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Advances in Dynamic Light Scattering Imaging of Blood

Flow

Anton Sdobnov, Gennadii Piavchenko, Alexander Bykov, and Igor Meglinski*

1. Introduction

Dynamic light scattering (DLS) is a well known experimental approach

uniquely suited for the characterization of small particles undergoing
Brownian motion in randomly inhomogeneous turbid scattering medium,
including water suspension, polymers in solutions, cells cultures, and so on.
DLS is based on the illuminating of turbid medium with a coherent laser light
and further analyzes the intensity fluctuations caused by the motion of the
scattering particles. The DLS-based spin-off derivative techniques, such laser
Doppler flowmetry (LDF), diffusing wave spectroscopy (DWS), laser speckle
contrast imaging (LSCI), and Doppler optical coherence tomography (DOCT),
are exploited widely for non-invasive imaging of blood flow in brain, skin,
muscles, and other biological tissues. The recent advancements in the
DLS-based imaging technologies in frame of their application for brain blood
flow monitoring, skin perfusion measurements, and non-invasive blood
micro-circulation characterization are overviewed. The fundamentals,
breakthrough potential, and practical findings revealed by DLS-based blood
flow imaging studies, including the limitations and challenges of the
approach such as movement artifacts, non-ergodicity, and overcoming high
scattering properties of studied medium, are also discussed. It is concluded
that continued research and further technological advancements in
DLS-based imaging will pave the way for new exciting developments and

insights into blood flow diagnostic imaging.
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The dynamic light scattering (DLS)
approach is based on the photons’ cor-
relation and statistical analysis of the
intensity fluctuations of laser light that
appeared due to scattering on moving
particles in the studied specimen.!!]
While the velocity of moving particles
is relatively slow compared to the speed
of light, the amount of Doppler shift is
minuscule compared to the frequency
of light. Therefore, in line with pho-
ton correlation velocimetryl?l and laser
Doppler flowmetry (LDF),[] the defini-
tion of quasi-elastic light scattering is
typically used to describe the current
approach.[*] The detection of inten-
sity fluctuations in scattered light is
performed by counting the individual
photons; hence, the name of photon
correlation spectroscopy (PCS) has been
widely employed elsewhere.2¢7] The
technique is also known as light-beating
or intensity-fluctuation spectroscopy, as
the “beating” of light intensity is actually
analyzed.[®8]

First announced in 1955 by Forrester!’!
and then confirmed by Brown and
Twiss(% the light-beating spectroscopy was quite limited for
practical diagnostic applications due to the broad spectrum
and low intensity of the available light sources at that time.
With the advent of the lasers, which provided high spec-
tral purity, the DLS approach became a popular diagnostic
tool.'"l In 1964, Cummins et al. reported the use of lasers
as a source for investigation of diffusion spectrum broaden-
ing for the Rayleigh scattering on the monodisperse polystyrene
molecules.!'!]

In 1972 Riva et al. demonstrated the applicability of LDF for
measurements of blood flow in the retinal arteries as well as
whole blood flowing through capillary tubes.['?] Three years later,
Stern pioneered the LDF measurements of blood microcircula-
tion on the finger.['*] He also reported observation of the pul-
satile component in the Doppler system and studied the re-
sponses of the blood perfusion of outer cortex of the rat kidney
to various drugs.['*l Holloway and Watkins designed the fiber-
probe LDF system suitable for clinical applications and validated
the approach with the washout technique.'>] Later, Bonner and
Nassal introduced the theoretical background of LDF for blood
flow measurements.['] Later a number of various commercial
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LDF-based systems were introduced for biomedical applications
and pre-clinical studies.!'”]

Studies of both intensity fluctuations and Doppler shifted
linewidths of light scattered by human skin have been reported
utilizing PCS.["8] In the late 1980s, the DLS approach has been
extended to the media characterized by strong multiple scat-
tering of laser light, since that was known as a diffusing wave
spectroscopy (DWS).[1*201 After numerous comprehensive the-
oretical and instrumentation practice studies!?’~?°! the DWS
has been successfully implemented for non-invasive monitor-
ing and measurements of the parameters of blood flow,2%%]
burn depth estimation,[?®! pre-clinical studies of blood sam-
ples in vitro,!?! brain blood flow functional diagnosis and vas-
culature imaging,[**3!] assessment of cancerous tissues during
photodynamic therapy,*?! skin blood perfusion monitoring,!333*
assessment of kidney blood flow,[**] atherosclerotic disease
diagnosis,*®! and others. Subsequent developments of the DWS
approach employing near-infrared light for non-invasive mea-
surement, with a focus on directly measuring local microvascu-
lar cerebral blood flow (CBF), are also collectively known as dif-
fuse correlation spectroscopy (DCS).3738] Among the DLS, LDF,
and DWS, there is also a full-field method known as speckle
imaging or laser speckle contrast imaging (LSCI).?*# Intro-
duced in 19813% the LSCI utilizes a coherent laser source (e.g.,
a laser diode) for illumination of object of interest and a digi-
tal camera (CCD or CMOS) for raw speckle image acquisition
and is extensively used in various pre-clinical examinations for
monitoring of blood microcirculation in the superficial layers
of biological tissues, for example, for screening blood flow in
tumors.*!) LSCI is a simple, cost-effective, and powerful method
based on statistical analysis of speckle patterns arising as a result
of coherent light interaction with a randomly inhomogeneous
medium.*?]

LSCI-based systems have been successfully implemented in
various biomedical applications, including cerebral blood flow
monitoring,¥¥) in vivo characterization of tumors and tumor
vascular networks, !l ophthalmology,**] and clinical use on
skin.[®] There are several commercially available LSCI devices
widely used for clinical applications.!*6#] LSCI is also effectively
used for non-biological applications such as surface roughness
evaluation,[*®*] evaluation of handwriting peculiarities,>*! paint
drying monitoring,5!l and others.

Doppler-based approach was further combined with the opti-
cal coherence tomography (OCT),*?) and the resultant Doppler
optical coherence tomography (DOCT) allows simultaneous ac-
quisition of high-resolution structural images and flow veloc-
ity measurements,[>*** including flow dynamics in complex
vessels.>>>’] DOCT has been successfully used for cerebral blood
flow monitoring,*®>°] retinal imaging.[%*! A combined use of DLS
and OCT approaches provides an opportunity for 3D visualiza-
tion of flows in biological tissue,[**%2] whereas the implemen-
tation of 4D echocardiography allows simultaneous tissue and
blood flow Doppler imaging.[®]

A survey benchmark comparison of the DLS-based spin-
off derivative techniques mentioned above with other imaging
modalities utilized for non-invasive imaging of blood flows and
blood microcirculation in terms of spatial and temporal resolu-
tion, penetration depth, and scattering regime is presented in
Figure 1.
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Figure 1. Major imaging diagnostic modalities utilized for non-invasive
imaging and characterization of blood flow compared by spatial and
temporal resolution, penetration depth, and regime of scattering. Here,
dNIRS, diffuse near-infrared spectroscopy; DOT, diffuse optical tomog-
raphy; DWS, diffusing wave spectroscopy; DLS, dynamic light scattering;
LSCl, laser speckle contrast imaging; LDF, laser Doppler flowmetry; DOCT,
Doppler optical coherence tomography; PAT, photo-acoustic tomograpthy;
CM, confocal microscopy; DUS, Doppler ultra-sound. DLS-based tech-
niques are colored white.

Other techniques presented in Figure 1 in comparison to
DLS and DLS-based spin-off derivative techniques are photo-
plethysmography (PPG),[* fluorescence intravital microscopy
(FIM),[6566]  diffuse near-infrared spectroscopy (dNIRS),[®]
photo-acoustic tomography (PAT),[®®%! Doppler ultra-sound
(DUS),”% diffuse optical tomography (DOT),”! confocal mi-
croscopy (CM),l”2l and two-photon microscopy (TPM),l”] are
also implemented for the blood flow diagnosis.!”*]

In the current review, we focus on the recent advances in DLS-
based imaging modalities and discuss the breakthrough potential
of non-invasive imaging and the characterization of blood flow
and blood microcirculation.

2. Basics of the Dynamic Light Scattering

2.1. Temporal Intensity Auto-Correlation

In DLS-based blood flow imaging approaches (Figure 2), the pri-
mary measure obtained experimentally is the time-dependent in-
tensity fluctuations of light scattered within the biological tissue.
The intensity fluctuations arise from changes in the construc-
tive or destructive interference of the scattered waves due to the
displacement of scattering particles, for example, red blood cells
(RBC) within the tissues. The rate of recorded intensity fluctua-
tions caused by the motion of the scatterers is quantitatively char-
acterized by the temporal intensity auto-correlation function!!*-!]
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Figure 2. Schematic presentations of typical DLS-based experimental approaches and principles of data processing utilized for blood flow imaging,
including: a) DWS (here, P(s) defines the distribution of photon trajectories s within the medium between light source LS and detector D, ky = 2%, n
is the refractive index of the medium, A is the wavelength, and I* is the transport mean free path of scattered light); b) LSCI; and c) LDF. Here, LS, light
source; D, detector/camera; Dif, diffusor; Obj, objective; and S, sample. Adapted with permission under terms of the CC BY 4.0 license.["*4] Copyright

2023, The Authors, published by IEEE.
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where I(t) and I(t + 7) are the measured intensities of scattered
light at the instants of time t and t + 7, respectively, the angu-
lar brackets < ... > denotes averaging on time, and 7 is the time
delay. While the key measure in DLS is the time-dependent in-
tensity fluctuations of light scattered by biological tissue, the in-
terpretation of the results involves analyzing the underlying fluc-
tuations in terms of electric field. The temporal intensity fluc-
tuations of scattered light are related to the fluctuations in the
electric field through the concept of coherence. More specifically,
the temporal field autocorrelation function (g, (r)) describes the
temporal coherence properties of the electric field of the scattered
light!7!

_(EOE(t+7)
(B - B ()

where E(t) is the electric field of detected light, E*(t) is the com-
plex conjugate of the electric field. g, () represents the correla-
tion of the electric field at different time points. In the context
of light scattering, g, () and g, (z) are related through the Siegert
relation!*7°]

&(7) (2)

2(1) =1+ plg ()|’ (3)

where p is the distribution parameter that can be conceptu-
ally grasped as the relative measurement-geometry specific con-
trast, or the degree of coherence of the detected signal, or
the“intercept” of the correlogram.l”77%! It represents the degrees
of freedom, which in DLS, correspond to the number of indepen-
dent speckles within the detector aperture. Therefore, also known
as an aperture function,!””! it is contingent upon a characteristic
of the optical configuration within the actual DLS experimental
setup, particularly in the context of the collection optics. Impor-
tantly, this parameter is not linked to the dynamics of the scat-
tering particles; rather, it pertains to the polarization properties
of light, coherence, and the mismatch between the image pixel
size and the speckle size at the digital camera.”88%81] Tt should
be emphasized that the spatial coherence properties of the used
light influence mainly the size of the formed speckles, also it is
shown that the speckle contrast value is linearly proportional to
the temporal coherence value.[82831

Siegert’s relation (Equation (3)) holds for the fully coherent
light scattering, where g, (r) is complex-valued, and the g, () is
real-valued. Importantly, this relation allows us to directly define
g,(7) from the measured g,(z). This provides an opportunity to
analyze the temporal coherence properties of the scattered laser
light based on the observed intensity fluctuations. In addition,
Siegert’s relation becomes especially valuable when employed in
conjunction with the Wiener—Khintchine theorem, as it estab-
lishes a direct connection between the spectral width of light and
the correlation time of intensity fluctuations.

Under the assumption of ergodicity g, (z) describes the corre-
lation between the intensity fluctuation values at different time
delays and is used to extract information about particle size, dif-
fusion coefficient,® and/or dynamic properties of the scattering
medium, for example, such as, velocity of scattering particles in
flow.[?] The diffusion coefficient (D) is a key parameter derived
from the ensemble scattering measurements. It quantifies the
average speed of particles undergoing Brownian motion!®** and
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provides information about the size and dynamics of the scatter-
ers

ky T

D=
Grnr

“)

Here, kj is the Boltzmann constant, T is the temperature, # is the
dynamic viscosity, and r is the radius of the scattering particle.
The diffusion coefficient is defined directly through the analysis
of g,(r) and related to the hydrodynamic radius of the particles
using the Einstein—Stokes relation.®*] The decay rate of g, (r) is
referred to as the correlation time (r), provides a measure of the
characteristic time scale of scattering. It is related to the average
time it takes for the intensity fluctuations to decorrelate. In the
DLS-based approach the decay rate (I' = —In[g, (r)]) is used to esti-
mate the diffusion coefficient, as T o %q2<Ar2(r)), where q is the
scattering vector (q = k; — k,, k, and k; are the incident and scat-
tered wave vectors, respectively) and (Ar?(z)) is the mean-square
displacement of the scattering particles.

DLS is indeed based on the principles of Brownian motion
and light scattering to analyze the size and diffusion proper-
ties of particles in a sample: (Ar?(z)) = 6Dz. In fact, the high
sensitivity of multiple-scattering speckle patterns to the move-
ment of scattering particles has given rise to a new method-
ology termed DWS.[1*21 DWS has been extended for the in-
vestigation of macroscopically heterogeneous turbid media (see
Figure 2a), offering a valuable tool for imaging dynamic varia-
tions and visualizing the flows of scattering entities within the
bulk of the medium.[>>85%] In the case of flow, unlike Brow-
nian motion, (Ar?(r)) ~ 72. This holds true for the observa-
tion of shear, Poiseuille flow, and plug flow of non-Newtonian
fluids.[86-89]

Last decade, the methods based on the time-domain signal
analysis, utilizing g, (z), obtained a reasonable acceptance in the
soft matter community, where they are used for the high pre-
cision quantitative particle sizing and characterization of com-
plex media.®®! Furthermore, it has been tailored to analyze non-
ergodic turbid media,®"%?! thereby expanding its applicability in
the study of various intricate living systems.[26-283L93] Thus, ex-
tended for use in turbid dynamic media, such as biological tis-
sues, where a diffusive regime of light scattering is assumed,
DLS, known as DWS and/or DSC (see Figure 2a), applied exten-
sively for blood flow diagnosis.[3+3738]

2.2. Laser Speckle Contrast

In a typical LSCI experiment (Figure 2b), the intensity fluctua-
tions are detected by optical fiber and/or by pixels at the pho-
todetector (CCD or CMOS camera). Therefore, the signal at the
point detector (optical fiber or a pixel) consists of a superposition
of a multitude of amplitude spread functions, each arising from
different sequences of scattering events that occurred within the
scattering medium/biological tissue. The formed point spread
functions exhibit markedly different phases, resulting in a ran-
dom interference pattern known as a laser speckle pattern (see
Figure 2b). The theory of speckle pattern formation is compre-
hensively described by Goodman.®! Laser speckles are defined
as a random interference pattern arising from the interaction of
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the coherent light with a rough surface and with the turbid, ran-
domly inhomogeneous scattering medium. The variations in lo-
cal dynamics of the medium (e.g., flowing of scattering particles)
lead to flickering of speckle patterns and, thus, result in their blur-
ring on the captured frame due to limited camera exposure time.
The faster displacement of scattering particles provides a more
blurred speckle pattern captured by pixels/camera. This blurring
consequently decreases the speckle contrast value (K), which, in
fact, allows the quantification of the flow rate.
The laser speckle contrast K is introduced as!®!

K=o /{I) ()

and takes values 0 < K < 1. Here, ¢ is the standard deviation and
(I) is the mean intensity of the detected light. Fercher and Briers
showed relation between speckle contrast value, camera exposure
time, and speckle correlation time (r) via theory of correlation
functions,*! which is widely used in DLS.[®79¢] K is related to
the autocorrelation function as

K(T) = [% /OT 2(1-%)(% ]1/2 (©6)

where K(T) is the speckle contrast as the function of the digi-
tal camera exposure time T. Fercher and Briers assumed that g
coefficient is equal to 1.*] Later, taken into account since the re-
duced variance of the intensity at each pixel of digital camera,
Bandyopadhyay showed that g coefficient relates to the g (z).l”%
It was further accepted that 1/K? is an approximate estimation of
T /71771921 The hypothetical relation between the speckle correla-

g (7)
g(0)

tion time and velocity of scattering particles is defined as[*280103]
1

Vo = )
T

where v is the velocity of scattering particles. Respectively,
1/K? is showing quantitatively the velocity of flowing scattering
particles.®% The typical correlation time for DLS-based methods
varies from 107° to 1071 s.[104105]

2.3. Sliding Window and Nyquist Criteria

To obtain a spatially resolved measure of the speckle pattern dy-
namics the sliding window of pixels is used for the raw speckle
image processing and speckle contrast (K(x,y)) calculation. By
using a sliding window,[*21%6-11 the speckle contrast can be cal-
culated locally, providing spatially resolved information about the
dynamics within different regions on the obtained image (spatial
algorithm). This helps to capture localized changes in the speckle
pattern, which may be indicative of different phenomena or phys-
iological processes occurring in biological tissues. Besides, by us-
ing a sliding window, the speckle contrast can be calculated for
multiple time points within the window, allowing for temporal
averaging. This helps to improve the signal-to-noise ratio by re-
ducing the impact of short-term fluctuations or noise, resulting
in a more robust measure of the speckle pattern dynamics. The
size of the sliding window can be adjusted to match the desired
spatial resolution or the characteristics of the speckle pattern be-
ing analyzed. Larger window sizes can provide a more global view
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of the speckle dynamics, while smaller window sizes allow for
more localized analysis. This flexibility allows tailoring the anal-
ysis to specific needs and optimize the sensitivity to the dynamic
flow variations within the biological tissues under investigation.
Phenomenologically, it has been found that the sliding window
with the sizes of 5 x 5 and 7 x 7 pixels are the most appropriate
for speckle contrast calculation.[*>106.108.109] Tt wag also suggested
that for the proper calculations the mean speckle size should sat-
isfy the Nyquist criteria.['"]

The Nyquist criteria states that in order to accurately represent
a signal, the sampling rate should be at least twice the highest fre-
quency present in the signal. In the context of LSCI, the speckle
pattern can be considered as a signal with spatial frequency com-
ponents related to the speckle size. To capture the speckle pattern
accurately, the sampling rate (pixel size) should be smaller than
half the size of the smallest speckles. By satisfying the Nyquist
criteria, the speckle contrast measurement can achieve higher
resolution and accuracy, capturing the fine details of the speckle
pattern.[111]

A quite a few studies utilize the 1 pixel to 1 speckle ratio for
the DLS-based laser speckle measurements,!''2-114] demonstrat-
ing that the mean speckle size influences the spatial resolution
and signal-to-noise ratio (SNR) of the LSCI system.['’>] SNR is
the dynamic range of speckle contrast values. As it was men-
tioned before, speckle contrast takes values 0 < K < 1. However,
in practice the range of calculated speckle contrast values is much
smaller. The undersampling of the speckle pattern causes small
speckles to be incorrectly represented, resulting in inaccurate es-
timation of K distribution and interpretation of the results. It
also brings a loss of high-frequency information in the speckle
pattern, resulting small-scale variations and fine details in the
speckle contrast can be smoothed or averaged out. This can lead
to an underestimation or blurring of the true speckle contrast val-
ues. Therefore, ensuring that the mean speckle size satisfies the
Nyquist criteria in laser speckle contrast measurement is crucial
to accurately capture and represent the speckle pattern. By sat-
isfying the Nyquist criteria, aliasing effects are minimized, and
the spatial resolution and accuracy of the speckle contrast mea-
surement are optimized. Aliasing is a phenomenon where high-
frequency information in the signal is improperly represented,
leading to induce artificial structures in the speckle pattern that
do not exist in the original scene, and/or influence the measured
speckle size that may become differ from the true speckle size.
These false structures arise due to the incorrect representation of
high-frequency components of the speckle pattern. The aliasing-
based artifacts are misleading and potentially interfere with accu-
racy and interpretation of the speckle contrast measurements. Al-
ternatively, the temporal statistical analysis (temporal algorithm)
has been introduced for speckle contrast calculation.'®! The
temporal analysis is based on the registration of several consecu-
tive speckle images and further calculation of the speckle contrast
value for each specific pixel of the obtaining sequence in time
domain. Thus, the described method allows to preserve the ini-
tial spatial resolution in exchange to the low temporal resolution.
In this way, the tradeoff between spatial and temporal resolution
should be taken into account during the measurements. Also,
both methods of speckle contrast calculation can be combined in
spatio-temporal sampling method where the choice of parame-
ters for speckle contrast calculation is based on the need of high
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temporal or spatial resolution.l''*-118] Temporal sampling meth-
ods employ broad-spectrum detectors to analyze light signals for
sample dynamics. Speckle ensemble methods utilize high-pixel-
count cameras to infer dynamics from speckle patterns. Both
methods share a unified expression for decorrelation time (z) ac-
curacy and SNR, based on observables and photon flux.l'!%] Re-
cently, the new speckle contrast calculation method has been pro-
posed to preserve both high spatial and temporal resolution in
LSCI.[120]

2.4. Ergodicity

It should be pointed out that in Equation (3) it is generally as-
sumed that the scattering medium or tissue under study satisfies
ergodic conditions. Ergodicity is an important concept in the con-
text of relation of g,(r) with g (), particularly in the DLS-based
experiments. When the ergodicity conditions are met, the sta-
tistical properties derived from ensemble scattering (g, ()) and
time-averaged measurements (g,(z)) are expected to be equiva-
lent. Ergodic conditions are fulfilled if the intensity of light scat-
tered within the probing medium averaged along exposure time
(T)[94]

(= tim 1 [ " ttea ®

2

is equal to the intensity of scattered light averaged across an en-
semble

+o00

() = / I(r,t) P(r)dr 9)
—0o0

Here, P(r) is the probability density function of light intensity

I(r, t) observed at pixel r(x, y) on the detector.

In fact, the majority of biological tissues are the highly hetero-
geneous media, composing mixture of static and dynamic struc-
tural inclusions. Due to a displacement Ar of red blood cells
(RBC), the time ¢ required for the scattered light to travel along
the entire optical path I in the static medium becomes shorter
compare to the time (t + 7) in the dynamic medium. As a result,
the laser speckles!®! originating from moving scattering parti-
cles are experienced to have intensity fluctuations over the expo-
sure time T in comparison to those arising from static scatter-
ing particles. Owing to these intensity fluctuations, this “time-
varying” speckle pattern stays correlated for a much shorter pe-
riod of time 7 when compared to the “static” one. Therefore, the
statistical properties of laser speckles for the turbid medium with
varied moving and static inclusions, as well as the intensities
averaged on time (Equation (8)) and ensemble-averaged (Equa-
tion (9)), become notably different,!'?!] that induces systematic
error to the typical DLS-based approaches. Nevertheless, the DLS-
based modalities are widely used for blood flow imaging in com-
plex highly heterogeneous biological tissues with multiple static
and dynamic scattering inclusions, while the issues associated
with the ergodicity are simply ignored.

The classical speckle contrast theory does not consider the pos-
sible presence of static (non-ergodic) inclusions. Nevertheless, if
scattering object is fully static, the electric field does not change in
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time and K value reduces to f. The presence of non-ergodic com-
ponent produces systematic error in speckle contrast value calcu-
lation, which leads to misinterpretation of obtained data.[8:122-124]
Biological tissues consist of both dynamic and static components,
such as the skull and skin. Therefore, the issue of non-ergodicity
is critical for DLS-based techniques.

In brief, when a digital camera detects light consisting of both
dynamic component E,(t) and static component E,, the effective
electrical field can be represented as!?*12°]

E(f) = E4(t) + E (10)
In this case, the field autocorrelation function can be rewritten as

gi(7) = (1= p)|g(7)| +» (11)

where p = I./(I; + L) is the part of the detected light scattered at
the static scattering particles. Further, the intensity autocorrela-
tion function becomes

&(e) = 1+ B[(1~ p)[g1u(e)| + pgi(0)]° (12)
and speckle contrast becomes
1/2

2 1A= 0)ga0)] + g0 2
K(T) = [F/o [ 2 0) ] (1—?>d‘r] (13)

In case of fully dynamic medium, Equation (13) simplifies to
Equation (6) due to the absence of any static scatterers (p — 0).
However, in the case of a fully static medium, Equation (13) does
not reduce to a constant speckle contrast value, as it can be ex-
pected for the speckle contrast represented by Equation (9). It is
important to notice, that some authors define parameter p as the
fraction of dynamically scattered light (p — 0 corresponds to the
absence of dynamic scatterers).[126-12°]

To address the challenge of non-ergodicity in highly scattering
turbid media, various approaches have been developed, including
the brute-force method combined with Monte Carlo modeling,
multi-exposure speckle imaging, and spatial frequency domain
imaging.[122128130] Experimental procedures, such as the slow ro-
tation of a diffuser in the imaging system,['3!] the gradual rotation
of the sample itself,[32! or the introduction of a cell filled with
dynamic material placed behind the sample,'**] are employed
to mitigate non-ergodicity. These procedures serve to randomize
and gently perturb the speckle pattern of the non-ergodic sample.

It is essential to exercise precision and caution when employ-
ing the terms “ergodicity” and “non-ergodicity” in scientific dis-
course. In a broader theoretical context, ergodicity assumes ob-
servations of a medium over an infinitely long duration. How-
ever, in practical experiments, the temporal extent of a single
measurement is confined by the camera’s exposure time. Con-
sequently, each raw image captured by the camera corresponds
to an average signal acquired during this finite exposure interval.

Furthermore, it is noteworthy that, in the majority of cases, the
camera’s exposure time significantly exceeds the relaxation time
of the dynamic component of the speckle pattern but remains
substantially shorter than that of the static component. Under
these conditions, the classification of the observed medium as
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either ergodic or non-ergodic depends on the specific camera ex-
posure duration employed. For instance, in the general sense,
a process characterized by very slow flow is considered ergodic
due to the convergence of spatial and temporal statistics over an
infinitely long observation period. Nonetheless, the utilization
of an imaging system with an exceedingly brief exposure time
can result in statistical characteristics resembling those of a non-
ergodic process.l*! Thus, the determination of the influence of
ergodic and non-ergodic components on the results of speckle
contrast measurements can be a complex task. In contrast, in
DWS, the fluctuations due to sample dynamics are easily sepa-
rated from the ensemble-averaging fluctuations.!?] Whereas, in
the context of LDFs, non-ergodicity can result in inconsistent or
fluctuating blood flow readings, making it challenging to obtain
accurate and reliable measurements. This is particularly impor-
tant when blood flow can vary due to physiological or pathologi-
cal factors.

In the recent study by Sdobnov et al.,l!?!l a simple method for
estimating speckle dynamics and assessing the impact of non-
ergodic components on speckle processing results under specific
imaging system parameters was examined. In fully ergodic scat-
tering media, spatial and temporal speckle contrast calculations
yield equal results. Conversely, for fully non-ergodic media, tem-
poral and spatial statistics diverge. In the case of a fully developed
ideal static speckle pattern, the spatial algorithm yields a theo-
retical speckle contrast value of 1, as dark and bright speckles
correspond to minimal and maximal intensity values, resulting
in a standard deviation equal to the mean intensity. In contrast,
temporal processing yields a speckle contrast value of 0, as the
standard deviation across the image sequence tends to 0 for a
fully developed ideal static speckle pattern. However, for dynamic
speckle patterns, the speckle contrast value calculated through
temporal processing exceeds zero due to an increasing standard
deviation. While achieving ideal speckle patterns in experiments
is challenging, the disparity between spatial and temporal pro-
cessing can still be significant.

Further, the authors explored the boundaries of DLS/LSCI ap-
plicability when the ergodicity condition is not met.3* Through
experiments involving phantoms containing intralipid solutions
in the presence of static layers with varying thicknesses, cou-
pled with subsequent sampling volume calculations using Monte
Carlo simulations, they inferred that the existence of a thick layer
of static scatterers above the dynamic layer should not signifi-
cantly impact the outcomes of spatial and temporal speckle con-
trast processing. This inference was subsequently validated dur-
ing transcranial visualization of mouse brain vasculature. The
typical thickness of a 2-month-old mouse skull is from 150, to
310 pm.[135136] Utilizing an infrared light source offers the ad-
vantage of greater probing depth, ensuring that the presence of a
static scattering layer (such as the skull) does not adversely affect
the quality of blood flow measurements in the mouse brain. Nev-
ertheless, the removal of the skin remains a necessary step. Ad-
ditionally, the authors demonstrated that the number of frames
employed in processing can impact the calculation of spatial and
temporal speckle contrast values. Consequently, it was proposed
that LSCI/DLS-based imaging system parameters, including ex-
posure time, processing methodology, and the quantity of frames
utilized, should be selected with consideration for the experimen-
tal objectives to mitigate non-ergodic contributions in measure-
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ments. The study also provides a phenomenological rationale for
confirming instances in which the DLS-based imaging approach
falls short in achieving accurate quantitative transcranial moni-
toring of blood flow in the brain under conditions characterized
by disrupted ergodicity.

2.5. Laser Doppler Flowmetry

LDF is primarily used to measure blood flow in biological tis-
sues. It relies on the Doppler effect, which occurs when light is
scattered by flowing RBC within the vessels. The frequency shift
of the scattered light is proportional to the velocity of the mov-
ing erythrocytes. LDF measures the fluctuating frequency of the
scattered light to determine the blood flow velocity and provide
information about tissue perfusion. While LDF and DLS share
some similarities, they are distinct methods with different mea-
surement objectives. In fact, both techniques utilize the analysis
of scattered light to extract information about the motion of the
scattering particles. Some studies have explored the combined
use of LDF and DLS-based approaches,!'*”] where LDF is used
to measure blood flow velocity and a DLS-based approach is em-
ployed to assess microvascular perfusion. The Winer—Khinchin
theorem establishes a mathematical relationship between LDF
and DLS. This theorem relates power spectrum (S(w)) and g,(z)
in the wide-sense stationarity. Thus, S(w) is equally well em-
ployed for the analysis of g, (7) since both are related via a Fourier
transformation(®#!

S(w) = <—7II> 1+°° cos wt[gz(r) - 1]dt (14)

The power spectrum (S(w)) provides a frequency-domain repre-
sentation of the signal, and the autocorrelation function (g,(z))
provides a time-domain representation. By analyzing the power
spectrum, which represents the distribution of frequency com-
ponents in the scattered light, it was found that the first moment
of the spectrum (S(w)) provides information about the mean ve-
locity ((V)) of RBC (scattering particles) in the flow,[1*8139] which
is proportional to correlation time (x 1/7). In LDF, the first mo-
ment of the power spectrum is not directly related to the mean
velocity of the scattering particles. It represents the frequency dis-
tribution of the Doppler-shifted light due to the motion of RBC
in biological tissues, whereas the mean frequency w* is velocity-
dependent!®]

Jo wS(w)dw

= (V) (15)
Iy S(w)dw

In other words, LDF can only capture information about the av-
erage velocity and is unable to reveal specifics about the veloc-
ity distribution. The typical LDF scheme for blood flow detection
and principles of data acquisition are presented in Figure 2c. It
is worth noting that the relationship between the first moment
of the power spectrum and mean velocity is not specific to LDF
alone but can be applicable to various systems involving Doppler
measurements, including laser Doppler velocimetry (LDV) and
other velocity-sensitive techniques.
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2.6. Limitations

Despite the fact that DLS-based spin-off derivative techniques,
that is LSCI, LDF, and DWS, are widely exploited for non-
invasive diagnosis and imaging of blood flow in various biolog-
ical tissues,["*% these modalities are still suffering from imper-
ative drawbacks that impede their transfer to routine day-to-day
clinical practice. The major one is the inability to obtain a quanti-
tative link between the measured data and the real physiological
parameters of blood flow. Typically, DLS-based approaches pro-
vide an average value of blood flow measured over the area illu-
minated by the laser beam. The spatial resolution is relatively lim-
ited, and it is quite challenging to differentiate blood flow changes
within small, localized regions. The majority of DLS-based ex-
perimental studies of blood flow present relative units instead of
absolute values. The serious issue is also the spatial and tempo-
ral variability of the DLS-based measuring signal, related to the
non-stationary blood flow because of breath, heartbeat, and vari-
ous complex dynamic processes in biological tissues themselves.
DLS-based approaches are limited in their ability to assess deep
tissue blood flow accurately. The penetration depth is typically a
few millimeters, making it less suitable for assessing blood flow
in deeper structures. The spatial variability is usually related to
the small sampling volume of the optical fiber probes (within
~ 1 mm3[*142]) "which is affected by the local structure of the
vasculature and the relative amount of Doppler-shifted photons
in the signal.l'**]

The interpretation of DLS-based blood flow measurements
can be complicated. The measured values are influenced by
a combination of factors, such as tissue scattering properties,
probe placement, and local tissue characteristics. The blood
flow measurements can be affected by various factors, includ-
ing skin temperature,['*?) pressure on the probe,'**! movement
artifacts,["*! and even blood pulsations.['*¢] Additionally, individ-
ual variations in tissue characteristics, such as pigmentation!'*’]
or variation in thickness of tissuel!81%] introduce variability
in the measurements.

Proper calibration of DLS-based instruments is crucial for ob-
taining accurate and comparable measurements. Calibration typ-
ically involves using standardized flow phantoms,[2>15°1 which
adds an extra step and complexity to the measurement process.
Establishing a baseline measurement helps standardize the as-
sessment of blood flow across different individuals or experimen-
tal conditions. It provides a consistent starting point for evalu-
ating the effects of various interventions or stimuli. The uncer-
tainty in the definition of so-called “biological zero” in DLS-based
blood flow measurements!'>!l serves as a critical point for assess-
ing and interpreting changes in blood flow, providing a standard-
ized baseline for comparison and quantification. In a clinical set-
ting, comparing blood flow measurements to the biological zero
can aid in diagnosing and monitoring conditions that affect mi-
crocirculation.

The soft biological tissues are highly heterogeneous, compos-
ing a mixture of static and dynamic structural inclusions. Due to a
displacement of RBC, the time ¢ required for the scattered light to
travel along the entire optical path in the static medium becomes
shorter compared to the time (t+ 7) in the dynamic medium.
As a result, the laser speckles originating from light scattering
on moving/displacing particles are experienced to have intensity
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fluctuations over the exposure time T in comparison to those aris-
ing from static scattering particles. Owing to these intensity fluc-
tuations, this “time-varying” speckle pattern stays correlated for
a much shorter period of time = when compared to the “static”
one. Therefore, the statistical properties of laser speckles for the
turbid medium with varied moving and static inclusions, as well
as the intensities averaged on time (Equation (8)) and ensemble-
averaged (Equation (9)), become notably different,!'>?! which in-
duces systematic error to the typical DLS approach. The classi-
cal DLS approach does not consider the presence of static (non-
ergodic) particles. If the scattering medium (tissue) is fully static,
the electric field does not change in time and K value reduces to
B, see Equation (6). The presence of non-ergodic component pro-
duces systematic error during the data assessment, which leads
to incorrect estimation of flow and perfusion rate.[81:122-124] Ag far
as all biological tissues compose both dynamic and static (e.g.,
skull, skin, etc.) components, the issue of non-ergodicity is criti-
cal for DLS-based techniques. Beside the issues described above,
the unknown form of the field correlation functions also limits
the DLS’s ability for quantitative measurements.

Limitations are attributed to the features and properties of ac-
tual experimental setups/conditions and software for data pro-
cessing. For example, considering hardware for DLS-based mea-
surements, LDF, for example, requires the implementation of a
scanning mode for assessment of blood flow in large areas, re-
sulting in an increase of the measurement time.

As far as LDF-based modalities require either a scanning mode
spectrometer or swept laser source, the similar shortcomings of
LDF are attributed to DOCT. The results of Doppler measure-
ments are highly sensitive to the angle between the scanning
beam and the angle of observation (known as the Doppler an-
gle), which drastically limits the accuracy in clinical practice.!*>*]
Despite the attempts to achieve angle-independent Doppler mea-
surements, there is still up to 12% uncertainty in the measured
velocity values.[*>*]

Finally, considering software and data processing, the main
disadvantage of commonly used spatial algorithms in DLS-based
imaging approaches is the loss of spatial resolution determined
Dby the sliding window size (see above).

3. Recent Progress in DLS-Based Imaging of Blood
Flow

3.1. Accuracy Improvement

The advances in DLS-based imaging of blood flow in vivo have
expanded its capabilities, improved its resolution and quantifica-
tion, and broadened its applications in both research and clini-
cal domains. Careful design of experiments and data analysis are
required to ensure the validity of Siegert’s relation, particularly
in situations where ergodicity is uncertain or violated. In fact,
in many practical cases of the application of DLS-based modali-
ties for characterization of blood flow in biological tissues, the as-
sumption of ergodicity cannot be fulfilled due to the complex het-
erogeneous medium structure. Thus, the relation between g, (7)
and g, (r) becomes more complicated or cannot be directly appli-
cable at all.

Recently, to facilitate the fulfillment of ergodicity condi-
tions in blood flow measurements, the parallelized diffuse
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Figure 3. a) Schematic representation of PDCl measurement strategy. Scattered coherent light from a source to multiple detector fibers travels on
average through unique banana-shaped paths, dipping 1/2 — 2/3 of the source-detector separation deep into decorrelating scattering media (e.g., in
vivo tissue). Fully developed speckle on the tissue surface rapidly fluctuates as a function of deep-tissue movement. Detected photon paths are assessed
by Monte Carlo method and presented for a clear visualization purpose. b) Computed g, () curves from time-resolved measurements of surface speckle
at different tissue surface locations and corresponding reconstructed dynamic variations occurring beneath the decorrelating scattering material. g, ()
changes are caused by the varying deep-tissue dynamic scattering potentials labeled at the bottom left. Reproduced with permission under terms of the
CC BY 4.0 license.['>] Copyright 2022, The Authors, published by Wiley-VCH GmbH.

correlationimaging (PDCI) approach was introduced.[*] PDCI
provides faster acquisition, wider spatial coverage, improved sta-
tistical robustness, and real-time monitoring capabilities. These
advantages contribute to a more reliable and comprehensive as-
sessment of blood flow dynamics, supporting the application of
PDCl in various research and clinical settings. Figure 3 illustrates
the schematic representation of the signal acquisition principle
for PDCI (see Figure 3a) and the corresponding reconstructed
images showcasing changes in tissue dynamics (see Figure 3b).

In fact, the relation between g, (r) and g,(r) depends not only
on the coherent properties of light and ergodicity conditions sat-
isfaction, but also on the type of particle motion (ordered or un-
ordered) and regime of light scattering (multiple or single scatter-
ing). Postnov et al. generalized the DLS approach by taking onto
account the parameters of the experiment and the peculiarities
of the dynamic medium

g (7) = 1+ o’ (g~ ()| + (1 — d)Ig"" (7)1)?
+ 0721 = p)p(dlgy= (7)]
+(1-dlg=' (7)) +C (16)

where gl'(7) = exp(—(z/7,)"), C is the offset caused by noise,
X and d depends on type of dynamics (multiple scattering
from unordered motion, single scattering from ordered mo-
tion and single scattering from unordered or multiple scatter-
ing from ordered motion).!">®) Figure 4 shows schematically the
DLS/DWS blood flow imaging setup and processing principles
(see Figure 4a), as well as principles of judgment on types of
blood dynamics (see Figure 4b).
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Du et al. introduced the combined use of surface illumina-
tion laser speckle contrast imaging (SI-LSCI) and line scan laser
speckle contrast imaging (LS-LSCI) modes, that is allowed for
imaging of small vessels at deeper depths compared to common
LSCI setup.l>”! Optical speckle image velocimetry (OSIV) tech-
nique is developed for quantitative flow estimation.!**%]

Wu et al.'>! proposed a fitting procedure based on computer
simulation, allowing for more precise determination of blood
flow index (BFI) values during human cerebral perfusion as-
sessment. A series of works showed the possibility to increase
SNR by using multi-source and parallel detection for DWS. The
most convenient way to improve SNR is to increase amount of
probing light. However, high exposure to laser light can be dan-
gerous for biological tissue. Thus, Dietsche et al.33! proposed
to use multiple photon counting detection channels to obtain
data from multiple speckles. With further developments this ap-
proach is improved by the use of single photon avalanche diodes
(SPAD) camera.[1*161] Another way to increase SNR is suggested
by Robinson et al.l'®?] Particularly, the proposed heterodyne in-
terferometric detection by adding the reference arm to the DWS
system is doubling SNR in g,(r) measurements. The proposed
approach allows for the use of cheaper cameras for data reg-
istration. Several studies introduce a combined use of hetero-
dine detection and parallel detection using high-speed line scan
cameras.[19-166] These approaches also demonstrated better ac-
curacy and quality of measurements compared to standard DWS,
even without the use of the reference arm. A few approaches
were proposed to improve the sensitivity of DWS in deep tissue
layers. Particularly, acoustic tagging,['’], time-resolved DWS,[168]
and path length selection via coherence gating!!®! approaches
are introduced. These techniques allow to improve resolution by
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Figure 4. a) Schematic presentation of DLS-based blood flow imaging experimental setup and processing principles, as well as the maps of spatial
distribution of blood flow in terms of g, (z) for = = 0 and 440 ps with corresponding quantitative data; b) Principles of the model and fitting process.
Reproduced with permission.[’>¢] Copyright 2020, The Authors; exclusive licensee American Association for the Advancement of Science. No claim to
original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

isolating deep tissue probing photons and the photons from su-
perficial layers. It was also demonstrated that the use of longer
wavelengths allows increased probing depth in DWS.['701 With
the main aim to optimize and speed up data processing for LSCI,
Ansari et al.l'”!l implemented an algorithm based on the motion
history image method, allowing to identify only the areas where
blood flow changed over time. The proposed algorithm was ver-
ified by rodent brain vasculature assessment during spreading
depolarization and cardiac arrest.

3.2. Brain Vasculature Assessment

As far as DLS-based techniques do not require any contrast
agents for blood flow visualization and also provide fast, non-
contact, full-field (in the case of LSCI) assessment of microva-
sulature with high spatial and temporal resolution, this method
is widely used for brain vasculature visualization in clinical ap-
plications and in animal models. The CBF response to cardiac
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arrest and its relation to mean arterial pressure have been inves-
tigated in ref. [172]. The continuous monitoring of CBF changes
at the level of individual vessels in rodents treated by the tar-
get temperature management method after cardiac arrest has
been achieved.['7>173] With the further development of approach,
the CBF changes caused by cerebral ischemia re-perfusion in-
jury were monitored.['’*] Besides, different approaches for as-
sessment of CBF changes during activation in the somatosensory
cortex by repetitive whisker stimulation have been analyzed.!'”>]
It has been shown that principal component analysis (PCA) can
significantly reduce the noise in speckle contrast data. The fast
Fourier transform and general linear model analysis were per-
formed to estimate the cortex activation.

Further, Pavlov et al.['’® showed that CBF in large and small
cerebral blood vessels changes differently under variations in pe-
ripheral arterial pressure induced by mesaton injection.

Venugopal et al.['”’] investigated the CBF response to a cistern
magna injection, which is widely used to mimic aneurysmal sub-
arachnoid hemorrhage. The speckle pattern fractal analysis based
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on the Hurst exponent showed better sensitivity in the assess-
ment of CBF changes during aneurysmal subarachnoid hemor-
rhage compared to common LSCI analysis. The described ap-
proach is also used for subdermal or retinal imaging. Cumsille
etal.'”® demonstrated using the animal model that the brain per-
fusion calculated by LSCI is different in case of the reduced pla-
cental perfusion model of preeclampsia comparing to the respec-
tive controls.

Chen et al.’’! proposed to use standard LSCI in combination
with microendoscopy to measure CBF response to hemodynamic
changes at the subcortical level of the brain. Uchida et al.l'”l in
vivo investigated the release of acetylcholine as well as changes
in blood flow in the olfactory bulb in response to focal stimula-
tion of the horizontal limb of the diagonal band of Broca using
LSCI and microdialysis. A series of works!8-182] presents stud-
ies of CBF and brain electrophysiology monitoring before, dur-
ing, and after asphyxial cardiac arrest and further resuscitation
using LSCI and LSCI combined with electroencephalography.
Zhao et al.l'®] showed the possibility to use nanosecond pulse
laser sources in LSCI setups for CBF measurements. The use
of pulsed light sources will possibly allow for combined LSCI-
photoacoustic imaging. Mangraviti et al.['*] presented system al-
lowing for real-time projection of speckle contrast images with
high spatial and temporal resolution to the eyepiece of the sur-
gical microscope as a direct overlay on the morphological image.
Liu et al.'®] presented short-separation speckle contrast optical
spectroscopy utilizing point illumination and point detection by
multi-mode fiber arrays. The proposed technique has been veri-
fied during post-stroke brain vasculature observation in an ani-
mal model and allowed to improve signals from static and slow
tissue components compared to standard LSCI.

Piavchenko et al.l'®] reported the application of a multi-
modal approach combining LSCI, fluorescence spectroscopy, and
diffuse reflectance spectroscopy allowing to discriminate post-
mortem processes in the mouse brain vasculature after cardiac
arrest and respiratory arrest. It was shown that cardiac arrest is
more life-threatening compared to respiratory arrest since blood
flow in the cerebral cortex vascular network stops 2 min after res-
piratory arrest while after cardiac arrest the blood flow stops just
in 1 min. Also, the authors showed that brain oxygen saturation
increased after cardiac arrest, while for respiratory arrest it had
almost no changes. Figure 5 illustrates variations in speckle con-
trast images depicting brain vasculature following distinct con-
ditions: cardiac arrest (as depicted in Figure 5a) and respiratory
arrest (as depicted in Figure 5b).

In order to overcome the described issue and provide a more
precise CBF assessment, Kalchenko et al. suggested to adjust
speckle contrast values accordingly to distribution time of fluo-
rescent agents in the brain vasculature.['*”] This approach pro-
vides more relevant and adequate information on flow rate ratios
between different types of vessels.

Figure 6 presents a comprehensive overview of the LSCI-FIM
setup, comprising an optical scheme (see Figure 6a), the under-
lying image processing principles (see Figure 6b), and practical
illustrations, including a CCDF image (see Figure 6c¢), a fluores-
cence time-to-maximum image (see Figure 6e), and speckle con-
trast images both before (see Figure 6d) and after (see Figure 6f)
the correction procedure. In addition, Figure 6g provides a com-
parative analysis of speckle contrast values calculated prior to
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Figure 5. Transcranial LSCl images during a) respiratory arrest and b) car-
diac cessation, showing: veins of medium caliber (1), vessels of microcir-
culation (2), and venous sinus (3). Reproduced with permission under
terms of the CC-BY 4.0 license.l'®¢] Copyright 2021, The Authors, pub-
lished by Wiley-VCH GmbH.

and following the correction process, offering valuable insights
into the effectiveness of the correction. Early on, a combined use
of LSCI and FIM was implemented for monitoring blood and
lymph microflows in tumors,['>1188189] a5 well as for visualization
of the skin vascular network *11 and tumor surroundings.%")

The above described results of LSCI application for brain CBF
assessment have been implemented using animal models. In
fact, further studies present the use of LSCI for human cortical
blood flow imaging during neurosurgical procedures.

Richards et al. implemented multi-exposure speckle imag-
ing combined with neurosurgical microscope CBF imaging with
higher sensitivity.[1?) Miller et al. used LSCI for CBF assess-
ment during cerebral aneurysm surgery and arteriovenous mal-
formation resection in humans.'?*! Tao et al. applied LSCI for
CBF control during arteriovenous malformation resection,[']
demonstrating that LSCI is highly effective for real-time detec-
tion of pathological hyperperfusion at decent spatial-temporal
resolution. Guo et al. proposed random matrix-based LSCI for
intraoperative laparoscopic surgery.'®! This approach was vali-
dated on the rat and swine model. Ideguchi et al. demonstrated
that LSCI use during neurosurgery allows for real-time recog-
nition of mass lesion-related vasculature, which may be used
to avoid ischemic complications.['! In addition to direct mea-
surement of CBF, Kalyuzhner et al. presented an approach for
remote monitoring and detection of human cortex responses to
different senses (hearing, taste, and smell).[**”] The proposed ap-
proach is based on the assessment of nano-vibrations generated
by the blood flow in specific regions of the brain using spatio-
temporal analysis of self-interference random speckle patterns.
Kim et al.l"8 implemented speckle contrast optical spectroscopy
at large source-detector separations, which improved sensitivity
to CBF changes rather than extracerebral blood flow changes in
the human brain.

3.3. Skin Perfusion Monitoring

Observation of blood flow in a single vessel is complicated for the
skin due to the fact that the skin vasculature is located mostly in
the dermis. Moreover, a high scattering of epidermis limits the
probing depth of DLS-based techniques and introduces the ef-
fects of non-ergodicity. Nonetheless, it was found that LSCI and
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Figure 6. a) Schematic presentation of principles of operation of the combined laser speckle contrast imaging and fluorescent intravital microscopy
(LSCI-FIM) experimental system. CCD represents the CCD camera, LS is the light source for fluorescence imaging, Ex is the excitation optical filter, Em
is the emission band-pass filter, FFC is the fluorescence filter cube, L is the lens, D is the diffuser, LD is the laser diode for speckle imaging, and Obj
is the object of investigation. b) Principles of speckle contrast image calculation and color-coded dynamic fluorescent (CCDF) images calculation. c)
CCDF image of a mouse brain distinguishing veins and arteries. Red colors correspond to arteries, whereas green colors correspond to veins. d) Speckle
contrast image of mouse brain before correction procedure. e) Fluorescence time to maximum image. f) Speckle contrast image of mouse brain after
correction procedure. Scale bar (white line) is equal to 1 mm. The green line represents the line for contrast intensity profile calculation. g) Contrast
intensity profiles of lines (marked by green in (d) and (f)) across the speckle contrast images before and after the correction procedure. The red line
corresponds to the contrast intensity profile of the speckle contrast image before the correction procedure. The blue line corresponds to the contrast
intensity profile of the speckle contrast image after correction procedure. Points 4, 5, and 6 correspond to the artery, sagittal sinus, and vein (same points
in (d) and (f)). Reproduced with permission under terms of the CC-BY 4.0 license.['7] Copyright 2019, The Authors, Licensee MDPI, Basel, Switzerland.

LDF approaches allow for the observation of skin blood perfu-
sion changes. Particularly, LSCI is extensively used for assess-
ment of wounds, burns, and ulcers healing monitoring, port wine
stain (PWS) birthmark treatment, perfusion studying, and so
on.[187,199-205]

Guven et al.[?%] presented a comparison of LSCI with LDF per-
fusion imaging for tissue perfusion assessment. Both techniques
showed a strong linear correlation in perfusion measurements.
Li et al.[27] demonstrated a transmissive-detected laser speckle
contrast imaging (TR-LSCI) approach allowing to visualize ves-
sels deeply located in tissue. Figure 7 provides a comprehen-
sive comparison between conventional LSCI and TR-LSCI ap-
proaches.

Mirdell et al. demonstrated that LSCI can be effectively used as
a supportive tool for monitoring and assessment of burn healing
process,[?%®] assessment of scald wound healing?°*2%! and pre-
diction of psoriasis lesions expansion.[210-211]

LSCI allows prediction accurately surgical need in scald burns,
especially in a short period after injury study.?®! Compared to
conventional LDF imaging, LSCI is faster and less sensitive to
motion artifacts technique. Being successfully implemented for
the assessment of the depth of the scald wound.?®! LSCI has
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the potential to improve the evaluation of healing procedures and
decrease the duration of burn care.

Considering LDF measurements, the decomposition of LDF
power spectra in terms of ranging blood flow distribution by fre-
quency series allowed to significantly improve the accuracy for
blood flow measurements.['*4! Figure 8 shows a photo of the com-
bined optical probe and heating elementlocated at the volunteer’s
foot (Figure 8a), study protocol (Figure 8b) and an example of cal-
culated blood perfusion changes (Figure 8c).

Couturier et al. implemented combined LSCI, LDF, and re-
flectance oximetry for monitoring skin perfusion during wound
healing.[2!?] Tt has been demonstrated, that LSCI provides good
repeatability in determining between healthy and wounded
skin area.

Systematic sclerosis (SSc) is rare connective tissue disease that
can be characterized by microvascular system alterations and de-
creased peripheral blood perfusion resulted in tissue fibrosis and
increased chance of digital ulcers (DU) formation.[2!3] Ruaro et al.
pioneered the use of LSCI for evaluation of both local blood per-
fusion and DU area evolution during SSc treatment,[?!*] and ex-
plored correlation between blood perfusion and dermal thickness
in different skin areas of SSc patients.[?!%]
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Figure 7. Comparison of conventional LSCI and TR-LSClI for blood flow mapping in human hand. Reproduced with permission under terms of the CC-BY

4.0 license.[207] Copyright 2021, The Authors, published by Springer Nature.

Barsotti et al. confirmed the importance of LSCI application
for monitoring DU evolution.[2]

Among the DU monitoring methods, LSCI is also widely used
for assessment of microcirculation in diabetic foot ulcers.[216:217]

LSCI has been implemented for monitoring blood perfusion
in human eyelid skin flaps.[22] It was shown that blood perfu-
sion rapidly decreases with the distance from the base of the skin
flaps on the eyelid. Additionally, the use of LSCI allowed to esti-
mate optimal width and length of skin flaps for plastic surgery.
Further, the same research group presented results on investiga-
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Figure 8. a) Demonstration the fibre optical probe location on the vol-
unteer’s foot. b) Study protocol with the heat test. c) A relevant example
of the distribution of calculated blood perfusion by frequency of Doppler
shift for local pressure. Reproduced with permission under the terms of
the CC-BY license.[#] Copyright 2022, The Authors, published by IEEE.
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tion of perfusion in human upper eyelid flaps under different de-
grees of flap stretching and rotation.[?!8] LSCI has been used for
re-perfusion monitoring during skin grafting?’! and glabellar
flap,!?2% for re-vascularization monitoring after H-plasty recon-
structive surgery,[?2!l perfusion mapping during full-thickness
blepharotomy, 22l and eye muscle surgery.[?2)l The combined hy-
perspectral imaging and LSCI approach has been used for per-
fusion assessment after anesthetic injection during oculoplastic
surgery,[224225]

Chen et al. showed that keloids can have different stages
during their growth and treatment.[??] Particularly, keloids in
the progressive stage can be characterized by a high perfusion
rate compared to stable and regressive stages. Recently, Li et al.
demonstrated combined use of LSCI and deep learning algo-
rithms for evaluation of keloids states.[??’] Data from 150 patients
in total were analyzed and proposed approach showed high accu-
racy in keloids classification.

3.4. DLS in Tissues with Controlled Optical Parameters

Last decade, optical clearing became an effective technique for
improvement of probing depth and data quality during biomed-
ical optical imaging.??®] The studies have revealed that applying
an optical clearing agent to the mouse skull, with subsequent
skin removal, enables visualization of brain vasculature.l??] This
involves applying a mixture of dimethylsulfoxide, aurinol, weak
alkaline substances, alcohol, EDTA, sorbitol, and glucose to the
skull for 25 min. Zhang et al.[*°! developed switchable optical
clearing method.

The proposed method permits vascular development obser-
vation using LSCI for both short-term (daily for a week) and
long-term (monthly for six months) periods. It involves skin
removal and is applicable to mice aged 2-8 months with rel-
atively thin skulls. Kalchenko et al. showed that 20 min ap-
plication of a mixture (50/50) of liquid paraffin oil and glyc-
erol to mouse skin allowed for fully non-invasive in vivo brain
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Figure 9. a) LSCI-FIM imaging system. The areas of topical application of glycerol, DMSO, and MS are marked by white squares. b) The monochrome
image of the area of methyl salicylate (MS) agent topical application (highlighted by the dashed line), obtained by LSCI mode with the long (650 ms)
exposure time. (c,d) show, respectively, the color-coded images before and after 30 min of MS agent application. ) Temporal color-coded image of the
same area of mouse ear observed in the FIM mode after injection of FITC-Dextran. White baris T mm. f) Fluorescent pseudocolor images of the external
mouse ear in vivo. Squared dashed line highlights the places of the contact glycerol, DMSO, and MS applications: Color-coded bar represents time to
maximum intensity (in minutes). g) Sequence of fluorescent pseudocolor images of the same external mouse ear in vivo at a different time points after
the chemical agent application. h) Evolution of fluorescence intensity during the application of selected contact substances to the external mouse ear in
vivo. Reproduced with permission under the terms of the CC-BY license.!'38] Copyright 2019, The Authors, published by SPIE under a Creative Commons
Attribution 4.0 Unported License.

vasculature assessment.[*!] The acute vascular permeability re-
sponse of mouse skin to various clearing agents, including glyc-

3.5. Future Perspectives

erol, DMSO, and methyl salicylate (MS), was comprehensively
investigated using LSCI-FIM.[?3?]

The basics of the LSCI-FIM setup are presented in Figure 9.
It includes (see Figure 9b,c) illustrative monochrome images
displaying speckle contrast as well as FIM color-coded im-
ages (see Figure 9d,e) of a mouse ear captured while apply-
ing only microspheres (MS). Additionally, it showcases fluores-
cent images of the mouse ear obtained following the applica-
tion of microspheres (MS), glycerol, and DMSO (see Figure 9f,g).
Furthermore, Figure 9h provides quantitative data, presenting
changes in fluorescence intensity resulting from the application
of these agents.

Laser Photonics Rev. 2023, 2300494 2300494 (14 of 21)

The tissue movement artifacts are the critical issues limiting the
clinical application of LSCI. As far as any movements of an ob-
served object result in changes in the measured speckle con-
trast value, the development of the motion artifact correction
approaches is an important goal for speckle contrast imaging.
Several articles presented methods for motion artifact correc-
tion in LSCI, including softwarel'72233] and hardware(2**2*] so-
lutions. Based on a time-space Fourier transformation Molodjij
et al. suggested a technique for motion artefacts correction using
the LSCI-FIM setup.['*! Figure 10 shows the principle of time-
space Fourier filtering and corresponding brain vasculature im-
ages after filtering with different criteria.

© 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH

85U8017 SUOWWIOD aAeaD 3|qeal|dde sy} Aq pausench afe seppiie YO ‘8sn J0 se|n Jo) Aeiq 1T 8uluQ As]i/M UO (SUONIPUOD-pUe-SLILBY W00 A8 | 1M ATe1q 1 BU1|UO//:SdNY) SUONIPUOD Pue SWie | 8Y1 &8s *[£Z02/TT/8Z] Uo Ariqiaulluo A8|IM ‘188 L Aq ¥600£202 10d1/200T OT/I0p/Wod" A3 1M Akelq Ul juoy/:Sdny WOl pepeojumod ‘0 ‘6688£98T


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

3D

4

>

Fluorescent dynamic sequence

max
Velocity color coding

www.lpr-journal.org

K® Filter

Raw data

o /k=4

o /k=3

Figure 10. a) Temporal color coding procedure applied along the frame sequence to distinguish the time-evolution structures in brain. b) The principle
of time-space Fourier filtering. c—e) Examples of the removed volume in the Fourier frequencies indicated in pink. f~h) Time color-coded images after
the k' filtering for different velocity criterion v = ' /. i—p) Comparison of the filtering efficiency on the same temporal sequence for different velocity
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Development of multi-modal approaches combining DLS with
other imaging and electrophysiological modalities, such as OCT,
FIM, etc. has great potential for clinical implementation since it
allows for multi-parameter monitoring of biological processes.
Arguably, further development of DLS-based approach will be
associated with the implementation of artificial intelligence
(AI), machine learning and deep-learning algorithms,[2**) and
embedding shaped light carrying orbital angular momentum
(OAM).[27] The implementation of OAM to the DLS-based imag-
ing approach holds several intriguing perspectives. i) Enhanced

Laser Photonics Rev. 2023, 2300494 2300494 (15 of 21)

spatial resolution: The laser beams possessing OAM originate
smaller speckles due to scattering, enabling the detection of finer
flow details and better resolution of blood flow dynamics in
smaller vessels or localized regions. ii) Probing depth discrim-
ination: By incorporating OAM light with different helical states
or orbital numbers, it becomes possible to selectively probe blood
flow at distinct depths within the tissue. This could enable the
assessment of blood flow dynamics in different layers of the mi-
crovasculature. iii) Flow direction awareness: By designing OAM
modes with different helical charges, the direction of blood flow
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can be tracked. Indeed, while the integration of OAM into DLS
imaging of blood flow holds significant potential, it is important
to note that this is still an emerging area of research. But con-
tinued research and technological advancements in DLS-based
imaging approaches will pave the way for exciting developments
and new insights into blood flow diagnostic imaging in the fu-
ture.

4, Conclusions

In the current paper, we review the foundational principles, re-
cent developments, as well as newly emerging implementations
and advancements in DLS imaging of blood flow and blood mi-
crocirculations. While certain limitations remain, such as chal-
lenges in establishing a precise quantitative correlation between
measured data and actual physiological parameters, limited prob-
ing depth, and considerations related to ergodicity, it is notewor-
thy that DLS-based methodologies, specifically DWS, LSCI, and
LDF, have exhibited notable success in various practical biomed-
ical applications. These applications include, but are not limited
to, full-field transcranial brain blood flow imaging in live sub-
jects, skin perfusion measurements, non-invasive blood micro-
circulation imaging, and functional imaging.

Remarkable advancements in technology and image process-
ing have empowered researchers to enhance DLS-based tech-
niques significantly. These enhancements encompass improve-
ments in spatial and temporal resolution, as well as the qual-
ity of measured data, thereby augmenting precision and accu-
racy. Notably, the cost-effectiveness of essential instrumentation,
the ease of implementation, and the affordability of optical com-
ponents utilized in measurements underscore the invaluable
resource that the DLS-based approach has become for clinical
applications.[*8]

Furthermore, the integration of DLS with other imaging and
electrophysiological modalities holds great promise for multi-
parameter recording of intricate biological phenomena. This
multi-modal approach stands poised to provide a deeper under-
standing of complex physiological processes.

In summary, the evolution of DLS in the context of blood flow
and blood microcirculation imaging has expanded its capabili-
ties, refined its resolution and quantification, and broadened its
scope across both research and clinical domains. The continued
exploration of DLS in biomedical imaging is expected to yield
further breakthroughs, advancing our understanding of dynamic
physiological processes and enhancing healthcare applications.
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