläkuvion vaihteluiden tilastolliseen analyysiin.
Huolimatta lasertäpläkuvantamisen aktiivisesti käytöstä biolääketieteellisissä sovelluksissa
kyseinen tekniikka kärsii useista ongelmista, jotka hankaloittavat saadun täpläkontrastitiedon
ymmärtämistä.

Esiteltävä työ tähtää olemassa olevien lasertäpläkontrastikuvantamisen menetelmien rajoittei-
den tutkimiseen, menetelmien parantamiseen ja uusien sovellusmahdollisuuksien löytämiseen.
Työssä tutkittiin erityisesti epäergodisuuden vaikutusta täpläkontrastianalyysin tuloksiin fanto-
mien ja eläinmallien avulla. Tutkimus osoitti, että dynaamisen kerroksen yläpuolella oleva ohut
staattinen kerros ei aiheuta täpläkontrastilaskelmiin merkittäviä virheitä. Työn tuloksena kehitet-
tiin yksinkertainen lähestymistapa täpläkontrastiarvojen säätämiseen erityyppisissä aivojen veri-
suonistoissa transkraniaalisen visualisoinnin aikana. Työssä on ensimmäistä kertaa a) kuvattu
menettely ihon äkillisen suonensisäisen läpäisevyysreaktion vasteen tarkkailuun kolmen eri
kemikaalin samanaikaisen käytön tapauksessa, b) käytetty hyperspetrikameran ja moniaallonpi-
tuuksisen valonlähteen muodostamaa optista kokoonpanoa syvyyserotteiseen veren virtauksen
arviointiin sovellettaessa ehdotettua menetelmää ihon perfuusion tarkkailuun sekä c) käytetty
lasertäpläkuvantamista käsialan paineen ja kinematiikan arvioinnissa.

Asiasanat: aivot, ergodisuus, iho, käsiala, perfuusio, valonsironta, veri, virtaus
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List of abbreviations and symbols 

DF dynamic fluorescence 

DMSO dimethyl sulfoxide 

CBF cerebral blood flow 

CCD charge-coupled device 

CDOCT colour Doppler optical coherence tomography 

CMOS complementary metal-oxide semiconductor 

CSD coefficient of speckle dynamics 

DLS dynamic light scattering 

DWS diffusive wave spectroscopy 

GPU graphic processing unit 

HIS intensity-hue saturation 

HIS hyperspectral imaging 

HS-LSCI hyperspectral laser speckle contrast imaging 

FIM fluorescent intravital microscopy 

LDI laser Doppler imaging 

LDF laser Doppler flowmetry 

LSCI laser speckle contrast imaging 

LS-LSCI line scan laser speckle contrast imaging 

MESI multi-exposure speckle imaging 

MIP maximum intensity projection 

MS metyle salicylate 

MSRI multispectral reflectance imaging 

OC optical clearing 

OCA optical clearing agent  

OCT optical coherence tomography 

OD optical density 

ODT optical Doppler tomography 

PCS photon correlation spectroscopy 

PDT photodynamic therapy 

PWS port wine stain 

ROI region of interest 

SCOT speckle contrast optical tomography 

SI-LSCI surface illumination laser speckle contrast imaging 

SNR signal to noise ratio 

SSc systematic sclerosis 
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C offset caused by noise 

d thickness 

E(t) electric field of detected light 

E* complex conjugate of the electric field 

Ed(t) dynamic component of electrical field 

Es static component of electrical field 

g anisotropy factor 

i, j coordinates 

I intensity 

Is static component of intensity 

It  dynamic component of intensity 

<I> mean intensity  

K speckle contrast 

Kcorr speckle contrast value after correction procedure 

Ks spatial speckle contrast 

Kt temporal speckle contrast 

K1d
2  speckle contrast of dynamic part of field 

K2d
2  speckle contrast of dynamic part of intensity 

n refractive index 

P probability density function 

r(x,y) pixel coordinate at the detector 

t time 

Tmax fluorescence time to maximum 

V velocity 

X type of dynamics 

β multiplicative reduction in speckle contrast 

σ intensity standard deviation 

g1(τ) normalized temporal autocorrelation function of electric field 

g2(τ) intensity autocorrelation function 

λ light source wavelength 

µs scattering coefficient 

ρ part of detected light scattered at static scattering particles 

τ speckle correlation time 

v/v value to value 
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1 Introduction 

1.1 Background  

The probing of blood flow, blood microcirculation and blood perfusion are 

common objectives for clinicians, biologists, physiologists, pharmacists, and 

bioengineers. Disturbances in most peripheral blood circulation are a frequent 

complication of various common diseases including strokes [1], heart attacks [2], 

anaemia [3], ischemia [4], etc. In addition,  various skin diseases are characterized 

by microvascular system alterations and decreased blood perfusion [5]. In this way, 

the development of imaging diagnostic techniques allowing for high-resolution 

quantitative non-invasive monitoring of micro-vascular blood flow and blood 

perfusion is required. During recent decades, several emerging techniques have 

been developed for the study of blood micro-circulation, including Doppler 

ultrasound [6], conventional and magneto resonance angiography [7], 

capillaroscopy [8], laser-scanning confocal imaging [9], optical Doppler 

tomography (ODT) [10], and colour Doppler Optical Coherence Tomography 

(CDOCT) [11]. The greatest preference is usually given to those methods and 

techniques allowing for non-contact, full field, and real time blood flow assessment. 

At the same time, the development of cheap and compact devices for flow and 

perfusion monitoring has become a key goal for scientists in recent years [12], [13]. 

One of the alternative to the methods described above is the Dynamic Light 

Scattering (DLS) based on the statistical analysis of the intensity fluctuations 

caused due to the scattering of coherent light by moving particles in the observed 

object [14]. Considering the biological tissues, the velocity of moving particles is 

relatively low. In this way, the Doppler shift value for scattered light is significantly 

lower compared to the frequency of the probing light. Thus, the principles of DLS 

are usually described by quasi-elastic light scattering [15], laser Doppler flowmetry 

(LDF) [16], and photon correlation velocimetry [17] or photon correlation 

spectroscopy (PCS) [18], also known as intensity-fluctuation or light-beating 

spectroscopy [19]. The light-beating spectroscopy approach was first suggested by 

Forrester et al. in 1955 [20]. Further, this method was confirmed by Brown and 

Twiss [21]. At that time, due to the unavailability of narrow-band light sources with 

high intensity, the application of light-beating spectroscopy for biomedical imaging 

were limited. Thus, this method became a popular diagnostic tool only after the 

invention of lasers allowing one to maintain narrow-band coherent illumination. In 
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1972, the possibility of blood flow monitoring in retinal arteries was demonstrated 

using LDF [22]. Further, Stern implemented LDF for the assessment of blood 

microcirculation in a finger [23]. The fibre-probe LDF system for clinical 

application has been described in [24]. Further investigation of the theoretical 

background of LDF by Bonner and Nassal [25] significantly contributed to the 

subsequent development and improvement of LDF-based systems for clinical 

applications. In the late 1980s, the application of DLS approach was also extended 

to the media characterized by strong multiple scattering of probing coherent light. 

This approach became known as a Diffusing Wave Spectroscopy (DWS) [26]. 

Finally, among the DWS and LDF, there is a full-field DLS method for blood flow 

and perfusion assessment, known as the laser speckle contrast imaging (LSCI) [27]. 

LSCI is a simple and powerful method utilizing a coherent laser source (e.g., a laser 

diode) for object illumination and a digital camera (CCD or CMOS) for raw speckle 

image acquisition. Moreover, it has been shown that even a web camera and 

smartphone camera can be used for LSCI [28], [29]. Thus, LSCI is a powerful and 

cost-effective method (compared to other described techniques) allowing for real 

time, non-scanning, full-field, non-contact blood flow and perfusion visualization 

and assessment with high spatial and temporal resolution. In recent decades, the 

application of DLS methods, including DWS [30]–[32], LDF [33], [34] and LSCI 

[35]–[37] for biomedical imaging, is the key direction of research for Biophotonics 

group at the Optoelectronics and Measurement Techniques unit in University of 

Oulu. 

1.2 Objectives 

Despite the active use of LSCI for biomedical research and clinical applications, 

this technique is currently not fully developed and suffers from several issues 

limiting the accuracy and applicability for in vivo measurements. The major issue 

is an inability to obtain a quantitative link between the measured speckle data and 

the real physiological parameters of flow: most studies usually present the relative 

units instead of absolute values. The second drawback is the significant temporal 

and spatial variability of the speckle measurements. The spatial variability is related 

to the small probing depth of LSCI affected by tissue structural and scattering 

properties. Moreover, LSCI does not allow for depth-resolved measurements. The 

temporal variability is related to non-stationarity of blood flow due to breath, 

heartbeat and associated complex dynamic processes in biological tissue itself, 

which are also known as “biologic zero” [38]. In addition, LSCI is sensitive to the 
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issue of non-ergodicity, which is not addressed in the literature in the proper way, 

since the impact of static scatterers in observed object is usually ignored. However, 

the presence of non-ergodic component in the registered signal distorts the 

measured speckle contrast values which results in the incorrect estimate of the 

blood flow. 

In this way, the main aim of this doctoral thesis is to continue the research 

carried out by the Biophotonics group at the University of Oulu, and particularly to 

develop and introduce the new speckle contrast approaches, methods, and protocols 

to improve the applicability and quality of LSCI. 

1.3 Outline of the theses 

Chapter 2 of this thesis is devoted to a literature overview, where the theory of 

speckle pattern formation, the main principles of speckle contrast calculation and 

the theory of non-ergodicity are described. In addition, the chapter discusses the 

application of LSCI in brain and skin imaging, before concluding with a discussion 

on the limitations of the LSCI technique. 

Following this, Chapter 3 describes the results of the monitoring of processes 

with changing ergodicity properties using temporal and spatial speckle contrast 

calculation algorithms. In particular, the difference between temporal and spatial 

speckle contrast values is shown for the melting and heating of the Intralipid 

solution. To distinguish the changes in speckle contrast related to motion from the 

changes related to the presence of static inclusions, the coefficient of speckle 

dynamics is introduced.  

Chapter 4 demonstrates the further development of methods and approaches 

described in Chapter 3. The influence of presence of the static layer with different 

thicknesses above the dynamic layer on the results of the temporal and spatial 

speckle contrast calculation is shown using the flow phantom. A further calculation 

of the coefficient of speckle dynamics is used to find the allowable thickness of the 

static layer for the given imaging setup and exposure time. Finally, the optimal 

parameters for speckle contrast calculation are estimated for the transcranial 

visualization of mouse brain vasculature. 

Then, Chapter 5 describes the simple and robust approach for the correction of 

speckle contrast values during the brain vasculature observation. The combined use 

of fluorescent imaging and speckle contrast imaging is implemented for the 

functional imaging of the different types of brain vessels. Information on the 
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maximum fluorescence time at each pixel of the field of view is used for further 

correction of speckle contrast values. 

Chapter 6 describes the simple protocol based on the combined use of speckle 

contrast imaging and fluorescence imaging. This protocol is used for the 

simultaneous in vivo monitoring of acute vascular permeability reaction of mouse 

ear in response to the topical application of several chemical substances including 

optical clearing agents.  

After Chapter 6, Chapter 7 demonstrates the novel approach based on the 

combined use of hyperspectral camera and three light sources with different 

wavelengths for the depth resolved speckle contrast imaging. Hyperspectral 

speckle contrast setup is verified using the flow phantom. The algorithm for the 

compensation of depth-dependent speckle contrast values changes is then presented. 

Further, the proposed setup is used for monitoring of perfusion changes at different 

depths before, during and after occlusion in human finger. 

Chapter 8 demonstrates the application of speckle contrast imaging for the 

monitoring of handwriting kinetics and pressure changes during the writing tasks. 

A drawing of an Archimedean spiral is used to verify the proposed approach.  

Last but not least, Chapter 9 summarizes the main obtained results and contains 

the further perspectives of the research. 
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2 Speckle contrast theory  

2.1 Basic principles 

In general, when coherent light interacts with turbid randomly inhomogeneous 

media and/or with a rough scattering surface it results in the appearance of a 

randomly changing interference pattern called a “laser speckle pattern”. In speckle 

pattern observation with a photodetector (e.g., complementary metal-oxide 

semiconductor [CMOS]) or charge-coupled device (CCD) camera, the raw speckle 

image formed at each given pixel of the camera matrix can be represented as the 

superposition of a variety of amplitude spread functions, each emerging from 

different scattering points on the surface of the observed object. In this case, the 

different phases correspond to each of these spread functions resulting in a random 

interference pattern. 

The classical theory of speckle formation was first described by Goodman [39]. 

Considering the observation of object using CCD or CMOS camera, even small 

changes in the local dynamics of observed media, for example, due to the 

movement of scattering particles, results in fluctuations of the arising speckle 

pattern. Since the camera detects the speckle pattern with a finite exposure time, 

fluctuations caused by the changes in object dynamics may result in blurring of the 

captured raw speckle image. Moreover, the more intense movement of scattering 

particles leads to the appearance of a more blurred speckle pattern on the captured 

frame. The statistical analysis of detected speckle images allows one to quantify 

the changes in dynamics in the observed specimen (for example, changes in blood 

flow velocity or perfusion). For these purposes, the speckle contrast parameter K 

has been introduced [39]. This parameter can be defined as 

 𝐾 , (1) 

where <I> is the mean intensity and σ is the intensity standard deviation. 

Theoretically, <I> and σ should take equal values for the ideal fully developed 

speckle pattern in the absence of any changes in dynamics. In this way, the speckle 

contrast should be equal to 1. However, the ideal conditions can never be 

maintained in experimental cases due to the influence of imaging setup properties 

(e.g., coherence of the light source, camera noise, etc.) as well as the scattering 

properties of the observed medium on the speckle pattern formation. In this way, 

the speckle contrast parameter takes values satisfying the condition 0 < K < 1 [40], 
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where the lower values of K correspond to more intense dynamic changes in the 

observed medium. 

Fercher and Briers further developed the speckle contrast theory and showed 

the relation between the speckle contrast value, speckle correlation time (τ) and 

camera exposure time using the theory of correlation functions [41], which is 

widely used in DLS [42]. Though it has been suggested that the temporal 

fluctuations of speckle pattern intensity caused by electric field changes due to the 

scattering of coherent light by the moving particles can be related to the actual 

speed of these particles [43], it is important to mention that the proposed theory 

was developed for single scattering [25]. The normalized temporal autocorrelation 

function of the electric field g1(τ) described by the Einstein theory has been used 

for such a quantification [44]: 

 𝑔 𝜏
∗

∗ , (2) 

where E(t) is the electric field of detected light, E* is a complex conjugate of the 

electric field E and τ is the autocorrelation delay time.  

However, in practice, CCD and CMOS cameras cannot directly detect g1(τ). Instead, 

the intensity autocorrelation function g2(τ) can be recorded using a digital camera: 

 𝑔 𝜏
∙

. (3) 

Further, the second-order correlation function for intensity (Eq. 3) can be related to 

the first-order autocorrelation function for an electric field (Eq. 2) using the Siegert 

relation [45] 

 𝑔 𝜏 1 𝛽|𝑔 𝜏 | , (4) 

where β represents a multiplicative reduction in the speckle contrast which is not 

associated with the dynamic properties of the observed medium, but related to 

imaging system properties, e.g., camera noise, polarization, coherence of light 

source, mismatch between the camera pixel size and speckle size, etc. [46]–[48]. In 

their work, Fercher and Briers assumed that β coefficient should be equal to 1 [41]. 

However, it was shown later by Bandyopadhyay that the β coefficient cannot be 

ignored due to the fact that the reduced variance of the speckle intensity at each 

pixel of photodetector is related to the g1(τ) [45]. Thus, the equation for the speckle 

contrast parameter was rewritten by taking into account the exposure time of the 

used imaging system: 
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 𝐾 𝑇 1 𝑑𝜏 
½

, (5) 

where K(T) is the speckle contrast as the function of the photodetector exposure 

time. 

Further, in various studies it has been suggest that the 1/K2 parameter can be 

used for an approximate estimation of T/τ [49]–[52]. In addition, some studies have 

presented the hypothetical relation between the speckle correlation time and the 

velocity of observed scattering particles [27], [47]: 

 𝑉  , (6) 

where V is the velocity of scattering particles in the observed medium, λ is the light 

source wavelength and τ is the speckle correlation time. In this way, the 1/K2 

parameter can be considered a parameter showing the absolute velocity of moving 

particles. Naturally, for the correct measurement of the velocity of moving 

scattering particles, the precise determination of the speckle correlation time is 

required. However, the determination of speckle correlation time is a challenging 

task for single exposure speckle contrast systems using common digital cameras. 

In this way, the possibility of quantitative assessments of flow and perfusion in 

scattering media including biological tissues is open to question limiting LSCI 

applications mostly to a qualitative analysis. 

2.2 Speckle contrast calculation 

Figure 1 shows an example of a typical LSCI setup. In general, the coherent light 

source (laser or laser diode) is used for object illumination. Further, to spread the 

laser light across the observed object, a beam expander or diffuser is used. Finally, 

the raw speckle patterns reflected from the observed object are registered by digital 

camera (CCD or CMOS). In addition, to obtain a better contrast of the registered 

raw speckle images, a polarizer can be placed between the camera and the observed 

object [53]. In addition, a number of works are also presented with the use of a 

smartphone camera or web camera instead commonly used cameras [28], [29]. 

Usually, two methods are used for the statistical analysis of raw speckle 

patterns collected by a camera. The first is the spatial speckle contrast calculation 

approach. For this method, the speckle statistics are obtained using a sliding 

window over the raw image [54], [55]. In most cases, 5×5 and/or 7×7 pixel sized 

windows are used for measurements [53]–[55]. This choice is basically justified by 
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the matrix resolution of the CCD or CMOS camera in the imaging system. For 

cameras with a higher resolution, the higher sizes for the sliding window can be 

used. In a previous study by Kirkpatrick et al. [56], an investigation of speckle to 

pixel size ratio on the results of speckle contrast calculation was presented. Here it 

was found that for the proper calculation, the mean speckle size should satisfy the 

Nyquist criteria. Thus, the imaging system should be calibrated in a way so that the 

average speckle size should be at least 2-times greater than the pixel size of 

photodetector. However, other studies have showed different results for the 

investigation of speckle to pixel size ratio on the precision of speckle contrast 

calculation. In particular, in studies [57], [58], the use of a 1 pixel to 1 speckle ratio 

was found optimal for the measurements. Moreover, in study [46] it was found that 

that the use of a 2 pixels to 1 speckle ratio leads to a significant decrease in the 

speckle contrast value. Further, Qiu et al. [59] showed that the use of a 1 pixel to 1 

speckle ratio improves the spatial resolution and signal to noise ratio (SNR) in 

calculated speckle contrast images. All these studies showed the speckle size 

dependence on the properties of a used optical setup (for example, numerical 

aperture and focal length of used lenses or objectives, wavelength of used light 

source, etc.). In addition, it is important to note that speckle size can depend on the 

coherence properties of a used light source [60], [61]. 

Fig. 1. The principal optical scheme of a speckle contrast setup and demonstration of 

spatial and temporal speckle contrast calculation. C – CMOS camera, LS – light source, 

D – diffuser, Obj – objective, M – mouse. (Adapted, with permission, from Paper I © 2018 

Society of Photo-Optical Instrumentation Engineers [SPIE]). 
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Naturally, the use of a sliding window results in a loss of spatial resolution in the 

final speckle image determined by the size of the window. To avoid the loss of 

spatial resolution, a temporal statistical analysis was proposed by Cheng et al. [62]. 

For this method, several consecutive raw speckle images are registered. Further, 

the speckle contrast value can be calculated for each pixel of the registered 

sequence of raw images. In this way, the temporal speckle analysis preserves the 

initial resolution of raw images in exchange for a low temporal resolution. Thus, 

the trade-off between spatial and temporal resolutions should be taken into account 

and the choice of method should be based on the needs of the experiment. In 

practice, these two methods are often combined in the spatio-temporal method with 

a controllable choice of spatial and temporal resolutions. Additionally, the parallel 

computing algorithms can be introduced with the main aim of reducing the 

processing time [63]. Figure 1 shows examples of raw speckle images and 

corresponding spatial and temporal speckle contrast images. 

In an attempt to provide a more precise calculation of speckle contrast values 

and estimation of speckle correlation times, a multi-exposure speckle imaging 

(MESI) technique was proposed by Parthasarathy et al. [48]. In particular, τ can be 

estimated as the fitting parameter for the K(T) function obtained from the sequence 

of speckle contrast images calculated from raw speckle frames registered with 

different exposure times. In addition, a number of studies have presented the use of 

a camera with an extra-high frame rate (up to 15000 frames per second) and short 

exposure time to a imitate multi-exposure system [64], [65]. Speckle contrast 

signals for the different exposure times were imitated as the sum signal of the 

appropriate sequence of frames. The MESI technique has been further widely used 

for speckle contrast measurements, including biomedical applications [66]–[69]. 

However, this method still requires further improvements and development since 

the relation of measured data to absolute velocity parameters is questionable.  

2.3 Effect of static scattering 

As described in the previous paragraphs, the speckle contrast theory was based on 

the assumption that all scattering particles in the observed medium are fully 

dynamic (ergodic). When considering DLS, ergodic conditions can be fulfilled if 

the intensity of light is scattered by the observed media averaged along the exposure 

time T [39]: 
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 𝐼 lim
→

𝐼 𝑟, 𝑡 𝑑𝑡, (7) 

which is equal to the intensity of light averaged across the ensemble average: 

 𝐼 𝐼 𝑟, 𝑡 𝑃 𝑟 𝑑𝑟. (8) 

Here, P(r) is the probability density function of light intensity I(r,t) observed at 

pixel r(x,y) of the detector. 

As previously mentioned, the classic speckle contrast theory does not consider 

the possible presence of static (non-ergodic) particles in the observed medium. 

Nevertheless, if the scattering object is fully static, the electric field does not change 

in time and K value reduces to β. In this way, the presence of static scattering 

particles in the observed object produces a systematic error during the speckle 

contrast value calculation, leading to a possible misinterpretation of obtained data 

[70]–[72]. Since different kinds of biological tissues are composed of both dynamic 

(blood) and static (e.g., skull, skin, etc.) components, the issue of non-ergodicity is 

critical for bioimaging using LSCI and should be taken into account. The theory on 

non-ergodicity in LSCI has been widely discussed in various studies [42], [48], [70], 

[73]–[75].  

Briefly, if a CCD or CMOS camera detects light with the contribution of both 

dynamic (Ed(t)) and static (Es) components, the effective electrical field can be 

represented as [43] 

 𝐸 𝑡 𝐸 𝑡 𝐸 . (9) 

In this case, the field autocorrelation function can be written as 

 𝑔 𝜏 1 𝜌 |𝑔 𝜏 | 𝜌, (10) 

where ρ=Is/(Id+Is) is the part of the detected light scattered at the static scattering 

particles. Further, the intensity autocorrelation function can be written as 

 𝑔 𝜏 1 𝛽 1 𝜌 |𝑔 𝜏 | 𝜌𝑔 0 , (11) 

and speckle contrast becomes 

 𝐾 𝑇
| |

1 𝑑𝜏 . (12) 

This equation can be also rewritten as  

 𝐾 𝑇 𝛽 1 𝜌 𝐾 2𝜌 1 𝜌 𝐾 𝜌 . (13) 
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Here, K2d
2  is the speckle contrast of the dynamic part of the intensity and K1d

2  is the 

speckle contrast of dynamic part of the field: 

 𝐾 𝑔 𝜏 1 𝑑𝑡 (14) 

and 

 𝐾 𝑔 𝜏 1 𝑑𝑡. (15) 

If we consider a fully dynamic medium, Eq. 12 simplifies to Eq. 5 due to the 

absence of any static scattering particles (ρ→0). However, if we consider a fully 

static medium, Eq. 10 does not reduce to a constant speckle contrast value as it can 

be expected from Eq. 1. Here, it is important to note that a number of authors define 

parameter ρ not as a part of the detected light scattered at the static scattering 

particles but as the fraction of dynamically scattered light (ρ→0 corresponds to the 

absence of dynamic scattering particles) [67], [68], [76], [77].  

To treat the issue of non-ergodicity of biological tissues, various approaches 

have been implemented. Namely, the brute force method combined with Monte 

Carlo modelling, multi-exposure speckle imaging and spatial frequency domain 

imaging are discussed in [70], [76], [78]. In addition, experimental procedures such 

as the slow rotating of the diffuser in imaging system [75], slow rotating of the 

sample itself [79], or using a cell filled with dynamic material placed behind the 

sample [80] are used to reduce errors in measurements related to non-ergodicity. 

The described approaches allow one to randomize and “shake” the speckle patterns 

detected from the non-ergodic samples. 

It is important to note that the terms “ergodicity” and “non-ergodicity” should 

be used carefully. In general, the term ergodicity assumes that the medium is 

observed within an unlimited time. Naturally, in experimental measurements, a 

digital camera is used for raw speckle pattern registration, and the duration of a 

single measurement is limited by the camera exposure time. In this way, each raw 

image obtained by the camera is an average signal collected during the used 

exposure time. Moreover, in most cases, the camera exposure time is much longer 

than the relaxation time of the dynamic component of the speckle pattern but much 

shorter than that of the static component. Thus, classification of the observed 

medium as “ergodic” or “non-ergodic” depends on the camera exposure time. For 

example, generally, a very slow flow is an ergodic process since spatial and 

temporal statistics are equal in the case of infinite observation time. However, such 

a slow flow will be registered with a digital camera at an extremely short exposure 
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time, and the spatial and temporal statistics will behave as for non-ergodic process 

[42]. In this way, the determination of the contribution of non-ergodic components 

to the results of speckle contrast measurements can be a complex and challenging 

task. 

Beside the described issue of non-ergodicity, the unknown form of the field 

correlation functions also limits the ability of speckle contrast approach for 

quantitative measurements. In fact, the relation between g1(τ) and g2(τ) depends not 

only on the optical parameters of the used optical imaging setup and the 

contribution of static scattering particles in observed medium but also on the type 

of particle motion (unordered or ordered) and type of light scattering (multiple or 

single scattering). In a study by Postnov et al. [81], a dynamic light scattering 

imaging (DLSI) technique using a high-speed camera (frame rate: 20000 frames 

per second) allowed for the direct measurement of g2(τ) to be implemented. Postnov 

et al. also suggested a model for an intensity autocorrelation function allowing one 

to consider the parameters of the investigated object and used imaging setup: 

 
𝑔 𝜏 1 𝛽𝜌 𝑑|𝑔 𝜏 | 1 𝑑 |𝑔 𝜏 |

𝛽 1 𝜌 𝜌 𝑑|𝑔 𝜏 | 1 𝑑 |𝑔 𝜏 | 𝐶,
 (16) 

where g1
n τ exp τ/τc

n , C is an offset caused by noise, while X and d depends 

on the type of dynamics (multiple scattering from unordered motion, single 

scattering from ordered motion and single scattering from unordered or multiple 

scattering from ordered motion). The authors of this particular study presented the 

results of the speckle intensity temporal autocorrelation function measurements at 

each pixel of field of view using the proposed model. Such a method can potentially 

provide the connection between measured speckle data and real biological tissue 

physiological parameters. 

2.4 Brain visualisation  

The main advantage of the LSCI technique is the possibility to provide fast, full-

field and noncontact monitoring of vasculature at a high temporal and spatial 

resolution. Moreover, this technique does not require the injection of contrast 

agents for blood flow assessment. In this way, LSCI is widely used for monitoring 

changes in the brain vasculature caused by functional activation (e.g., cortical 

spreading depression, electrical simulation, etc.) 

Durduran et al. were the first to show the possibility of monitoring changes in 

cerebral blood flow in response to forepaw electrical stimulation of a rat [82]. 
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Further, it was shown that data obtained by LSCI are in good agreement with data 

obtained using laser Doppler flowmetry (LDF) [83]. Li et al. demonstrated the 

possibility of monitoring cerebral blood flow (CBF) changes induced by light 

activated halorhodopsin [84]. A number of works have demonstrated the study of 

CBF response to cardiac arrest [85], [86], while other works have focused on the 

development of methods for the assessment of macro- and microcirculations in 

brain vasculature [87]–[89].  

Since changes in CBF in response to functional activation is just one of the 

possible reactions, many studies have focused on the development of multi-modal 

approaches combining LSCI with other techniques. Dunn et al. [90] presented a 

setup combining multispectral reflectance imaging (MSRI) and LSCI which was 

used for the simultaneous assessment of changes in haemoglobin and 

oxyhaemoglobin concentrations as well as changes in CBF caused by cortical 

spreading depression. A similar setup was also used in a number of works for 

further animal model studies [90]–[92]. The combined use of LSCI and optical 

intrinsic signal imaging was used in [93] for the assessment of both neural activities 

and CBF response to electrical sensory simulation of a mouse brain. With the same 

aim of monitoring neural activities, Taylor et al. [94] implemented a speckle light-

field microscopy approach allowing them to achieve improved temporal resolution, 

while Miao et al. [95] demonstrated the combined use of LSCI and synchrotron 

radiation microangiography for the assessment of blood flow changes in mice 

cortex induced by intracerebral haemorrhage. In their work, Crouzet et al. [96] 

proposed a dual-mode setup with LSCI and electroencephalography regimes 

allowing for the assessment of CBF and electrophysiology before, during, and after 

asphyxial cardiac arrest 

Recently, the combined use of speckle imaging and optical coherence 

tomography (OCT) became a promising direction for biomedical imaging. Varma 

et al. [97] demonstrated the possibility of monitoring the 3-D distribution of flow 

in phantoms using the speckle contrast optical tomography (SCOT) approach. 

Further, the proposed approach was used for an in vivo assessment of CBF changes 

induced by an ischemic stroke. In their work, Lee et al. implemented a combined 

DLS and OCT setup also allowing 3-D visualisation of brain blood flow [98].  

Despite the active use of LSCI for CBF assessment, the strong scattering 

properties of skin and skull significantly reduce the probing depth of this method. 

Moreover, the skin and skull, in fact, can be considered layers consisting of static 

scatterers. In this way, the effects of non-ergodicity can drastically affect the 

obtained data. To overcome these issues, during a brain vasculature assessment the 
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procedures of skin removal with further skull thinning [99]–[101] or even full skull 

removal [102] are usually applied. The procedure of tissue optical clearing (OC) 

can be applied to increase the probing depth [103]. Kalchenko et al. [104] 

demonstrated the multi-modal approach combining fluorescent intravital 

microscopy (FIM) and LSCI allowing for a transcranial brain vasculature 

assessment. Further use of the LSCI-FIM setup with the optical clearing technique 

allowed for fully non-invasive visualization of major cerebral vessels in six-month-

old mice.  

Although these studies on the LSCI application for CBF assessment were 

implemented using an animal model, several research groups successfully used 

LSCI for neurosurgical procedures both in a multi-modal regime with optical 

microscopes [105], [106] and as a separate setup [107], [108]. 

2.5 Skin visualisation 

It was shown in the previous section that LSCI can be used as a powerful tool for 

the direct blood flow assessment in brain vasculature. However, in the case of skin, 

the observation of blood flow in a single vessel can be a complicated task since 

skin vasculature is located in the dermis. Moreover, as discussed above, the high 

scattering of skin significantly reduces the penetration ability of laser light in tissue. 

Nonetheless, it has been found that LSCI allows for an estimation of blood 

perfusion in skin. Briers et al. presented a study where LSCI was implemented for 

an in vivo skin perfusion assessment for the first time [27]. Currently, LSCI has 

become an effective tool assessment of wounds, burns and ulcers healing 

monitoring, port wine stain (PWS) birthmark treatment, perfusion studying, etc. 

Moreover, in contrast to brain imaging, skin assessment using LSCI is mostly fully 

non-invasive. 

A number of articles have presented the study of rodent skin perfusion using 

LSCI [109]–[111], while other articles have presented results on the comparison 

between LDF and LSCI [112], [113]. In particular, it has been shown that LSCI has 

better reproductivity [114].  

Despite the complications with quantitative assessment of skin vasculature, 

LSCI can be effectively used for relative assessment of perfusion changes. In 

particular, it was shown that LSCI is sensitive to skin perfusion changes induced 

by sunburns [115]. Moreover, LSCI was implemented for monitoring of skin burn 

healing process [116]. A number of articles describes the LSCI use for children 

scald wound healing monitoring [117]–[119]. In particular, it was shown that LSCI 
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allows one to estimate the scald wound depth [120]. LSCI has also been 

successfully validated for the assessment of patients affected with Systematic 

sclerosis (SSc) [121], [122] and diabetic foot ulcers [123], [124]. 

Recently, it has been demonstrated that LSCI can be successfully used for 

monitoring a perfusion in human eyelid skin during plastic surgery [125], [126]. A 

number of studies show the implementation of LSCI for the assessment of the 

pulsed dye laser treatment influence on skin perfusion [127]–[129]. It has been 

shown that LSCI can be an effective supportive tool allowing one to estimate the 

laser dose as well as the necessity of re-treatment procedure. Moreover, LSCI was 

also implemented for the assessment of PWS and keloids during photodynamic 

therapy (PDT) [130], [131]. In a study by Chen et al. [132], the results data obtained 

by laser Doppler imaging (LDI) were compared with data obtained by LSCI from 

healthy skin and skin containing PWS lesions, where a good correlation between 

these methods was shown. It is important to note that LSCI application for 

birthmark assessment can be limited since the treatment procedure can lead to 

birthmark colour changes and, thus, to changes in tissue optical properties.  

Several studies have demonstrated that under special conditions separate 

vessels can be observed in skin using the LSCI approach. Mostly, in all cases, the 

thin skin after application of optical clearing agent (OCA) was observed. For 

example, Zaman et al. [218] demonstrated that a topical application of glycerol 

solution allows one to assess the mouse dorsal vasculature. Kalchenko et al. [133] 

proposed the use of long-exposure LSCI in combination with FIM for the 

monitoring of mouse ear vasculature and its response to OCA application. 

2.6 LSCI limitations 

Despite the active use of LSCI technique for bioimaging and clinical applications 

discussed above, there are still several significant issues limiting the use of LSCI. 

The first limitation is related to the fact that LSCI is still a qualitative method 

allowing one to show only relative changes in the observed perfusion or flow. The 

relation between speckle contrast values and actual blood flow velocity is open to 

question. In most cases, velocity values are obtained either via a relationship with 

the autocorrelation time [27], [47], or using a preliminary system calibration 

procedure [134], [135]. Naturally, both methods are inaccurate. Though the multi-

exposure LSCI previously mentioned allows for a more precise determination of 

autocorrelation time [48], this method still requires further improvement and 

development.  
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The second issue was previously discussed above, and it is associated with the 

non-ergodicity of biological tissues. The presence of static scatterers in the 

observed specimen can result in the appearance of systematic errors in data 

processing. In turn, these errors can lead to the misinterpretation of information on 

blood flow and perfusion changes. Despite the various methods aimed to solve this 

issue [70], [73], [136], [137], there is no single opinion on how to treat this problem. 

In addition, considering the measurements in biological tissues, the speckle contrast 

values not only can depend on blood flow velocity but also on the thickness of the 

scattering layer above the vessels. Since LSCI measurements do not allow one to 

obtain in-depth information on the location of vessels, the inability to estimate the 

thickness of the static layer above the vessels complicates the treatment of non-

ergodicity issue. Du et al. introduced a combined use of surface illumination laser 

speckle contrast imaging (SI-LSCI) and line scan laser speckle contrast imaging 

(LS-LSCI) modes that is allowed for the imaging of small vessels at deeper depths 

compared to the common LSCI setup [138]. In addition, the application of an 

optical clearing technique [103] can allow one to increase the probing depth for 

LSCI and decrease the influence of the scattering layer above the observed vessels 

on the measured speckle contrast value. However, these methods still do not allow 

for depth-resolved imaging. 

Finally, the artefacts related to the natural movement of biological tissue can 

significantly limit the clinical application of LSCI. Since even a slight movement 

of the observed object results in changes in the calculated speckle contrast value, 

the motion artefact correction procedure should be implemented. Several articles 

have presented methods for motion artefact correction in LSCI, including software 

[86], [87], [139] and hardware [140] solutions. Recently, Molodij et al. presented a 

method based on time-space Fourier transformation for motion artefacts correction 

using the LSCI-FIM setup [141]. However, all these methods have disadvantages 

and there is no definitive single solution for this issue yet. 
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3 Speckle contrast imaging in broken 
ergodicity conditions 

3.1 Materials and methods 

In the present study, a standard LSCI setup was implemented for the  measurements. 

While a 13 mW laser diode (RLD650-13-3, Roithner Lasertechnik GmbH, Austria) 

emitting light at 655 nm was used as a light source, the laser beam was expanded 

by a Thorlabs Engineered Diffuser (ED1-C20, Thorlabs, USA) providing the 

uniform light distribution over the investigated specimen, with the illumination 

angle set at 45 °C. Further, raw speckle patterns from the investigated sample were 

captured by a CMOS camera (DCC3240M, 1280×1024, pixel size of 6.7 μm, 

Thorlabs, USA) used in combination with a 12 mm F1.4 objective (Kenko Tokina 

Co., Ltd, Japan). The distance from the objective to the sample was 20 cm, and the 

mean speckle size was at least 2-times higher than the pixel size. By using a self-

made script in MATLAB r2017b software environment, the obtained grey-scaled 

speckle images were processed by a custom-developed algorithm in the offline 

regime. Example of code is shown in Appendices section. 

For the monitoring of fluid dynamic changes during melting and heating 

processes, a 5% Intralipid (soybean oil emulsion) solution obtained by dilution of 

20% Intralipid (IntralipidR, Fresenius Kabi, Sweden) in water was used. Intralipid 

is widely used as a model of turbid scattering media [142].  

A flow phantom with a Y-shaped channel (1 mm diameter) embedded at 2 mm 

depth was manufactured using polyvinyl chloride-plastol for the phantom 

measurements; the detailed procedure of phantom manufacturing is presented in 

[143], [144]. The flow phantom had absorption and scattering coefficients of 0.07 

mm−1 and 1 mm−1, respectively.  

For the raw speckle images processing, both spatial speckle contrast (Ks) and 

temporal speckle contrast (Kt) approaches were used. Speckle contrast images were 

calculated using Eq. 1. For correct comparing between spatial and temporal speckle 

statistics, a 7×7 pixel window was used for spatial processing, while for temporal 

processing 49 consecutive frames were used to calculated speckle contrast value in 

each image pixel. Each raw speckle image was recorded with an 18 ms exposure.  
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3.2 Coefficient of speckle dynamics  

As mentioned in the previous chapter, with fully dynamic light scattering, spatial 

and temporal processing approaches should give the same result. However, the 

presence of areas containing static scatterers results in a difference between the Ks 

and Kt values due to the difference in temporal and spatial averaging. 

In a fully developed static speckle pattern, the theoretical speckle contrast 

value calculated by the spatial approach will be equal to 1. For such a pattern, the 

“bright” and “dark” speckles will take the minimal and maximal intensity values, 

respectively. Thus, the mean intensity will be equal to the standard deviation. At 

the same time, the theoretical speckle contrast value calculated by the temporal 

approach will be equal to 0, since speckle intensity does not change in time in a 

fully static pattern, and standard deviation tends to be 0. 

For the fully dynamic speckle pattern, Kt will never be equal to 0 due to speckle 

intensity fluctuations in time. Naturally, in an experimental case, it is impossible to 

achieve ideal conditions and thus 0 and 1 values for speckle contrast can be 

obtained only using additional post-processing or calibration procedures. 

Nevertheless, the differences between the Kt and Ks values can be significant and 

misleading during the interpretation of the obtained experimental data.  

Figure 2 illustrates the differences between the Kt and Ks images for the speckle 

patterns obtained from static and dynamic objects. In this experiment, a 5% 

Intralipid solution poured in a petri dish was considered dynamic media while a 

round-shaped ground glass diffuser as static media. 

Figures 2(a) and 2(d) show examples of raw speckle images obtained from the 

petri dish and diffuser, while Figures 2(b) and 2(e) show the calculated Ks images 

for the chosen regions of interest (ROI) indicated by the green squares in Figures 

2(a) and 2(b). Here, the presented final Ks image has been obtained by the averaging 

of 49 Ks images obtained from 49 consecutive frames. Figures 2(c) and 2(f) show 

Kt images calculated for the same ROIs. As mentioned in the previous chapter, 

spatial processing reduces the resolution of the final speckle contrast image 

compared to the raw speckle image. In this way, the Ks and Kt images have different 

resolutions. Thus, to provide a more accurate pixel by pixel comparison, the 

resolution of the calculated Kt images was lowered by averaging with the use of a 

7×7 pixel sliding window. 
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Fig. 2. (a) Example of a raw speckle image captured from a static object: a ground-glass 

diffuser and corresponding Ks (b) and Kt (c) images. (d) Example of a raw speckle image 

captured from a dynamic object: Intralipid solution and corresponding Ks (e) and Kt (f) 

images. (g) Spatial intensity distribution calculated across the 49 pixels in a single 

speckle contrast image (solid line) and temporal intensity fluctuations, calculated 

across a single pixel of 49 consecutive laser speckle contrast images (dashed line), 

corresponding to (a)–(c). (h) Spatial intensity distribution calculated across the 49 

pixels in a single speckle contrast image (solid line) and temporal intensity fluctuations, 

calculated across a single pixel of 49 consecutive laser speckle contrast images 

(dashed line), corresponding to (d)–(f). The scale bar is equal to 5 mm. (Reprinted 

[adapted], with permission, from Paper II © 2018 IOP Publishing Ltd). 

Figure 2(b) clearly shows that for the diffuser the Ks image takes higher speckle 

contrast values (colour coded in blue), meaning that there is no movement in the 

ROI at the time (see Figure 2(b)). However, the bright blue spots with lower speckle 
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contrast values appear on the image possibly due to the significant roughness of the 

diffuser which also influences the speckle statistics. In contrast to Ks, the Kt image 

presented in Figure 2(c) takes lower speckle contrast values (tending to the red 

colour on the colour bar) which usually correspond to a dynamic speckle pattern. 

At the same time, the Ks and Kt images for the petri dish filled with Intralipid 

solution take the same speckle contrast values (see Figure 2(e) and Figure 2(f)).  

For a better demonstration of the differences between the results of spatial and 

temporal processing methods in the observation of static and dynamic objects, the 

spatial and temporal distributions of speckle pattern intensities have been obtained 

for a randomly taken 49-pixel line. Also, 49-frame temporal sequence have been 

taken at one pixel for both the diffuser and Intralipid solution (see Figures 2(g) and 

2(h) respectively). 

Since the difference between Kt and Ks in the presence of a static component 

in an observed object can significantly influence the interpretation of obtained data, 

this effect should be considered during the measurements. Moreover, the 

assessment of these differences between results of spatial and temporal processing 

can be used to distinguish static and dynamic areas in the observed object for the 

given exposure time. For this purpose, the coefficient of speckle dynamics (CSD) 

has been introduced as  

 𝐶𝑆𝐷 , (17) 

where Ks is the speckle contrast value calculated spatial processing method and Kt 

is the speckle contrast value calculated using a temporal processing method. 
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Fig. 3.  Example of CSD maps calculated for static (a) and dynamic (b) objects 

presented in Figure 2. (Reprinted [adapted], with permission, from Paper II © 2018 IOP 

Publishing Ltd). 

Figure 3 shows examples of CSD images calculated using Kt and Ks images 

presented in Figure 2 for both static and dynamic scattering media. For the proper 

calculation of CSD images, 49 consecutive raw frames were first captured. Further, 

as described previously, these 49 frames were used to obtain one Kt image. In 

addition, 49 Ks images were calculated using a 7×7 sliding window and the final Ks 

image was calculated by averaging. Finally, the obtained Kt and Ks images were 

used for the calculation of 49 CSD maps using Eq. 17. Higher values of the CSD 

correspond to dynamic areas while lower values correspond static areas (see Figure 

3).  

3.3 Results and discussion  

3.3.1 Heating of Intralipid  

The Brownian motion speed depends on liquid temperature: the higher the 

temperature, the more intense the Brownian motion will be observed. In this section, 

the possibility of monitoring the heating processes in liquids using LSCI will be 

demonstrated.  
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In the present study, a petri dish was placed on a computer-controlled thermo-plate 

(THMS600, Linkam, United Kingdom). Further, 3 ml of 5% Intralipid solution was 

poured into a petri dish. Following this, the solution was cooled to 1 °C, which was 

the starting point for measurements. During the experiment, Intralipid was heated 

up to 42 °C with a 3–5 °C step. The temperature of the solution was monitored 

using a thermal camera (FLIR, Sweden). 

Figures 4(a)–(d) show Ks images calculated at 1, 5, 14 and 26 °C temperatures, 

respectively. It is clearly seen that the speckle contrast value corresponding to the 

area with liquid decreases with temperature growth. As previously mentioned, this 

effect is related to the increment of velocity of molecules in liquid during the 

heating process. For a quantitative assessment, the temperature-dependent 

averaged speckle contrast values were calculated for an area corresponding to the 

Intralipid solution (see Figure 4(e)). This figure shows the continuous decrease in 

an averaged speckle contrast value with the increase in Brownian motion speed due 

to the heating of the liquid.  

Fig. 4. Ks images calculated for Intralipid solution heated up to 1 °C (a), 5 °C (b), 14 °C 

(c) and 26 °C (d). The scale bar is equal to 10 mm. Temperature dependence of the 

averaged speckle contrast values at different temperatures of Intralipid solution (red 

dots) and corresponding fitting curve (blue line) (e). Standard deviation<0.0001. 

(Reprinted [adapted], with permission, from Paper II © 2018 IOP Publishing Ltd). 

During the experiment, it was discovered that the increment of temperature to 

values higher than 45 °C leads to the appearance of a solid film on the Intralipid 

surface. Such a film can be considered a layer of static scatterers over the dynamic 
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layer. In this way, Intralipid heating can be a model of sample transition from a 

dynamic state to a static.  

Figures 5(a) and 5(b) show the  difference between speckle contrast images for 

a sample without static film (Intralipid solution at 1 °C) and in the presence of static 

film (Intralipid solution at 53 °C). For better clarity, part of the static film was 

gently removed using a needle. In this way, the surface of the sample is a mixture 

of solid and liquid areas. Thus, the higher speckle contrast values within the area 

of the Petri dish in Figure 5 (b) corresponds to static scatterers, while the lower 

speckle contrast values correspond to dynamic scatterers.  

Considering biological heterogeneous tissues, the interpretation of changes in 

speckle contrast is a more complex issue, since not only changes in the flow and 

perfusion can affect the speckle pattern. For example, a speckle contrast value can 

be changed by the roughness of the sample surface [145] or by a sample vibration 

[139]. In this way, the use of a CSD map allows for a more accurate assessment of 

the speckle contrast data. Figures 5(c) and 5(d) show CSD maps calculated for a 

sample at 1 °C and 53 °C, respectively. Here, the high values (blue colour) of CSD 

correspond to a dynamic system, while the low CSD values (red colour) correspond 

to static areas. For better clarity, the area outside the Petri dish was coloured black. 

Figure 5(c) shows that the Intralipid solution at 1 °C can be considered a fully 

dynamic system. At the same time, the solid film parts on the solution surface 

correspond to static states, which is clearly indicated by the appearance of areas 

coloured red in the CSD map (see Figure 5(d)).  
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Fig. 5. Ks images calculated for an Intralipid solution at 1 °C (a) and 53 °C (b). (c), (d) The 

corresponding CSD maps calculated using Eq. 17. The scale bar is equal to 10 mm. 

(Reprinted [adapted], with permission, from Paper II © 2018 IOP Publishing Ltd). 

In this way, the calculation of CSD maps can be used for the determination of real 

changes in the flow or perfusion from the changes related, for example, to the 

sample surface structure or appearance static layers in the field of the observed 

sample.  

3.3.2 Melting Intralipid  

The melting of a liquid solution can be considered a model of sample transition 

from the static to dynamic state. Moreover, this model also allows one to observe 

the combination of both states. With the main aim of demonstrating the  possibility 

of monitoring the transition between different states of dynamics using the LSCI 

method, the following experiment was performed. A petri dish was filled with 5 ml 

of 5% Intralipid solution and further placed in a refrigerator at −19 °C until it 

completely froze. After freezing, the petri dish with the solution was placed on an 

air-damped optical table (Newport Inc., United States of America) to reduce 

possible external vibrations during the measurements. An LSCI setup was also 

mounted on the same table. Melting of the Intralipid solution was observed during 
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3 hours at room temperature (21 °C) and 50 consecutive raw speckle images were 

captured each minute for further processing.  

Fig. 6. Ks images corresponding to the melting process of the Intralipid solution at 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. The scale bar is equal to 10 mm. (Reprinted [adapted], with 

permission, from Paper II © 2018 IOP Publishing Ltd). 

Figure 6 shows spatial speckle contrast images at the beginning of the experiment 

and after 5, 10, 15, 20, 30, 40, 50, 60, and 70, 120 and 180 minutes from the 

beginning of melting. At the beginning of the experiment, the speckle contrast takes 

the maximum values in the petri dish area since there is no movement in the frozen 

sample. After 5 min from the beginning of the experiment, the frozen Intralipid 

starts to melt from the edges of the petri dish, which is clearly seen by the decrement 

of speckle contrast values in the corresponding areas (see Figure 6(b)). After 15 

min from the beginning of experiment, the speckle contrast values decreased over 

the whole sample area (see Figure 6(d)) since at this moment the surface of the 

frozen Intralipid is covered by a thin layer of the already melted solution. Further, 
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Figures 6(e)–(i) show changes in the speckle contrast values related to the complete 

melting of the frozen Intralipid under the liquid layer during the next 60 min. 

Finally, the increase in the speckle contrast values over the whole sample area as 

well as the minimal changes between these values for 70, 120 and 180 minutes time 

intervals from the beginning of the experiment indicate that the melting process is 

fully completed and only the Brownian motion of liquid particles can be observed 

(see Figures 6(j)–(l)).  

Fig. 7. Time dependent speckle contrast values for the Intralipid melting process: the 

black and red lines represent the normalized Ks and Kt values, respectively, in 

comparison with the CSD values measured experimentally (red dots) and a 

corresponding fitting curve (dashed blue line). Standard deviation<0.005. (Reprinted 

[adapted], with permission, from Paper II © 2018 IOP Publishing Ltd). 
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For a quantitative analysis of the melting process, the normalized averaged time-

dependent Kt and Ks values were calculated within the petri dish area (see Figure 7) 

for the first 30 min of the experiment. Based on the obtained Kt and Ks values, CSD 

was also calculated for the same time intervals. As one can see, Kt and Ks took 

different values for the first 7 min of the experiment due to a systematic error 

appearing in the presence of static scatterers. After 10 minutes from the beginning 

of the experiment, Ks and Kt took close values. In addition, in the same time interval, 

CSD became saturated and took high values corresponding to the dynamic state of 

the scatterers. It was previously discussed above that during the melting process, 

the static frozen area starts to be covered with a liquid layer with an increasing 

thickness. Here, as shown by the Ks, Kt and CSD values, even after 10 minutes from 

the beginning of the experiment the whole system can be considered dynamic for 

chosen setup parameters (camera exposure time and light source wavelength). 

From this point of view, the melted dynamic layer above the static frozen layer can 

be considered an ergodic reference sample, as described in [79], [80].  

Fig. 8. CSD maps calculated for the melting of Intralipid at 1 (a), 5 (b) and 10 (c) min from 

the beginning of the experiment and corresponding Kt ((d)–(f)) and Ks ((g)–(i)) images. 

The scale bar is equal to 10 mm. (Reprinted [adapted], with permission, from Paper II © 

2018 IOP Publishing Ltd). 
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Figure 8 shows CSD maps, and Kt and Ks images calculated at 1, 5 and 10 minutes 

after the beginning of melting process. Some notable differences can be seen 

between the Ks and Kt images at 1 min. In addition, at 5 min, Ks and Kt are slightly 

different. However, Ks and Kt show no difference at 10 min. In addition, the CSD 

images show that the Intralipid sample gradually becomes dynamic from the edge 

of the petri dish to its centre. In this way, the CSD mapping approach described in 

this chapter allows one to identify and quantitatively assess the melting stages as 

well as describe the transition from the static to dynamic stage.  

3.3.3 Tissue phantom experiment  

Figure 9 shows CSD maps, and Ks and Kt images calculated for an experiment with 

a biotissue-mimicking solid phantom with a Y-shaped vessel. A syringe pump 

(Fusion 100, Chemix, United States of America) was used to pump a 5% Intralipid 

solution through the vessel. Raw speckle images were captured in the absence of 

any motion and at a 2ml/min flow rate for further processing. In the figure, it can 

be seen that in the absence of motion, the Ks and Kt images are different. In addition, 

the CSD map shows low values corresponding to s fully static state. However, at 

the 2 ml/min flow rate, the Ks and Kt values inside the vessel took equal values, 

while the Ks and Kt values for the area outside the vessel still have different values. 

In addition, this difference is smaller than for the static case due to the possible 

vibration of the whole phantom caused by the pumping of the Intralipid solution. 

In this way, the area outside the vessel is not fully static, which can be clearly seen 

in the corresponding CSD map. Thus, the presented CSD mapping approach can 
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be used for the detection of micro-movements of a sample during the experimental 

measurements. 

Fig. 9. Ks images calculated for the tissue phantom in the absence of any flow (a) and 

for a 2 ml/min flow rate (d). Kt images calculated for the tissue phantom in the absence 

of any flow (b) and for 2 ml/min flow rate (e). CSD maps calculated for the tissue 

phantom in the absence of any flow (c) and for 2 ml/min flow rate (f). The scale bar is 

equal to 7 mm. (Reprinted [adapted], with permission, from Paper II © 2018 IOP 

Publishing Ltd). 

3.4 Conclusions  

This chapter explained how the possibility of monitoring the transition between 

dynamic/static states using LSCI was demonstrated. The CSD mapping approach 

allows for the quantitative assessment of the ratio between dynamic and static 

scatterers in the observed medium for given imaging setup parameters. The 

proposed approach allows one to distinguish the real changes in motion from the 

appearance of the static components in the field of view. The study demonstrated 

that the presence of a layer with dynamic scatterers above the static layer allows 

one to neglect the systematic errors related to non-ergodicity. These results confirm 

the previous studies on the influence of non-ergodic conditions on the results of 

speckle processing presented by various authors. The proposed approach has a 

strong potential for future use in bioimaging. For more advanced flow and 
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dynamics assessment, the presented CSD mapping approach can be used in 

combination with multi-exposure speckle contrast imaging [146], optical clearing 

[103], etc.  
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4 Influence of static scattering on brain 
imaging  

4.1 Materials and methods  

For the phantom experiment, the same setup described in the previous chapter was 

used. However, for the assessment of the brain vasculature, the red laser diode was 

changed to an infrared 3mW laser diode at an 808 nm wavelength (LDM808/3LJ, 

Roithner Lasertechnik GmbH, Austria). The exposure time for both experiments 

was 10 ms, and the obtained raw speckle images were processed by a custom 

developed script based on MATLABr2019b software. The temporal and spatial 

algorithms for speckle processing described previously were used for the 

calculation of the final speckle contrast images. In addition, CSD maps were 

calculated using the algorithm described in the previous chapter. 

For the phantom measurements, a rectangular silicon phantom was developed 

with the hole in the middle of the phantom (1 cm in diameter). Then, a 3% Intralipid 

solution was poured into the hole. In this way, the described sample contains two 

areas with different dynamic properties: the first is a fully static (non-ergodic) area 

corresponding to the silicon phantom, while the second is a dynamic (ergodic) area 

corresponding to the Intralipid solution with the Brownian motion. To represent the 

static layer above the dynamic layer, a non-transparent tape with a 55±2 μm 

thickness was used. The optical properties of the 3% Intralipid solution and sticky 

tape at a 655 nm wavelength are presented at Table 1. Optical properties for 

Intralipid solution were taken from [142], while optical properties for the sticky 

tape were measured experimentally using OL-750 spectrophotometer system with 

integrating spheres (Optronic Laboratories, USA) [143], [144], [147].  

For transcranial mouse brain vasculature observation, an 8-week-old CD1 

female mouse (supplied by Envigo, UK) was used. Firstly, the mouse was 

anaesthetized with an intraabdominal injection of 10 mg/100 mg/kg of ketamine 

(Vetoquinol, France). After that, the skin was removed from the forehead, temporal, 

crown and back areas of mouse head. During the measurements, the investigated 

area of the head was moisturized using the physiological solution. In addition, the 

mouse was placed on the warming pad and the temperature of the animal’s body 

was maintained at 37 °C. The total duration of the experiment was 1.5 h. Following 

this procedure, the mouse was euthanized with an injection of barbiturate overdose.  
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Table 1. Optical parameters of the tape and Intralipid at 655 nm. μs—scattering 

coefficient, μa—absorption coefficient, g—anisotropy factor, n—refractive index, 𝝁𝒔
′  — 

reduced scattering coefficient. (Adapted, with permission, from Paper III © 2020 

Pleiades Publishing, Ltd.). 

Material 
Optical parameter 

μs (mm−1) μa (mm−1) g n μ’s (mm−1) 

Sticky tape 36.38 0 0.946 1.6 1.96 

Intralipid (3%) 11.8 0.02 0.55 1.33 5.31 

4.2 Results and discussion  

4.2.1 Phantom experiment  

To demonstrate the changes in the speckle contrast values caused by incensement 

of the thickness of static layer above the dynamic layer, the following experiment 

was performed: a hole filled with an Intralipid solution was covered with a sticky 

tape layer by layer. In total, 16 layers with a combined thickness of 880 μm were 

added to the phantom surface.  

Fig. 10. Ks images (upper row), Kt images (middle row) and CSD maps (lower row) 

calculated for the experiment with a phantom filled with an Intralipid solution in the 

absence of any tape layers (0 layers) on the surface and with 1, 4, 7, 10, and 13 tape 

layers on the phantom surface. The scale bar is equal to 5 mm. (Reprinted, with 

permission, from Paper III © 2020 Pleiades Publishing, Ltd.). 
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Figure 10 shows the examples of spatial and temporal speckle contrast images, as 

well as CSD maps calculated for the different number of static layers above the 

phantom surface. Figure 11 shows the corresponding average temporal and spatial 

speckle contrast values, along with the average CSD values in 0 to 16 layers of tape. 

These values were calculated over the area indicated by the green square in Figure 

10. In addition, the corresponding interpolation curves are shown in Figure 11.  

Fig. 11.  Experimentally measured average Ks values (blue circles), average Kt values 

(red squares), and average CSD values (green triangles) as functions of the number of 

static layers on phantom surface. Solid lines with corresponding colours represent the 

interpolation curves. Standard deviation for speckle contrast values <0.0005. Standard 

deviation for CSD<0.005. (Reprinted, with permission, from Paper III © 2020 Pleiades 

Publishing, Ltd.). 

The intensity of Brownian motion of Intralipid solution remained unchanged during 

the experiment since there were no temperature changes in the lab room during the 

experiment. However, in Figures 10 and 11 it can be clearly seen that average Ks 

and Kt values linearly increased with the number of static layers placed on the 

phantom surface. In addition, the average Ks values increased 4 time faster 

compared to the average Kt values. From these figures, it can be concluded that a 

speckle contrast value depends not only on the velocity of dynamic scattering 

particles but also on the amount of the static scatterers above the dynamic ones. 

This effect is rarely taken into consideration during LSCI measurements and further 

interpretation of the obtained data. Nevertheless, the described effect should be 

considered, especially for the measurements of biological tissues where the blood 
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can be located at various unknown depths. In addition, it is clearly seen in Figures 

10 and 11 that in the absence of tape there is almost no difference between the 

averaged spatial and temporal speckle contrast values, while with the incensement 

of the static layer thickness the difference between these values became significant. 

This effect corresponds to the transition from ergodic state (Brownian motion of 

Intralipid solution) to non-ergodic state (thick layer of static scatterers). The 

calculation of the CSD maps allows one to distinguish changes in the speckle 

contrast caused by changes in flow rate from changes caused by the presence of 

static scatterers. It can be seen that the averaged value of CSD decreased for thicker 

static layers, indicating the violations of the ergodicity condition. Moreover, the 

area corresponding to the Intralipid solution remains visible in temporal speckle 

contrast images even in presence of large number of stick tape layers. In this way, 

the quantitative estimate of the flow velocity changes strongly depends on the 

choice of algorithm for speckle processing. At the same time, for the system under 

non-ergodic conditions, the qualitative measurements will not be corrupted since 

in this case only the relative change in flow is important. In addition, presumably 

the presence of the static layer with the small thickness does not significantly affect 

the result of speckle processing, as seen in Figure 11. Hence, CSD mapping can be 

used for the estimation of the influence of static layer thickness above the dynamic 

layer on the results of speckle contrast processing.  

Fig. 12.  Monte-Carlo simulation showing the sampling volume of a used light source 

for Intralipid without static layer above (a); for Intralipid with 1 (b), 4 (c), 7 (d), 10 (e), and 

13 (f) static layers above. Black arrow indicates the position of the static-layer boundary 

with Intralipid. (Reprinted, with permission, from Paper III © 2020 Pleiades Publishing, 

Ltd.). 
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To theoretically estimate the penetration ability of a laser diode for the phantom 

experiment, the Mote-Carlo simulation [148] was performed using optical 

properties presented in Table 1. The sampling volume was estimated for a different 

number of static layers above the Intralipid solution. The results of the simulation 

are presented in Figure 12. Further, the sampling depth was plotted as a function of 

optical density (multiplication between thickness of scattering layer (d) and 

scattering coefficient (µs)).   

The Monte-Carlo simulation shows that even in presence of static layers (up to 

7 layers of sticky tape with total thickness of 385 μm), the significant amount of 

laser radiation scattered by Intralipid can be registered by a photodetector. This 

result confirms the previous suggestion that the presence of a static layer with the 

small thickness does not significantly affect the result of speckle processing. 

4.2.2 Brain imaging  

According to literature [149], [150], the typical skull thickness of a 2-month-old 

mouse varies from 150 to 310 μm. To provide the better penetration ability, an 

infrared laser diode was used instead of a red one for transcranial brain vasculature 

observation. The reduced scattering coefficient of a mouse skull in an infrared 

region is equal to 1.75±0.05 [149]. In this way, the presence of a skull with the 

discussed thicknesses does not significantly affect the result of speckle processing 

since a considerable amount of the laser radiation reaches the brain vasculature. 

Figure 13 shows examples of in vivo transcranial spatial and temporal speckle 

contrast images as well as CSD maps of a mouse brain vasculature calculated using 

different sequences of the raw speckle images. It is clearly seen that for a 10-frame 

sequence there is no difference between the spatial and temporal speckle contrast 

images for both brain areas containing blood vessels (point 2 in Figure 13) and 

areas without blood vessels (point 1 in Figure 13). Moreover, the CSD map shows 

high values, meaning that the observed sample can be considered ergodic. Thus, as 

discussed above, a thin skull cannot introduce any significant effects related to non-

ergodicity. However, since the LSCI technique is based on statistical measurements, 

the data size used for processing (number of frames in this case) is important and 

should be considered. Figure 13 shows that a reduction in the number of frames 

used for speckle processing significantly affects the result of the temporal speckle 

contrast calculation. In particular, the difference between the spatial and speckle 

contrast values at points 1 and 2 (see Figure 13) increased with the reduction of 

frames. Moreover, the CSD values for the whole brain area decreased. The 
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described effect should be taken into consideration in spatiotemporal processing of 

obtained speckle data. In our case, it was found that for the in vivo transcranial 

brain imaging at an exposure time of 10 ms, the minimum sufficient amount of 

consecutive raw speckle images was equal to 10.  

Fig. 13. Ks images (upper row), Kt images, and CSD images calculated for the 

experiment with transcranial visualization of the mouse brain vasculature using 10, 5, 

3, and 1 consecutive speckle images. The scale bar is equal to 1 mm. (Reprinted, with 

permission, from Paper III © 2020 Pleiades Publishing, Ltd.). 

In this way, the incorrectly chosen parameters of the speckle setup, such as camera 

exposure time, number of frames used for processing, algorithms of speckle 

processing, as well as parameters of observed sample (number of static scatterers), 

can substantially affect the quality of obtained data. In addition, the parameters for 

the LSCI measurement should be chosen depending on whether the goal is to obtain 

qualitative or quantitative data, or whether spatial resolution is more important than 

temporal, etc. The proposed method for CSD mapping allows one to estimate the 

influence of static scatterers to the speckle pattern at the given exposure time. Thus, 

CSD can be used as a simple approach to optimize the parameters for the 

measurements. Here, it was demonstrated that for a young mouse the thickness of 

the skull bone does not significantly affect the results of speckle processing. 

Nevertheless, the skin removal still should be performed. Moreover, in adult mice, 

not only is skin usually removed, but also the procedure of skull thinning [101] or 

its total removal [102] is usually performed. It has been shown that using the optical 

clearing approach allows for fully non-invasive brain vasculature visualisation for 
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young mice [151]. However, the influence of both intact skin and the skull on the 

results of speckle processing should be additionally investigated.  

4.3 Conclusions  

In this chapter, the influence of static layers with different thicknesses located 

above the dynamic one on the ergodicity conditions of the observed sample and, 

thus, on the results of temporal and spatial speckle contrast processing was 

demonstrated. Based on the results of the calculation of spatial and temporal 

speckle contrast images, CSD maps and Monte-Carlo simulation, it was found that 

the presence of a thin static layer does not significantly change the ergodic state of 

the observed sample at the given camera exposure time. This conclusion was also 

confirmed by an experiment with in vivo transcranial brain vasculature 

visualization of an 8-week-old mouse, which demonstrated that a violation of the 

ergodicity condition of observed specimen should be taken into account and the 

parameters of used the LSCI setup (e.g., the method of speckle processing, used 

camera exposure time, number of frames used for processing, etc.) should be used 

based on needs and goals of each experiment. 
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5 Method for speckle contrast calculation 
correction during brain visualization 

5.1 Materials and methods  

Figure 14(a) shows an optical scheme for the combined LSCI and fluorescence 

intravital microscopy (FIM) system used for measurements in this chapter.  

Fig. 14. The optical scheme of a combined LSCI-FIM setup (a): CCD–camera, LS - light 

source for fluorescence imaging, Ex - excitation optical filter, Em - emission band-pass 

filter, FFC - fluorescence filter cube, L - lens, D - diffuser, LD - laser diode for speckle 

imaging, Obj - object of investigation. The principal algorithm for speckle contrast 

images calculation (b). The principle algorithm for colour-coded DF images calculation 

(c). (Reprinted under CC BY 4.0 license from Paper IV © 2019 Authors).  

Here, for the LSCI mode, a 3 mW laser diode (LDM808/3LJ, Roithner 

Lasertechnik, Vienna, Austria) at 808 nm was used as a light source. Light from the 

laser diode was expanded by a ground glass diffuser (Thorlabs, Newton, NJ, USA) 

to illuminate the mouse brain, with the illumination angle set at 45 °C. The raw 

speckle images of the mouse brain were registered by a CCD camera (Pixelfly QE, 
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PCO, Kelheim, Germany, 1392×1024, pixel size: 6.4 μm) which was mounted 

using a C-mount adaptor on top of a fluorescent zoom stereomicroscope SZX12 

RFL2 (Olympus, Tokyo, Japan) in combination with a DF PLAPO 1× PF lens 

(Olympus, Tokyo, Japan). The mean speckle size was at least 2-times higher than 

the pixel size. For each frame, 400 consecutive raw frames were captured with 10 

ms exposure time. The camera control and image registration were performed using 

CamWare (PCO, Kelheim, Germany). For the FIM mode, a mercury short arc lamp 

was used as a light source. The light from the lamp was adjusted using a 460-490 

nm optical filter and directed to the same brain area as for the LSCI mode via a 

diachronic mirror (DM-505, Croma, VT, USA). Further, the fluorescence light from 

the mouse brain was passed through a 540–550 nm filter and registered by the same 

CCD as for the LSCI mode. After fluorescein administration, 200 consecutive raw 

frames were captured with a 50 ms exposure time for each frame. The obtained 

fluorescent and speckle images were then processed by a custom-developed scripts 

in offline regime using Fiji/ImageJ (an image processing package [152]) and 

MATLABr2019b software. For speckle processing, the temporal algorithm was 

used (see Figure 14(b)). Following this, the mean value and standard deviation were 

calculated for each pixel of 200 raw consecutive frames to obtain the final speckle 

contrast image. The FIM mode allows for the calculation of colour-coded dynamic 

fluorescent (DF) images with the discrimination of different types of vessels 

(namely veins, arteries and sagittal sinus). The principle of the calculation of DF 

images is presented in Figure 14(c).  

Firstly, for the whole obtained stack of images, the noise reduction and short-

term fluctuations removing procedures were applied. The first step in the procedure 

was to calculate a sequence of blurred images from the original captured images 

using a Gaussian filter. Further, the sequence of blurred images was subtracted 

image by image from the original data. Short-term fluctuations were then smoothed 

out by calculating the moving 3-D average over image sequence. Finally, the DF 

image was calculated. For discrimination between different vessel types, the 

intensity-hue saturation (IHS) colour coding model was applied. For each pixel of 

obtained sequence of images, the normalized time was calculated depending on the 

frame number with maximal intensity in each pixel. Further, the time was encoded 

by the value of hue, which is the actual colour in IHS. Then, the maximum intensity 

projection (MIP) was calculated for each pixel using all sequences of raw 

fluorescent images and encoded by intensity and saturation. Finally, the IHS DF 

image was calculated. The time of the maximum intensity corresponding to veins, 

arteries and sagittal sinus is different due to the different fluorescein distribution 
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speed for these vessels. In this way, the proposed colour-coding approach can be 

used for discrimination between vessel types.  

For the measurements, a CD1 nude 6-week-old mouse from Envigo was used. 

Animal studies were approved by the Weizmann Institute of Science Institutional 

Animal Care and Use committee (IACUC). Before the measurement, the mouse 

was anaesthetized with 10 mg/100 mg/kg ketamine (Vetoquinol, Lure, France) and 

xylazin (Eurovet Animal Health, Bladel, The Netherlands) by intra-peritoneal 

injection. After that, the skin over anesthetized parietal, frontal, occipital and 

temporal head regions was removed by dissection. Further, the mouse was placed 

on a warming plate, which maintained the constant temperature of the animal’s 

body at 37 °C during the experiment. In addition, the head area observed by the 

optical setup was constantly moistened with saline during the measurement. To 

obtain the fluorescent images, a dose of 0.025 mg fluorescein was injected into the 

tail vein. The duration of the whole experiment was approximately 1.5 h. After that 

that, animal was euthanised by barbiturate overdose. 

5.2 Results and discussion  

Figure 15(a) shows a DF image of a mouse brain vasculature colour-coded using 

the aforementioned algorithm for the first 10 s from the beginning of the 

measurement. Here, red and green colours correspond to arteries and veins, 

respectively. These colours were chosen for the clarity of presentation. Figure 15(b) 

shows the typical speckle contrast image calculated using the raw frames within 

the same time period as for DF image. For better clarity, the speckle contrast image 

has been coloured in a “hot” colour pallet, where yellow corresponds to the 

maximal flow while black corresponds to absence of any flow. Using both DF and 

speckle contrast images, it can be seen that the flow in the arteries is less than in 

the veins (see points 1–4 in Figure 15(b)). Moreover, in the speckle contrast image 

it can be concluded that the flow rate in the sagittal sinus has the maximum flow 

rate compared to that of the brain vessels (see point 5 on Figure 15(b)).  

A number of brain studies using speckle contrast imaging have demonstrated a 

similar flow ratio between different vessels types, while the flow in the sagittal 

sinus was shown to be much higher than in both veins and arteries [87], [88], [153]. 

However, the sagittal sinus flow is the slowest compared to the other types of vessel 

[154]. In this way, the analysis of such an image is complicated and can lead to 

misinterpretation of the obtained data. To overcome this issue, the FIM mode can 

be used for correction of LSCI data. FIM provides the information on the temporal 
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distribution of fluorescent material at each pixel corresponding to the brain 

vasculature. In turn, the distribution of fluorescent material corresponds to the real 

flow rate in vessels. In this way, the speckle contrast values can be adjusted to the 

time of maximal fluorescence value (Tmax) at each pixel of obtained image sequence.  

Figure 15(c) shows the Tmax image for the first 10 seconds from the beginning 

of the measurements. Different types of functions were tested for adjustment of the 

speckle contrast values. The following equation has been found as optimal: 

 𝐾 𝑖, 𝑗 log 𝑇 𝑖, 𝑗 𝐾 𝑖, 𝑗 , (18) 

where Tmax(i, j) is the fluorescence time to maximum for pixel (i, j), K(i, j) is the 

speckle contrast value for pixel (i, j), and Kcorr(i, j) is the speckle contrast value for 

pixel (i, j) after adjustment. This adjustment equation allows one to obtain the brain 

vasculature flow map with the flow rate distribution close to that described in the 

literature [154].  

Fig. 15. (a) Example of a DF image corresponding to the distribution of veins and 

arteries in mouse brain vasculature. Green colours correspond to veins, whereas red 

colours correspond to arteries. (b) Example of speckle contrast image corresponding 

to mouse brain vasculature before the adjustment procedure. (c) Example of 

fluorescence time to maximum image. (d) Example speckle contrast image 

corresponding to mouse brain vasculature after the adjustment procedure. The scale 

bar is equal to 1 mm. The green line represents the line for the calculation of contrast 

intensity profiles. (Reprinted under CC BY 4.0 license from Paper IV © 2019 Authors).  
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Figure 15(d) shows the adjusted speckle contrast image calculated using Equation 

(18) based on data presented in Figures 15(b) and 15(c). As Figure 15 (d) shows, 

the flow rate in the veins became notably less than in the arteries (points 1–4 in 

Figure 15(d)). In addition, the flow rate in the sagittal sinus significantly decreased 

compared to the other types of brain vessels and compared to the flow rate in the 

sagittal sinus for the speckle contrast image before the adjustment (see Figure 

15(b,d), points 4–6). Additionally, it is important to note that perfusion in non-

vessels areas became higher. Figure 16 demonstrates a comparison between the line 

intensity profiles (along the green line in Figures 15(b) and 15(d)) for speckle 

contrast images before and after the adjustment procedure. In the graph presented 

in Figure 16, it can be seen that the artery (point 4 in Figure 15(b)) and vein (point 

6 in Figure 15(b)) take the close value for the conventional speckle contrast image 

while the sagittal sinus (point 5 in Figure 15(b)) has the highest speckle flow rates 

as previously mentioned. At the same time, after the adjustment of the speckle 

contrast image, the flow rate in the artery increased compared to the vein while the 

flow rate in the sagittal sinus significantly decreased. In this way, the described 

algorithm for the adjustment of speckle contrast values can be preferable for a 

further in vivo assessment of the brain vasculature.  

Fig. 16. The intensity profiles of lines (showed as the green lines in Fig. 16(b), 16(d)) 

before (red line) and after (blue line) the adjustment procedure. Points 4, 5, and 6 

correspond to artery, sagittal sinus, and vein (showed as the same points in Fig. 16). 

(Reprinted under CC BY 4.0 license from Paper IV © 2019 Authors).  
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5.3 Conclusions  

In this chapter, a simple practical approach using a combined LSCI-FIM setup for 

the functional interpretation of the blood brain vasculature perfusion was 

introduced. However, the proposed method is not fully developed and still requires 

further improvement to become a real quantitative tool for clinical application. 

Nevertheless, the described technique has a great potential for preclinical trials such 

as the analysis of cerebral circulation disorder models, etc. Further application with 

the machine learning algorithms can improve the precision of the adjustment 

procedure.  
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6 Monitoring of acute vascular permeability 
reaction  

6.1 Materials and methods  

The multi-modal LSCI-FIM imaging setup described in the previous chapter can 

also be used for the measurement of the skin vasculature. In the present study, a 

sequence of 400 raw speckle pattern images were captured at a 45 ms exposure 

time. For the FIM mode, 1 FIM image was captured each minute after the beginning 

of the experiment to avoid a photobleaching effect. The LSCI mode was mainly 

used to observe the distribution of the blood vessels within the investigated area 

and further to choose the areas for the OCAs application. The FIM mode was used 

to estimate the acute vascular permeability reaction of skin vasculature to 

simultaneous application of several OCAs. 

For the measurements, 5 CD1 nude female mice from Envigo Laboratories 

were used. Before the measurement, a solution of ketamine (Fort Dodge, Iowa) (10 

mg/kg) and xylazine (Kepro, Deventer, Holland) (100 mg/kg) was intraperitoneally 

injected into each mice. Further, the animal was placed on a thermally controlled 

stage. In addition, the external ear of animal was gently attached to the stage to 

reduce possible motion artefacts. To obtain the FIM images, 50 μL of dextran–

fluorescein isothiocyanate (FITC) (0.5 M, 1 mg/mL) (Sigma Aldrich, Israel) was 

injected intravenously. The high molecular weight of FITC allowed dextran to 

remain in the blood circulation for more than 2 h. In this way, no washout effect 

could be observed during the proposed experiment. 

To investigate the skin vasculature reaction to the OCAs, 3 square-sized pieces 

of blotting paper (1 mm2) were soaked in 100% glycerol (Sigma Aldrich, Israel) 

(v/v), 100% dimethyl sulfoxide (DMSO) (Sigma Aldrich, Israel) (v/v), and 100% 

methyl salicylate (MS) (Sigma Aldrich, Israel) (v/v), and placed on the surface of 

the mouse ear in different areas. The speckle contrast images were firstly calculated 

to determinate the areas of OCAs application Figure 17(a). The vascular 

permeability reaction to different OCAs was observed during 30 min. Glycerol and 

DMSO were used as commonly used OCAs for the skin studies [103] while MS 

was chosen as a known mild irritant [133]. 
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6.2 Results and discussion  

The example of the time to maximum fluorescence map and fluorescence images 

at different time intervals after the beginning of the experiment is presented in 

Figure 17 (b,c). Temporal colour coding was used to represent the flourescein 

distribution in different areas of the ear. To estimate the acute vascular permeability 

reaction in response to the topical topical treatment with the different OCA, the 

mean intensity of the fluorescence signal was calculated for the area of each OCA 

application (dashed squares in Figure 17) for each captured FIM frame. The 

temporal dependence of the mean fluorescence intensity for various agents is 

presented in Figure 18. The grapth shows that the fastest and the most intence 

vascular permeability reaction corresponds to the area of MS application. For this 

area, the fluorescence intensity started to significantly increase already after 2 min 

of MS application. The most intense signal was observed at intervals of 6 to 16 min. 

Further, the signal became saturated after 23 min from the beginning of the 

experiment. Here, increased the permeability reaction resulted in edema, 

vasolidation and a massive plasma leakage from the capillaries into the nearby area.   

Fig. 17. (a) Speckle contrast image of mouse ear. (b) The colour-coded in vivo time to 

maximum fluorescent image of the external mouse ear. Dashed squares correspond to 

the areas of glycerol, DMSO and MS application. (c) Examples of colour-coded in vivo 

fluorescent images of the same external mouse ear at different time intervals after the 

chemical agent application. The scale bar is equal to 1 mm. (Adapted under CC BY 4.0 

license from Paper V © 2019 Authors).  
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Fig. 18. (a) Time-dependent fluorescence intensity changes caused by glycerol, DMSO 

and MS application to the external mouse ear in vivo. (Reprinted under CC BY 4.0 

license from Paper V © 2019 Authors).  

The application of DMSO caused a slower and less intense vascular permeability 

reaction compared to MS. The fluorescence intensity started to grow only after 20 

min of OCA treatment and its maximum intensity during the observation time had 

a 1.6-fold difference with a maximum intensity for MS. Finally, almost no effect 

on the vascular permeability reaction was caused by the glycerol application. The 

possible reason of low influence on vascular permeability can be related to high 

viscosity of pure glycerol (1410 cP at 20 °C) compared to DMSO (1.9 cP27 at 20 °C) 

and MS (2.3 cP28 at 20 °C). Thus, the penetration ability for glycerol is 

significantly lower than for both DMSO and MS. In addition, the application of 

glycerol results in a blood flow reduction leading to a reduced distribution of the 

fluorescein. 

6.3 Conclusions  

In this chapter, the main focus was aimed on the development of a simple protocol 

for the quantitative estimation of acute vascular permeability reaction to the 

simultaneous topical application of several various OCAs on the skin in vivo. The 

multi-modal optical setup combining LSCI and FIM techniques was used for the 

monitoring of mouse ear vasculature and the quantitative assessment of changes in 

the vascular permeability reaction. Consequently, the proposed approach has a 
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great potential for express monitoring of skin allergic reactions to the application 

of various medical, cosmetic and pharmaceutical products.  
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7 Hyperspectral laser speckle contrast imaging 
system for depth-resolved blood flow and 
perfusion visualisation  

7.1 Overview 

As discussed previously, the LSCI technique has several critical limitations, the 

first of which is associated with limited probing depth. In fact, the penetration depth 

of the light source used in an optical setup depends on its wavelength and the optical 

properties of the observed medium. The second limitation of LSCI is its inability 

to obtain speckle data with a depth resolution. Thus, the unknown sampling depth 

leads to an inability to distinguish the in-depth location of the observed vasculature 

structure. Despite the fact that this problem is a great obstacle for the understanding 

of data obtained by the LSCI technique, only a few works have mentioned it [155], 

[156].  

Hyperspectral imaging (HSI) has become a hot topic for the scientific society 

in recent years [157]. HSI allows one to acquire two-dimension images across a 

wide range of spectrum and has been successfully implemented in the monitoring 

of cancer cell metabolism [158], monitoring of diabetic ulcers healing [159], etc. 

As laser sources with different wavelengths have a different penetration ability in 

tissues [160], hyperspectral laser speckle contrast imaging (HS-LSCI) combined 

with a multi-wavelength light source will allow for flow mapping at several depths 

simultaneously. 

7.2 Materials and methods  

The HS-LSCI setup presented in the present study is in fact a modification of the 

classical LSCI optical scheme. To provide the possibility of assessing flow and 

perfusion at different depths simultaneously, a combined multi-wavelength light 

source and hyperspectral camera were used instead of a single-wavelength source 

and regular CCD or CMOS camera. The custom made compact light module 

containing a 12 mW green, a 13 mW red and a 30 mW infrared laser diode 

(Roithner Lasertechnik, Austria) emitting at 532-, 650- and 850-nm wavelengths, 

respectively, was used for object illumination. Light beams were cantered and 

collimated along one axis using a system of mirrors and beam splitters (Thorlabs, 

USA). The emitted light was further expanded by an engineered diffuser (Thorlabs, 
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USA) providing the uniform angular distribution of the transmitted radiation. In 

this way, all three light sources simultaneously illuminated the same area of the 

observed object. The illumination angle was 45 °C and a hyperspectral camera 

Nuance EX (PerkinElmer, Inc., USA) was used in combination with a 60 mm F2.8 

objective (Nikon, Japan) for the acquisition of grey-scale raw hyper-cubes. The 

distance from the objective to the sample was 30 cm. Figure 19 shows a schematic 

representation of the proposed optical setup. Finally, the obtained raw speckle 

images for each wavelength were processed by a custom developed algorithm in 

an offline regime using a MATLAB r2020b software environment. 

A hyperspectral camera captured 1 hyper-cube per second containing raw 

speckle images for 532-, 650- and 850-nm wavelengths; the exposure time for each 

raw speckle image was 7 ms. For each experiment, a series of 25 consecutive hyper- 

cubes was captured. Further, the raw speckle contrast images were separated by 

wavelengths. For each series of raw speckle images at different wavelengths, a 

spatial speckle processing algorithm with a 7×7 sliding window was used to 

calculate the speckle contrast images. Finally, the speckle contrast images were 

averaged for each wavelength. Figure 19 schematically shows the principles of data 

processing. 

It is important to note that the average speckle size for the given imaging 

system depends on the wavelength [161]. Therefore, there is a 1.6-fold size 

difference between the 850-nm and 532-nm speckle patterns in our system and a 

1.2-fold size difference between the 650-nm and 532-nm speckle patterns. 

Kirkpatrick et al. have showed that the difference between speckle measurements 

with various speckle sizes can be neglected when the Nyquist criterion is fulfilled, 

i.e., the speckle size should be at least 2-times greater than the camera pixel size 

[56]. As the pixel size of Nuance hyperspectral camera is 6.45µm, we calibrated 

our system so that the smallest speckle size was ≥ 14 µm. 

To demonstrate the possibility of obtaining speckle contrast data at different 

depths simultaneously, experiments with tissue mimicking flow phantom were 

performed. The phantom simulated straight vessel with a 1 mm diameter was fixed 

at a 4° inclination angle located in a tissue mimicking solid substance. Thus, the 

thickness of the scattering layer above the vessel is linearly changing. The phantom 

was composed of polyvinyl chloride, and the  procedure of such phantom 

production is described in [143]. For each experiment, a 5% Intralipid solution was 

pumped through the vessels with a syringe-based infusion pump (Perfusor® 

compact S, B. Braun, Germany). 
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Fig. 19.  Schematic presentation of the HS-LSCI imaging system and principle of raw 

data collection and further processing to speckle contrast images. HSC – hyperspectral 

camera; Obj – objective; S – sample; D – diffuser; M – mirror; BS – beam splitter; IRL – 

infrared laser diode; RL – red laser diode; GL – green laser diode; HC – hyper-cube of 

raw speckle images; GS – sequence of raw speckle images for green laser diode; RS – 

sequence of raw speckle images for red laser diode; IRS – sequence of raw speckle 

images for infrared laser diode; GSC – speckle contrast image calculated from GS; RSC 

– speckle contrast image calculated from RS; IRSC – speckle contrast image calculated 

from IRS. 
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7.3 Results and discussion  

7.3.1 Verification using phantom  

Figure 20(a) (left column) shows speckle contrast images calculated for all three 

wavelengths used in the setup. The Intralipid solution was pumped through the 

vessel in a tissue mimicking phantom with a 60 ml/h flow rate. For correct 

comparison between the speckle contrast images at different wavelengths, 

normalization on the maximum value was implemented for each image. The 

phantom areas outside the vessel were considered areas with maximum speckle 

contrast values since they are the static part of the phantom. Thus, the mean speckle 

contrast values at different wavelengths in the static areas were used for 

normalization. 

Due to the different penetration abilities of the selected wavelengths of the light 

source, it can be clearly seen that the infrared (850-nm) laser diode allows one to 

observe flows at deeper depths, therefore almost the whole vessel can be seen. At 

the same time, the green (532-nm) laser diode can provide flow information from 

lesser depths. The speckle contrast image for the red (650-nm) laser diode allows 

one to observe the flow in vessels at deeper depths compared to the green diode but 

at lesser depths compared to infrared. Moreover, it is important to note that even 

though the flow rate was constant during the experiment, the speckle contrast 

values within the vessel took different values. This indicates that the speckle 

contrast value can depend not only on the flow rate but also on the thickness of the 

scattering layer above the observed vessel. As the vessel structure is randomly 

located in the biological tissue, meaning that the depth of the different vessels is 

unknown, the quantitative analysis and interpretation of obtained speckle data can 

be a challenging task for both HS-LSCI and for common LSCI. Thus, for correct 

speckle contrast data assessment, the influence of the scattering layer above the 

observed vessel should be taken into account. 

Here, for the compensation of depth dependence, the next calibration 

procedure has been implemented. Firstly, hypercubes containing the raw speckle 

images for each wavelength were captured for further speckle contrast value 

calculation within each point of the vessel at different flow rates. The syringe-based 

infusion pump was used to maintain 5, 10, 20, 30 and 60 ml/h flow rates in vessels. 

Then, the map containing the thickness values of the overlying scattering layer at 

each pixel of image was generated. OCT system (Thorlabs, USA) the used for the 

precise determination of the scattering layer thickness above each point of vessel.  
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Fig. 20. (a) Speckle contrast images of the tissue-mimicking phantom with a straight 

vessel at 532, 650 and 850 wavelengths before compensation on the scattering layer 

above the vessel (left column); Speckle contrast images of the tissue-like phantom with 

a straight vessel at 532, 650 and 850 wavelengths after the compensation procedure 

(middle column); Velocity maps of the tissue like phantom with a straight vessel at 532, 

650 and 850 wavelengths (right column). Scale bar is equal to 5 mm. (b) Simulated 3-D 

map representing dependence on the optical density for different flow rates with 0.01 

ml/h step. 

Further, the dependence between speckle contrast values and scattering layer 

thickness was obtained for each wavelength at 5, 10, 20, 30 and 60 ml/h flow rates. 

This dependence was recalculated in terms of optical density (OD), where OD is a 
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multiplication between the thickness of the scattering layer (d) and scattering 

coefficient (µs). It was found that for each wavelength, this dependence was the 

same at the given flow rate. Further, the measured dependencies were interpolated 

to obtain a 3-D map showing the theoretical dependencies between the OD, the 

speckle contrast value and the flow rate in a range from 0 to 60 ml/h with a step of 

0.01 ml/h (see Figure 20(b)). Since the speckle contrast values are calculated from 

raw speckle images, and the thickness of scattering layer above the vessel is known 

for eavh pixel of image, the flow rate can be recalculated for each pixel of image 

as well. Thus, the use of this map simultaneously with a sample thickness mask 

recalculated in terms of OD at each pixel of image allows one to compensate the 

dependence on the scattering layer and obtain “true” speckle contrast values as if 

there is no scattering layer above the vessel. 

Figure 20(a) (middle column) shows the speckle contrast images as described 

in the procedure above. It is clearly seen that after the compensation procedure, the 

speckle contrast takes equal values within almost the whole vessel. However, some 

deviations can be seen in the presence of the thick scattering layer (OD≥21), which 

can be caused by the high noise in the speckle signal related to the strong scattering. 

The same reason also leads to a “broadening” of the vessel at high OD for speckle 

contrast images for green and red light. In addition, in order to obtain quantitative 

data, “true” speckle contrast values have been converted in real velocities (see 

Figure 20(a) [right column]). To obtain the real velocity, firstly, the flow rate values 

in ml/h were converted in m3/h. Further, the obtained values were divided to the 

cross-sectional area of the vessel to obtain velocity in mm/s. The threshold filter 

has been used to colour (in black) the area outside the vessel and too noisy areas in 

the vessel for the better clarity. Both compensated velocity and speckle contrast 

maps show differences in the in-depth possibility of flow observation for different 

wavelengths. It was found that for the given system, it is possible to clearly obtain 

flow information up to 1.41, 1.62 and 1.8 mm depths for 532-, 650- and 850- nm 

wavelengths, respectively. Thus, after preparing the  calibration procedure, it is 

possible to estimate the in-depth vessel location by comparing the speckle contrast 

map obtained simultaneously for several wavelengths. For example, in biological 

tissue, information from the deeper vessel can appear for an infrared light source 

while no information can be observed for the green and red one. 

Naturally, the main disadvantage of the described approach is necessity to 

know either vessel depth at each pixel of the field of view (to reconstruct the flow 

speed) either actual flow rate (to reconstruct the vessel depth) in addition to the 

measured speckle contrast value. Since both parameters are usually unknown in the 
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assessment of blood flow in biological tissue, the quantitative interpretation of the 

measured speckle data is still a complex task. As described previously, the 

estimation of τ has been suggested for the calculation of the actual blood flow, since 

τ is hypothetically related to the speed of moving scatterers [48], [81], [162]. 

Nevertheless, this approach is not fully developed and the estimation of τ also 

suffers from unknown probing depth. In this way, HS-LSCI has a great potential 

for use as one of the modes in the multi-modal imaging systems. The calibration 

procedure proposed here can be implemented for a quantitative flow measurement 

using HS-LSCI in combination with, for example, OCT or photoacoustic imaging. 

7.3.2 Skin perfusion assessment  

Despite the previously mentioned issue complicating the possibility of quantitative 

HS-LSCI measurements, the proposed setup can be used for monitoring skin 

perfusion changes. It is important to note that the observation of blood flow in a 

single vessel is complicated in skin, since skin vasculature is located in the dermis 

while the epidermis contains no blood vessels. At the same time, the high scattering 

of epidermis limits the probing depth of LSCI to the epidermis and upper dermis. 

The possibility of skin perfusion assessment at different depths simultaneously will 

allow one to provide more precise and effective tissue treatment at the same time 

while avoiding damage to healthy tissues. 

The possibility of assessing the skin perfusion changes simultaneously at 

several depths was demonstrated by an in vivo human finger occlusion experiment. 

Seven healthy volunteers participated in the experiment. The occlusion was 

induced in the middle finger using a rubber band. Raw hyper-cubes containing 

speckle images for 532-, 650- and 850- nm were obtained before the occlusion, 3 

min after start of occlusion, and 1 minute after release of the rubber band. This 

experiment represents tissues with different perfusion characteristics. 

Figure 21(a) shows an example of speckle contrast images obtained at 532-, 

650-, 850-nm wavelength for all three stages of the described experiment. It can be 

clearly seen that for all wavelengths finger occlusion results in an increment of the 

speckle contrast value meaning a decrement in skin perfusion. At the same time, 

after the release of the rubber band, the finger saturates with blood that leads to a 

speckle contrast value decrement at each wavelength. Thus, all three wavelengths 

allow one to detect the changes in skin perfusion. However, the sensitivity of each 

wavelength to these changes is different due to the different penetration ability into 

the tissue. 
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Fig. 21. (a) Laser speckle contrast images of the finger before occlusion (first column), 

under occlusion (second column), and after occlusion (third column) at 532-, 650- and 

850-nm. Red square represents the region of interest taken for an average speckle 

contrast value calculation; (b) Ratio between averaged speckle contrast values for skin 

under occlusion and skin before occlusion at 532-, 650- and 850-nm wavelength; (c) 

Ratio between averaged speckle contrast values for skin after occlusion and skin before 

occlusion at 532-, 650- and 850-nm wavelength (b). (Adapted, with permission, from 

Paper VI © 2022 SPIE-OSA). 

Figures 21(b) and 21(c) show averaged data of quantitative analysis for the 

occlusion experiment. The error bars correspond to standard deviations. Averaged 

speckle contrast values were calculated at each wavelength for all seven volunteers 

inside the region of interest selected on the middle finger (shown as the red square 
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with the 300×300 pixels in Figure 21(a)). In Figure 21(b), one can see the ratio 

between the averaged speckle contrast values for skin perfusion after 3 min from 

the beginning of occlusion and skin perfusion before the start of occlusion for all 

three wavelengths. Figure 21(b) shows the ratio between the averaged speckle 

contrast value for skin perfusion 1 min after the release of the rubber band and skin 

perfusion before the start of the occlusion for all three wavelengths. It is clearly 

seen that the greatest changes were detected for the 850-nm wavelength after 

occlusion compared to normal skin. This can be possible due to the fact that 850-

nm light penetrates deeper into the skin compared to the 532- and 650-nm 

wavelengths. As deeper skin layers are more saturated with blood, 850-nm speckle 

contrast images are more sensitive to the perfusion changes. Despite the fact that 

changes in speckle contrast values during the experiment were detected for all 

wavelengths, the 532-nm speckle contrast image is much less sensitive to perfusion 

changes than 650- and 850-nm speckle contrast images. This can be possibly 

explained by the high absorption of 532-nm light by blood haemoglobin. At the 

same time, the speckle contrast value for 532-nm is generally higher compared to 

650- and 850-nm, possibly due to the fact that the probing depth of the green diode, 

limited to the epidermal layer, is significantly less saturated compared to the dermal 

one. 

Fig. 22. Monte-Carlo simulation of an effective sampling volume of 532 nm, 650 nm and 850 

nm radiation for 7-layers skin model. 

To estimate the sampling volume and, thus, the penetration depth of light source in 

tissue with known optical properties, the Monte-Carlo method can be used. In 

particular, a GPU-accelerated Monte-Carlo distributed online computational 

platform [163] was used in this study for estimation of the probing depth in skin 

for all three used wavelengths. The results of the simulation of the depth dependent 

effective sampling volumes are illustrated in Figure 22. The skin model used in this 
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study is a 7-layers model described and tested in [148], [164], [165]. This model 

showed an excellent agreement with the experimental data presented at Figure 21. 

The optical properties used to simulate probing depth in skin for 532-, 650- and 

850-nm are summarized from [148], [164], [165] in Table 2 .  

Table 2. Optical properties used for Monte-Carlo simulation of sampling volume of 532-, 

650- and 850-nm laser light in skin. 

Layer 
Wavelength 

(nm) 

Optical properties 

μs (mm−1) μa (mm−1) g n d (μm) 

Stratum corneum 532 42.0 0.05 0.77 1.55 20 

650 32.6 0.03 0.8 1.55  

850 25.3 0.02 0.86 1.55  

Living epidermis 532 32.0 0.59 0.77 1.45 80 

650 24.1 0.3 0.8 1.44  

850 17.6 0.13 0.86 1.43  

Papillary dermis 532 21.5 1.19 0.78 1.45 100 

650 15.6 0.03 0.82 1.44  

850 10.9 0.04 0.87 1.38  

Upper blood net 

dermis 

532 21.5 4.7 0.81 1.39 80 

650 15.6 0.08 0.84 1.38  

850 10.9 0.11 0.9 1.38  

Reticular dermis  532 21.5 0.95 0.78 1.39 1620 

650 15.6 0.02 0.81 1.38  

850 10.9 0.03 0.87 1.38  

Deep blood net 

dermis 

532 21.5 2.34 0.79 1.39 200 

650 15.6 0.04 0.83 1.38  

850 10.9 0.06 0.88 1.38  

Subcutaneous fat 532 16.1 1.64 0.79 1.44 5900 

650 12.7 0.03 0.82 1.44  

850 9.8 0.04 0.87 1.44  

Figure 22 shows that, as it has been suggested, the effective probing depth for 532-

nm is limited to 100–200 µm (Stratum corneum, living epidermis and papillary 

dermis. 650-nm and 850-nm shows much higher penetration ability, up to 700–800 

and 1100–1200 µm, respectively). This simulation confirms the suggestion that 

speckle contrast data obtained using 850-nm light source is more sensitive to 

perfusion changes, since it penetrates those skin layers more saturated with blood. 

In this way HS-LSCI can be an effective tool for the estimation of perfusion 

changes in skin at several depths simultaneously. For example, this approach can 

be used to optimize the treatment time and light dose used during tumour 
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photodynamic therapy. Moreover, HS-LSCI can be used in combination with other 

optical techniques, such as OCT, fluorescent intravital microscopy, etc., for multi-

parameter assessment of perfusion changes. Additional application of optical 

clearing agents will also allow one to increase the probing depth of the described 

technique [103].  

7.4 Conclusions  

In this chapter, an HS-LSCI approach combining a hyperspectral camera and a 

multi-wavelength light source was implemented for the simultaneous observation 

of flows and perfusion changes at different depths simultaneously. The proposed 

approach was verified using tissue mimicking flow phantoms. Moreover, the 

procedure for the compensation of speckle contrast dependence on the thickness of 

scattering layer above the observing vessel structure allowing for quantitative flow 

measurement has been presented. In addition, the possibility of skin perfusion 

changes monitoring at several depths has been demonstrated by a finger occlusion 

experiment.  

Although the described technique is still not fully mature and requires further 

development and investigation to become a real clinical imaging tool, the proposed 

method has a great potential for use in biophysical applications. The combination 

of HS-LSCI with other imaging techniques will allow for the multi-parameter 

assessment of biological tissues.  

The analysis of speckle contrast images obtained at different wavelengths 

allows one to estimate the location of the depth of vessels in the observed medium. 

Further improvement of processing algorithms and the use of lights sources with a 

much larger amount of wavelengths will allow for more precise depth resolution 

and determination. 
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8 Laser speckle contrast imaging for the 
monitoring of handwriting kinematics and 
pressure features  

8.1 Overview 

Handwriting is a skill used by humans to communicate with other people, to record 

thoughts and to express oneself. This skill involves both cognitive and motor 

processes [166]. In a large variety of studies, the quality of handwriting has been 

shown to correlate with psychosocial well-being [167], academic progression 

during school years, self-esteem, etc. [168]. It has also been shown that deviations 

in handwriting skills can be an indicator of neurodevelopmental disorders such as 

autism spectrum disorders [169], attention deficit hyperactivity disorder [170], 

developmental coordination disorder [170], Parkinson’s disease [171], etc. All 

these mentioned diseases are associated with a lack of coordination and reduced 

ability to perform motor tasks. Handwriting properties, such as pencil pressure, 

speed of writing, etc., are unique for different people and can be considered an 

identity marker. In this way, handwriting peculiarities are widely used in 

criminology and medicine [172].  

The commonly used method for assessment of handwriting properties is the 

use of a graphics tablet with a stylus [173]. However, this method lacks accuracy, 

since a stylus and tablet do not fully represent the properties of a sheet of paper and 

pen. With the main aim of solving this issue, the different variations of electronic 

pens have been implemented for the assessment of handwriting pressure and 

kinematics [174]. As the production of electronic pens and tablets is quite 

expensive, the development of new methods for handwriting assessment is an hot 

topic.  

Since LSCI allows one to analyse the kinetics and local pressure caused by a 

pen on the sheet of paper, this method can be successfully implemented for the 

assessment of handwriting features.  

8.2 Materials and methods 

Here, the experimental setup described in Chapter 3 has been used for the 

evaluation of handwriting kinetics and pen pressure. The obtained reflected images 

were processed in an offline regime using custom-developed scripts for Fiji/ImageJ 
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and MATLAB r2018b software environments. The raw frames were captured at a 

5 ms exposure time for further processing, while the spatial approach using a 5×5 

sliding window has been implemented for the calculation of speckle contrast 

images.  

8.3 Results and discussion 

To demonstrate the sensitivity of the LSCI setup to changes in pen pressure, the 

following experiment was performed. The laser diode illuminated the sheet of 

paper while a volunteer periodically pressed the paper with the tip of the pen during 

the 10 s time interval. The laser illumination was setup in the way to avoid the 

shadows from pen and volunteers hand. As the tip of the pen was not lifted from 

the sheet of paper during the experiment, it was always touching the surface of the 

paper. Further, the captured raw images were used to obtain the sequence of time 

dependent speckle contrast images. The lower speckle contrast values 

corresponded to higher pressure. For better clarity, the speckle contrast images were 

converted to 8-bit images and colour coded using a false colour palette. In this way, 

the higher image intensity values (red colour) corresponded to higher pressure.  

Fig. 23. The principle of temporal analysis for pressure changes in an experiment with the 

periodical pressing of paper by a tip of a pen. (a) Example of speckle contrast images and 

time-dependent profiles corresponding to the relative pressure changes at 1 mm and 3 mm 

distances from the tip of the pen. (b) The corresponding surface plot for the time-dependent 

pressure changes distances 0 mm to 10 mm distances from the tip of the pen. (Reprinted 

[adapted], with permission, from Paper VII © 2019 Astro Ltd). 

Figure 23(a) shows that periodic pressing of a sheet of paper by a pen results in the 

appearance of an area with higher intensity around the tip of the pen indicating the 

presence of pressure. In this way, the analysis of temporal changes in speckle 
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contrast values can be used to track the relative changes in local pressure. It is 

important to note that as the proposed method allows one to measure only relative 

pressure, additional calibration is required to find a relation between real pressure 

caused by the tip of the pen and measured speckle contrast values. 

To assess the information on perfusion changes, the time-dependent intensity 

values along the 10 mm length vector (white arrow in Figure 23(a)) directed from 

the end of the tip of the pen to the bottom of the frame were calculated. Figure 23(a) 

shows the time-dependent profiles of pressure changes at the points located at 

distances 1 mm and 3 mm from the tip of the pen, while Figure 23(b) shows the 

time-dependent surface plot corresponding to the pressure changes along the whole 

length of the 10 mm vector presented in Figure 23(a). Moreover, it can be seen in 

Figure 23(b) that the pressure caused by the tip of the pen rapidly decreased from 

the tip to the bottom of the frame. It is important to note that the speckle contrast 

values were obtained only for those areas corresponding to the sheet of paper and 

not the tip of the pen itself. In this way, the pressure assessment was not interfered 

by the speckle contrast changes related to movement of the pen. Arguably, the 

presented approach can be implemented for the diagnosis of particular mental 

diseases and/or to the estimation of relative pressure changes during the 

handwriting of an individual. 

Fig. 24. Example of handwriting kinematics and pressure pecularities analysis during the 

Archimedean spiral task perfomance. (a) The colour-coded trajectory of the tip of the pen 

movement during the Archimedean spiral writing task. (b) The surface plot corresponding 

to the temporal changes in pressure at 0 mm to 2 mm distances from the tip of the pen. 

(Reprinted [adapted], with permission, from Paper VII © 2019 Astro Ltd). 

To demonstrate the possibility of the assessment of both handwriting kinematics 

and pressure changes, the following experiment was performed. A volunteer drew 
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the Archimedean spiral while a laser diode illuminated the sheet of paper. The 

Archimedean spiral is one of the most commonly used handwriting exercises for 

the diagnosis of disorders related to motor skill deviations [175], [176].  

Since the data are continuously captured by a CCD camera, the trajectory of 

the tip of the pen can be easily monitored using a motion tracking algorithm [177]. 

Moreover, the assessment of the time dependent position of tip of the pen allows 

one to obtain information about the speed of the handwriting performance. Figure 

24(a) shows an example of the tip of the pen trajectory during a performance of the 

Archimedean spiral. The trajectory has been tracked using an MTrackJ plugin for 

ImageJ software. Additionally, the trajectory line has been colour-coded in a way 

that colour for each point of the trajectory corresponds to the time value from the 

beginning of the experiment. It can be seen that the outer spiral turns take less time 

to be performed compared to the inner indicating that the speed of writing can vary 

for the different elements of the performed figure. 

To evaluate the pressure changes during the Archimedean spiral exercise, the 

approach described previously has been applied. Figure 24(b) shows the time-

dependent pressure surface plot for a 2 mm length vector directed from the tip of 

the pen to the bottom of the frame. It can be seen that the local pressure caused by 

the tip of the pen changes during the experiment 

The analysis of pressure patterns and handwriting kinematics obtained using 

the described approach will potentially allow one to distinguish the handwriting 

features of different people and/or also allow one to diagnose the early stages of 

neurodevelopmental disorders. However, to become a tool for routine, the proposed 

LSCI approach requires further development and improvements.  

8.4 Conclusions 

Here, the simple and robust LSCI approach for the assessment of handwriting 

features was implemented. Since the described experimental setup requires only a 

simple laser diode and standard camera for image detection, the proposed method 

is a cost effective and can become a practical tool for the express evaluation of 

handwriting peculiarities. Moreover, the described approach can be potentially 

used with a smartphone camera. Thus, LSCI has been used for the first time to 

examine handwriting features.  
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9 Summary  

In this thesis, with the main aim of providing more accurate functional imaging of 

blood flow and perfusion, new methods and approaches based on laser speckle 

contrast imaging were introduced and validated for phantom samples as well as for 

various biological tissues. 

The results of temporal and spatial speckle contrast processing for objects with 

changing dynamic properties were analysed with the main aim of estimating the 

influence of a non-ergodic component presence on the accuracy of flow 

measurements. The coefficient of speckle dynamics was introduced to distinguish 

the changes in speckle contrast values related to the actual changes in flow velocity 

from the changes related to the presence of static scatterers in the field of view for 

the given imaging system. The proposed approach was used to assess the processes 

of Intralipid melting and heating. It was shown that the presence of a relatively thin 

static layer above the dynamic layer does not introduce a significant difference 

between the spatial and temporal speckle contrast processing algorithms. The 

proposed suggestion was further verified by an experiment with transcranial in vivo 

visualization of a mouse brain vasculature. 

The simple approach allowing an adjustment of the speckle contrast values 

depending on the type of vessels during brain vasculature observation was 

implemented. Moreover, the experimental setup combining FIM and LSCI systems 

was used for the determination of maximum fluorescence time at each pixel of the 

field of view and further recalculation of the flow rates.  

An experimental setup combining FIM and LSCI systems was used for 

simultaneous in vivo monitoring of acute vascular permeability reaction of a mouse 

ear in response to the topical application of several chemical substances including 

optical clearing agents. This showed that methyl salicylate causes significantly 

more intense leakage of blood plasma compared to the effects of DMSO and 

glycerol.  

The novel technique allowing for depth-resolved blood flow and perfusion 

assessment was implemented, and for the first time, a hyperspectral camera was 

used for the simultaneous acquisition of several speckle patterns formed from the 

light sources at different wavelengths. In addition, an algorithm for compensation 

of depth-dependent speckle contrast values changes was presented. The proposed 

technique was verified using the flow phantom. Further, the proposed setup was 

used for depth-depending monitoring of perfusion before, during and after 

occlusion in a human finger. 
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Additionally, the standard LSCI setup was used for the evaluation of 

handwriting peculiarities. It was shown that LSCI allows one to monitor 

handwriting kinetics and pressure changes during the writing tasks. The proposed 

approach was verified by the performance of an Archimedean spiral writing task.  

Further development of the described methods and approaches has the great 

potential to increase the interpretability of measured speckle data, improve the 

clinical viability of speckle contrast imaging and increase the efficiency of various 

disease treatment.  
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