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Abstract Laser speckle imaging (LSI)
Laser speckle imaging (LSI) techniques == -
. ] Qualitative
have emerged as a promising method for — 3 &
-

visualizing functional blood vessels and Semi- ﬁ)j —

tissue perfusion by analyzing the speckle [EEES ",f‘ ¢ %‘

patterns generated by coherent light inter- assﬁ’ By

acting with living biological tissue. These 2 v . } Quantitative

patterns carry important biophysical tis-

sue information including blood flow dynamics. The noninvasive, label-free,
and wide-field attributes along with relatively simple instrumental schematics
make it an appealing imaging modality in preclinical and clinical applications.
The review outlines the fundamentals of speckle physics and the three catego-
ries of LSI techniques based on their degree of quantification: qualitative,
semi-quantitative and quantitative. Qualitative LSI produces microvascular
maps by capturing speckle contrast variations between blood vessels contain-
ing moving red blood cells and the surrounding static tissue. Semi-quantitative
techniques provide a more accurate analysis of blood flow dynamics by
accounting for the effect of static scattering on spatiotemporal parameters.
Quantitative LSI such as optical speckle image velocimetry provides quantita-
tive flow velocity measurements, which is inspired by the particle image veloci-
metry in fluid mechanics. Additionally, discussions regarding the prospects of
future innovations in LSI techniques for optimizing the vascular flow quantifi-
cation with associated clinical outlook are presented.
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1 | INTRODUCTION

Microvascular structures consist of arterioles, metarter-
ioles (precapillary arterioles), capillaries, and venules,
whose functionality has paramount importance in tissue
perfusion that enables oxygenation and the transport of
vital metabolites to and from the tissue [1]. In particular,
blood flow within the microvasculature where such bio-
chemical exchanges predominantly occur is an essential
physiological parameter that directly impacts the health
and homeostasis of the associated organs and tissues
[2, 3]. Therefore, the functional status of microvascular
flow is crucial in the characterization of numerous dis-
eases which are associated with compromised blood per-
fusion, including stroke [4, 5], Alzheimer's disease, and
other dementias [6-8], cardiovascular diseases [9], can-
cer [10], coronavirus infections [11], and many others
[12, 13]. Specifically, longitudinal monitoring of the
changes in microcirculation can be used to determine the
disease progression and treatment efficacy of potential
therapeutics. In this regard, much of the previous preclin-
ical research has been directed to elucidate the role of
microcirculation in disease progression and focused on
the quantification of microvascular perfusion for clinical
applications in therapy developments and response
monitoring.

Over the past few decades, enabled in large part by the
advances in laser and associated photonics technology,
multiple breakthroughs in novel optical imaging and
microscopy techniques have been introduced for quantify-
ing blood flow in in vivo settings, often at resolutions
unreachable by other angiography modalities [14]. These
include optical coherence tomography (OCT) [15, 16],
two-photon microscopy (TPM) [17, 18], laser Doppler
flowmetry [19], photoacoustic Doppler [20], red blood cell
(RBC) tracking measurements [21], confocal laser scanning

List of acronyms used in the article.

microscopy [22, 23], and laser speckle imaging (LSI)
[24, 25]. Table 1 shows the comparison of LSI and other
optical modalities. All these techniques, as well as several
non-optical approaches not mentioned here, have their
pros and cons as summarized in several recent publications
[34-36]. In this review, we focus on microvascular imaging
and blood flow measurements by LSI approaches.

Label-free, noncontact, wide-field imaging of blood
vessels with reasonable spatiotemporal resolution can
be performed using speckle-based methods, which are
distinguished for their instrumentational simplicity [24]
with a strong potential for clinical use. However, it must
be noted that unlike several other optical volumetric
imaging approaches such as OCT, photoacoustic imag-
ing, or TPM [18, 20, 37], LSI is primarily a surface-based
imaging technique without depth discrimination, which
must be kept in mind when interpreting images or
choosing methods for  particular  biomedical
applications.

Here, we evaluate various LSI approaches for
blood flow measurement and classify them into three
general categories based on their degree of quantification.
Specifically,

1. Qualitative: LSI techniques that primarily visualize
vessel morphology and offer some indirect blood flow
information based on the speckle contrast analysis of
the functional vascular network.

2. Semi-quantitative: LSI techniques that yield relative
quantitative results, thus providing insight into the
spatiotemporal distribution of metrics proportional to
the blood flow based on simplified theoretical models.

3. Quantitative: LSI techniques that enable absolute
quantitative measurements of blood flow dynamics,
for example, providing the blood flow velocity field
without any prior assumptions or scaling factors.

Name Acronym Name Acronym
Dynamic light scattering imaging DLSI Red blood cell RBC
Inverse correlation time ICT Rolling shutter speckle imaging RSSI
Laser speckle contrast analysis LASCA Scientific complementary metal oxide— sCMOS
semiconductor
Laser speckle contrast imaging LSCI Sidestream dark field microscopy SDF
Laser speckle imaging LSI Signal-to-noise ratio SNR
Light-sheet laser speckle imaging LSH-LSI Spatial laser speckle contrast imaging sLSCI
Multi-exposure speckle imaging MESI Temporal laser speckle contrast imaging tLSCI
Optical coherence tomography OCT Transmission-detected LSCI TR-LSCI
Optical speckle image velocimetry OoSsIv Two-photon microscopy TPM
Particle image velocimetry PIV Region of interest ROIs
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Limitations

TABLE 1 Comparison of laser speckle imaging (LSI) and other optical blood flow measurement modalities.
Imaging modality Merits
LSI [24, 25] Noninvasive, high temporal resolution, provides 2D maps

of blood flow, relatively simple
Doppler-OCT [26-28]
depth-resolved measurements

Laser Doppler

velocimetry [29, 30] useful in fluid dynamics

Multiphoton microscopy
[31, 32]
microscopy)

Diffuse correlation

spectroscopy [33] for monitoring cerebral blood flow

Abbreviation: OCT, optical coherence tomography.

Figure 1 overviews the historical timeline of these cat-
egories with important methodologies that have shaped
the LSI field. LSI began as a qualitative approach in 1981,
evolved into semi-quantitative techniques after 2005, and
has only recently become a quantitative technique, with
each step providing further insightful information on the
dynamics of tissue blood flow.

In this review, we begin by outlining the fundamen-
tals of speckle physics with a focus on LSI implementa-
tions. We then provide a detailed description of each of
the three categories, with illustrative instances of relevant
results and enabling technologies and an overview of
their applications. In light of recent developments and
contemporary clinical demands, we conclude by explor-
ing future directions for the advancement of LSI.

2 | SPECKLE BASICS RELEVANT
TO LSI

When coherent light interacts with a scattering medium
such as living biological tissue, a grainy texture known as
a speckle pattern is observed in the resultant optical
images. This pattern, and its spatial variation and tempo-
ral dynamics, carries important biophysical tissue infor-
mation. The spatiotemporal variation of amplitude and
phase of the detected speckle field arises from:

1. Interference of multiple-scattered light reflected off
from the surface and subsurface tissue structures,
including mobile scatterers (rotating, diffusing, con-
vectively flowing, or otherwise moving over time in
and out of given imaged locations).

2. Microscopic roughness of the imaged tissue surface.

3. Noise sources in the measurement system (e.g., electrical
shot noise in the photodetector).

High resolution, can image microvasculature, provides

Noncontact, able to measure velocity and flow rates,

High spatial resolution, enhanced imaging depth,
reduced photodamage (compared to conventional

Noninvasive, can measure deep tissue blood flow, useful

Limited depth penetration, sensitive to motion
artifacts

Limited field-of-view, relatively complex and
expensive, sensitive to motion artifacts

Limited to measuring flow in one point or very
small area, sensitive to external disturbances

Requires expensive equipment, complex,
slower imaging speed

Lower spatial resolution, requires complex data
analysis, sensitive to motion artifacts

Besides photodetector noise, these factors contribute
to a “random walk” in the phase and amplitude of scat-
tered light interfering on the photodetector. The resul-
tant electric field at a given location in space and time
can be described by the mathematical construct of
phasors [44]

1 N
A=—=) a,e,
TN

N
R =TRe{A} :\/Lﬁz a,cos¢,;Z =Im{A}
n=1

1 X
:ﬁZansinqﬁn, (1)
n=1

where A is the electric field phasor (a complex number),
an, and ¢, are its nth light amplitude and phase compo-
nents with N being the total number of considered light
phasors, and Re{A} and Im{A} are the real and imagi-
nary parts of the total phasor. Most random walks satisfy
the assumptions that a, and ¢, are independent of each
other. The square of the resultant electric field is the
intensity of the speckle image.

For the fully developed speckle statistics, the proba-
bility density function for amplitude (a, in Equation 1)
follows the Rayleigh distribution and the phase ¢, is uni-
formly distributed [44, 45]. These conditions can be
achieved by selecting a suitable laser for illumination
along with a large number of random phasors detected
on a sensitive imaging detector. For most speckle
imaging techniques, such a fully developed speckle is a
prerequisite. This is because LSI leverages the depen-
dence of speckle on the motility of tissue scatterers to
enable their differentiation (e.g., blood vessel pixels
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FIGURE 1 Evolution of laser
speckle imaging (LSI) from qualitative to
fully quantitative functional vascular

single-exposure flow imaging. The three different LSI

categories summarized in this review are
classified as qualitative (red), semi-
quantitative (green), and quantitative
(blue), as the static microvascular maps
are increasingly supplemented with
dynamic blood flow information. The
representative images were all acquired
in small rodent cranial window models,
except single-exposure speckle
photography, which was performed on a

temporal laser speckle

human retina and light-sheet laser

contrast imaging (LSCI)

speckle imaging (LSH-LSI) was
performed on motile cilia organelle.
Note that with time and technological
advances, the resolution, processed

—0 2012

image quality, and blood flow
information reporting of LSI improves.
Source: Adapted from Refs. [38-43] with
permission.
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containing RBC scatterers are characterized by shorter
speckle decorrelation times than the pixels containing
the relatively static surrounding tissue). Erroneous
information about these underlying biophysical dynam-
ics may result from underdeveloped speckle statistics,
for instance, when measured decorrelation results from

scatterer motion are contaminated by instrumental arti-
facts (e.g., insufficient acquisition rates resulting in
undersampling). After achieving experimentally desir-
able, fully developed speckle pattern conditions, it is
necessary to take into account various parameters and
important experimental variables for all speckle
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imaging. These include speckle contrast, speckle size,
camera settings, and polarization analyzer as now
described.

Arguably, the most common LSI-relevant parameter
is the speckle contrast. It is a measure of how strong the
intensity variations are compared to the average intensity
of the speckled image. Spatial or temporal speckle con-
trast K is defined as the ratio of standard deviation o to
the mean intensity (I) of the speckled image [38]:

K= 2)

For a fully developed speckle, the theoretical maxi-
mum K value is unity. Importantly, speckle contrast is
used to quantify the dynamic blurring of speckle patterns
recorded by the camera with finite exposure time. When
well-controlled/accounted for bulk tissue motion, the
“solid” tissues are relatively static and can yield higher
speckle contrast values with little blurring. Conversely,
the speckle contrast caused by moving scatters
(e.g., flowing RBCs inside vessels) decreases due to the
smearing effect of speckle changes. Therefore, the speckle
contrast is inversely proportional to the scatterer's
motion, in this case blood flow.

Depending on the particular technological implemen-
tation, speckle contrast can be computed spatially or tem-
porally by considering spatial (o5) or temporal (o)
standard deviations in the signal intensity. Generally, the
spatial contrast has a poor spatial resolution (due to
the size of the spatial averaging window used in its
calculation) and higher temporal resolution (ability to
distinguish changes in a dynamic process over time);
conversely, the temporal speckle contrast has high spatial
resolution but poor temporal resolution due to the tempo-
ral averaging over the stack of speckle images.

Speckle size is another important parameter to con-
sider. All LSI setups use lenses and a camera detector,
and the speckle size over the pixels of the detection sen-
sor is described [25] as

Sspeckle = 244/1(1 +M)f#’ (3)

where M is the magnification of the optical system and
f# is its f-number (the ratio of focal length to aperture
diameter). In a typical optical system, laser wavelength
and magnification are often constant, and therefore
speckle size can be controlled/optimized by changing the
f# (lens diameter and working distance). Speckle size in
terms of camera pixels should be chosen wisely, as these
pixels’ intensity and standard deviation will determine
the speckle contrast. In fact, Kirkpatrick et al. [46] argue
that the optimal speckle size should be twice the camera's

50f19
PHOTONICSJ—

pixel size to fulfill the Nyquist sampling principle, and
indeed most reported LSI studies followed this criterion.
If one does not have information about the optical sys-
tem parameters, another way of estimating the speckle
size is to compute the full width at half maximum of the
power spectral density of the speckle pattern. The power
spectral density and intensity autocorrelation function
are a Fourier transform pair according to the Wiener-
Khinchin theorem [47].

Several practical and important experimental variables
require careful consideration in a typical LSI experiment.
The exposure time of the imaging camera should be in a
moderate range (typically between 1 and 30 ms) to ensure
both reasonable speckle contrast and signal-to-noise ratio
(SNR). Usually, the camera frame rate and exposure time
are a reciprocal pair; however, in some techniques, the
effective exposure time may vary independent of the cam-
era frame rates (by optical gating of laser illumination, see
multi-exposure speckle imaging [MESI| and optical
speckle image velocimetry [OSIV] discussions in later sec-
tions) [43, 48]. In many LSI systems reported in the litera-
ture, a linear polarizer (analyzer) is commonly employed
as an experimental design parameter in the imaging path
between the camera and the sample to improve speckle
contrast. This is especially useful because lasers are usually
linearly polarized, and the orthogonally polarized analyzer
helps minimize the direct surface reflection and extract
more information regarding the interaction between light
and the sub-surface tissue. The topic of speckle polariza-
tion is explored in greater detail in Ref. [49], where it is
concluded that speckle contrast and signal information
content can be maximized if the illumination and analyzer
polarizations are perpendicular to each other.

LSI is dependent on experimental conditions, specifi-
cally: (i) laser wavelength that should match the optical
properties of the tissue under investigation, (ii) selection
of appropriate optics that influences the imaging resolu-
tion, and (iii) external environmental conditions, such as
ambient light, vibrations, and temperature fluctuations
that can introduce noise and artifacts in LSI measure-
ments. Furthermore, the complexities arising from inher-
ent tissue heterogeneity and the presence of inclusions
such as bony structures or joints can also affect the
speckle pattern and thus the quantification of blood flow.
In comparison with the qualitative LSI techniques, the
semi-quantitative techniques (MESI or dynamic light
scattering imaging [DLSI]) can overcome these chal-
lenges and ensure reliable measurements even in com-
plex tissue environments.

Typical LSI setups are shown in Figure 2. Commonly,
the LSI measurement systems (Figure 2A) share the same
configuration for the detection unit (focusing optics with
an analyzer and an image sensor). For the illumination
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FIGURE 2 Typical laser speckle imaging
(LSI) experiments and results. (A) Typical
optical setup for the LSI, highlighting the
illumination and detection units. The latter
typically consists of collection optics (objective
lens, tube lens), polarizer, and imaging sensor.
(B) Common illumination setup for the LSI in
which laser light is expanded and steered to
illuminate the tissue sample.

(C) Implementation of optical modulation/
gating to reduce the smearing of fast-moving
speckles and enable contrast and signal-to-noise

|
M ratio improvements. (D) Representative granular

speckle pattern. (E) The negative-exponential
probability density function for intensity is one
of the statistical properties of fully developed
speckle pattern shown in (D). A, acousto-optic
modulator; C, imaging sensor; I/(I), intensity at
a considered pixel normalized by its average; L,
lens; LP, analyzer; LS, laser source; M, mirror;
OBYJ, objective lens; S, sample.

IKD

unit, a coherent light source such as a laser or laser diode
along with the beam expander is required to illuminate
the sample, typically at an oblique angle (Figure 2B).
Examples of this type of setup include spatial laser speckle
contrast imaging (sLSCI), temporal laser speckle contrast
imaging (tLSCI), and DLSI. Some techniques, including
MESI and OSIV, utilize optical gating to enhance contrast
and SNR as well as better control over the camera expo-
sure by use of an acousto-optic modulator, which works
by diffracting the laser beam to gate the exposure
(Figure 2C). In general, there are no major hardware
differences between different types of LSI imagers. How-
ever, the way in which speckle images are acquired and
processed after imaging can vary significantly, as discussed
in more detail below. A raw speckle image (Figure 2D)
with a negative-exponential probability density function
for intensity (Figure 2E) described by Rayleigh statistics,
one of the statistical properties of the fully developed
speckle pattern, is also shown. It is worth noting that
owing to their relative technological simplicity, LSI tech-
niques can be combined with other optical modalities,
such as sidestream dark field microscopy-laser speckle
contrast imaging (SDF-LSCI), to enable hybrid capabilities
and integrate into existing microscopy systems.

After this brief primer on speckle physics and tech-
nology relevant to LSI, we now turn to the specific
technological implementations and their associated
results. We begin with qualitative techniques.

3 | TECHNIQUES WITH
QUALITATIVE OUTPUT

The first laser speckle technique used to show the spatial
map of tissue blood vessels was introduced in 1981 as
single-exposure speckle photography [38] as shown in
Figure 1. Subsequently, its application was demonstrated
to produce maps of human retinal blood microvascula-
ture [50, 51]. A relationship was established between
camera exposure time and correlation function with the
spatial speckle contrast through this technique. It
involved a simple spatial filtering technique and yielded
spatial variance (¢2) of the time-averaged speckle pattern,
which is equivalent to the integration of autocovariance
over the camera exposure time (T):

1 /T
a2(T) :—/ C(z)dr. (4)
0
C(r) is the autocovariance of the intensity defined as

C(T):<(I(t)*<l>t) (I(t+7)7<1>t)>’ (5)

where (---), represents time averaging. For the quantifi-
cation of time-averaged speckle fluctuation, electric field
autocorrelation g,(z) can be used, but this can be chal-
lenging to measure. As an alternative, the intensity
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autocorrelation g,(z) is commonly employed. The rela-
tionship between g,(z) and g,(z) is known as a Siegert
relationship [52, 53]:

&(1)=1+plg, ()", (6)

where f is the normalization factor here assumed to be
1. The covariance can be related to temporal intensity
autocorrelation g,(r) for the quantification of time-aver-
aged speckle fluctuation, with the assumption of a
negative exponential dependence [54, 55]. The
autocovariance:

Co)={1)’|g, (=)I". (7)

From the normalized autocovariance and Siegert rela-
tionship, we can have the autocovariance as

2T

co = en(-2), ®)

Tc

where 7. represents the correlation time that character-
izes the dynamics of the scatterers. When specific condi-
tions are met, such as small scattering angles and single
scattering, the correlation time is inversely proportioned
to the mean velocity of the scatterers such as RBCs,
7. (1/v) [52]. Thus, in addition to spatial visualization of
blood vessels, which was characteristic of early LSI studies,
some indications of blood flow dynamics (albeit under
strict assumptions/conditions) also began to emerge at this
stage. The relationship between the spatial and temporal
statistics of time-integrated speckles (i.e., spatial variance)
can be derived by combining Equations (5) and (8).

- (G-}

From Equations (2) and (9), the local spatial speckle con-
trast becomes

Ks%\/(;—;> {lexp(%>]. (10)

Equation (10) above explains that the speckle contrast
decreases if the speckle decorrelation time 7. is smaller
than the camera exposure time 7. When there is move-
ment of RBCs in the blood vessel, the speckle becomes
blurred because the speckle decorrelates rapidly. Also,
higher speckle contrast is observed if 7. is bigger than T
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for relatively static surrounding tissue. Therefore, a micro-
vasculature map can be obtained with the relationship
between speckle decorrelation time and speckle contrast.

With the advent of digital cameras, laser speckle con-
trast analysis [56, 57] was introduced so that spatial filter-
ing can be directly performed within the digital camera'’s
probing window. The size of the latter (in terms of pixels)
is an important factor for computing local speckle con-
trast for the spatial resolution of the blood flow map, as
per Equation (9). Generally, the window size for most
spatial LSI is 5 x 5 or 7 x 7 pixels to get reasonable spa-
tial resolution and sufficient pixel numbers for robust
speckle statistics calculations (henceforth designated
SLSCI). Most sLSCI studies were performed with the
camera's global shutter setting. However, Du et al. [58]
showcased the use of SLSCI with a rolling shutter setting,
indicating that with the resultant line scan LSCI, the
image contrast could be improved.

The sLSCI technique gives a qualitative microvascular
map based on speckle contrast variation between the
blood vessel containing moving RBCs and surrounding
“static” tissue. This is an effective approach for imaging
large vascular maps (like in cerebral ischemia [59] or cor-
tical spreading depression [60]). The sLSCI technique has
two drawbacks. Firstly, it has limited spatial resolution
because the speckle contrast parametric map is calculated
over the neighboring pixels (typically 5 x5 or 7 x 7
pixels window). Secondly, the resulting vessel visualiza-
tion provides little dynamic or flow information, as the
relationship between the correlation time and velocity
relationship 7. o (1/v) is subject to strict assumptions.

An alternative approach to address sLSCI's spatial res-
olution limitation and improve the detection of slower-
flowing blood vessels is to perform temporal processing of
the raw speckle pattern [39,61,62]; in other words, one can
calculate speckle contrast at the same pixel location over
the time series of speckle images (tLSCI). Note that this is
analogous to speckle-variance OCT, a widely used alterna-
tive method for volumetric subsurface imaging of the
microvasculature [63-65]. To compute the temporal
speckle contrast K, first- and second-order temporal sta-
tistics are invoked (pertaining to the average and vari-
ance, respectively) [39]. Equation (2) thus becomes

\/ <1/<N—1>>{§ [Ii,i(n)—<1w>]2}
Ki= 2t = " ’ (11)
<1>i,j <I>iJ

where (i,j) is the pixel location, N is the number of
acquired images, I;;(n) is the intensity at (i,j) pixel at nth
image, and (I;;) is the mean intensity value at (i,j) for N
images.
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As discussed in the previous section, LSCI imaging is
typically performed in reflection mode. Nevertheless, the
first LSCI was carried out in transmission mode in mice
[66], wherein the laser source was positioned underneath
the tissue; recently, transmission-detected LSCI
(TR-LSCI) has been applied to qualitatively monitor
blood flow in thick tissues including the human hand
(finger and opisthenar of a young, healthy volunteer)
[67]. LSCI is compatible with other in vivo applications
including micro/compact endoscopy [68,69], hyperspec-
tral imaging [70], microscopic [71], and intraoperative
surgery [72-74]. LSCI can also be integrated with fluores-
cent intravital microscopy, enabling the estimation of
perfusion rates and differentiation of arteries from veins
in the mouse brain [75,76].

Figure 3 compares different qualitative LSI tech-
niques to visualize tissue microvascular patterns. Com-
pared to sLSCI, tLSCI provides better spatial resolution
and contrast and allows for the visualization of slower-
flowing fine microvessels (Figure 3A). However, this tem-
poral processing requires repeated imaging of the same
location (25 frames in the example shown); this makes
tLSCI slower and degrades its temporal resolution
(e.g., compromising its ability to detect fast physiological
processes). In contrast to tLSCI, sLSCI acquires a single

E

Conventional

TR-LSCI

FIGURE 3

4x10°

frame and, while it may miss some slower-flowing vessels
resulting in a less sharp vessel visualization map, it offers
a higher temporal resolution (potentially important is
negating tissue motion artifacts and monitoring fast phys-
iological processes). Figure 3B compares conventional
reflection-mode LSCI with TR-LSCI in different mouse
organs, with the latter showing somewhat improved spa-
tial resolution. However, note that TR-LSCI can perform
qualitative imaging to maximum tissue thicknesses of
~3-5 mm but cannot distinguish the depth of vessels, so
its range of clinical applications is limited and reflection-
mode LSCI may prove more practical.

Significant efforts to improve these qualitative speckle
imaging techniques include noise reduction [77,78], char-
acterization of the relationship between speckle contrast
and the camera's pixel size [46], spatial resolution
improvements without sacrificing temporal resolution
(by introducing an external rotating diffuser that creates
random speckle field over the sample) [79], motion cor-
rection [80], depth of field improvement [81], and data
processing pipeline development for real-time microvas-
cular tree visualization [82].

For retina blood flow, LSI is referred to as laser
speckle flowgraphy. The mathematical formulas and
terms used for estimating the blurring of speckles caused

sLSCI

0.1

0.05

Dorsal skin

Comparison of qualitative laser speckle imaging techniques. (A) Temporal and spatial laser speckle contrast imaging (LSCI)

in the rodent brain. Temporal laser speckle contrast imaging (tLSCI) used 25 frames of speckle images, while spatial laser speckle contrast
imaging (sLSCI) used a single speckle image; tLSCI thus has a better spatial resolution (and improved contrast) while SLSCI has superior
temporal resolution (for details, see text). The gray-scale bars indicate the speckle contrast value ranges. Scale bars: 500 pm.

(B) Improvements enabled by transmission mode relative to conventional reflection mode LSCI in various mouse organs. Color bar indicates

the speckle contrast values range. TR-LSCI, transmission-detected LSCI. Source: Adapted from Refs. [39,67] with permission.
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by microcirculation in the retina are slightly different
and are summarized in another recent review paper [83].
Qualitative LSI methods, including laser speckle flowgra-
phy, have been widely adopted and proven to be effective
in various clinical settings; examples of LSI imaging at
different human sites are shown in Figure 4. Further sim-
ilar human investigations and future clinical trials
deploying related LSI approaches are also anticipated.
However, a major limitation of qualitative LSI is the
relative lack of quantitative dynamical blood flow
information.

It is worth re-emphasizing that all of these LSI
techniques for visualizing tissue blood vessels are nonin-
vasive, contrast-agent-free imaging methods with wide-
field imaging capabilities and simple optical setups.
They can also be integrated with other modalities and

9 0f19
BIOPHOTONICSJ—

post-processing algorithms to produce excellent qualita-
tive images of tissue microvasculature. Table 2 shows var-
ious LSI techniques' (qualitative and beyond) preclinical
and clinical applications with features, limitations, and
their integration with other instrumentation.

4 | TECHNIQUES WITH SEMI-
QUANTITATIVE OUTPUT

While qualitative techniques are commonly used clini-
cally, they yield speckle contrast that primarily enables
visualization of the microvascular tree structure. While
this imaging of the vessel architecture is important and
useful, the information about the blood flow dynamics
in these detected vessels is limited. Furthermore, these

Cerebral cortex

FIGURE 4 Clinical applications of
laser speckle imaging (LSI). Beyond
preclinical imaging, LSI has been widely
employed in various human studies.
Tllustrative examples range from
noninvasive superficial imaging of the
human retina [84], gingiva [85],
epidermis [86], and extremity [87] to
minimally invasive endoscopic and
intra-operative imaging of the cerebral
cortex [88], liver [73], gastrointestinal

tract [89], and articulation [90].
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TABLE 2

Application

Retinal blood flow imaging

Microvascular endothelial
function

Skin disease diagnosis and
progression monitoring

Cerebral blood flow
monitoring for surgical
guidance (e.g., extracranial-
intracranial bypass, cerebral
aneurysm clipping, carotid
endarterectomy)

Oral health monitoring toward
early detection of tooth
decay

Laparoscopy for disease
diagnosis and assessment of
tissue functional status
(various organs)

Abbreviations: LSCI, laser speckle contrast imaging; MESI, multi-exposure speckle imaging; sLSCI, spatial laser speckle contrast imaging; tLSCI, temporal laser

speckle contrast imaging.

Technique

Single-exposure speckle
photography [50, 51]

Laser speckle flowgraphy
[84,91-93]

sLSCI/tLSCI (laser speckle
flowmetry) [94,95]

LSCI [96,97]

SLSCI and tLSCI [86,98-102]

SLSCI and tLSCI [72,103-106]

SLSCI [107-109]

MESI [110]

Laser speckle imaging (LSI) preclinical and clinical applications.

Features

Can differentiate between tissue
and vessels with an analog
camera and filter

Noninvasive

Improved spatial resolution (can
observe retinal
microvasculature)

Use of normalized blur instead
of speckle contrast to show
speckle fluctuation

Noninvasive

Enables retinal blood flow
monitoring without
stimulating retinal neurons

Enables measurement of blood
flow in choroidal vessels of the
eye

Noninvasive

Measure the relationship
between cardiac disease and
endothelium-dependent skin
microvasculature

Real-time and noninvasive
measurement of cutaneous
microvascular perfusion
changes

Enables assessment of skin
microvasculature for
pathological change in blood
flow

Accelerates initial assessment of
disease

Noninvasive

Enables real-time monitoring of
functional activity of the brain
(cerebral blood flow) during
surgery

Direct intraoperative microscopy
integration

Ease-of-use by dental
practitioners for noninvasive
analysis of extracted teeth

Improved contrast for tooth
decay (beyond white-light
illumination)

Reasonable flow estimation with
speckle variance and camera's
exposure time graphs

Direct intraoperative microscopy
integration

Limitations

Requires manual post-
processing on the photograph
of analog camera

Poor spatial resolution

Calibration is required for all the
ROIs (even within a single
eye)

Only offers qualitative
visualization of low/high
blood flow

Single time-point measurements
(no 2D microvascular maps
are generated)

Only offers qualitative
visualization of low/high
blood flow

Low spatial resolution
(minimally) invasive during
intraoperative procedures

Most tooth decay studies
performed ex-vivo

Qualitative nature of decay
assessment

No human studies, mostly small
animal imaging to date

(minimally) invasive during
laparoscopy
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methods are incapable of estimating the effect of static
scattering (stationary speckles) on the speckle contrast in
the dynamic regions of interest (e.g., thin tissue or fat
layer covering blood vessels), leading to inaccurate spa-
tiotemporal parameters. Indeed, in the presence of an
overlying static layer (common in many clinical scenar-
ios), the variations in the scattered field follow a Gauss-
ian distribution, but the measured signal gains an
additional static component that causes the resultant
intensity to deviate from Gaussian statistics [44]; conse-
quently, the Siegert relation in Equation (6) cannot be
utilized.

MESI was introduced to enable more quantitative
analysis of flow dynamics and overcome the static layer
limitation [48]. In MESI, multiple speckle images are
taken with different exposure times (ranging from 50 ps
to 80 ms), and the resultant combination generates a
single MESI image. Experimentally, optical gating
(multiple exposure times) is achieved with the help of an
acousto-optic modulator (AOM) and a pulse generator
(Figure 2C), while the camera frame rate and exposure
time remain constant. The speckle variance curve was
computed for each exposure time to determine the decay
rates (thus yielding the autocorrelation function curve
and relative decorrelation time) to estimate flow rates/
velocity (z. o< (1/v)). The speckle contrast in MESI was
derived as

eX—1+x

e X —142x
- - = S R
2x X2 s

Kﬁﬂn)=y&w2 s——+4pp(1—p)

(12)

where p=14/(I4+]I;) is the fraction of dynamic light
scattered with Iy and I being the dynamic and static
scattered light intensities, respectively. x=T/z. and
Vs = Vnoise + Vne 1S the sum of the variance of experimental
noise (Vnoise) and ambient/background light (vne). In
MESI (unlike in LSCI), $ is not assumed equal to 1. MESI
accounts for the presence of the static scattering over-
layer by introducing p in its governing Equation (12),
while vpoise and vy terms help improve the technique's
resolution and contrast. The blood flow map for MESI
is shown as a parametric image of inverse correlation
time (ICT) with the unit of (s7!). Figure 5A demon-
strates a typical example based on eight frames of
different exposure times. Also shown is the dependence
of temporal speckle variance on the camera exposure
time for different ROIs in MESI output. Using
Equation (12), each curve is fitted for ROIs in MESI
output. The exponential decay of red curves for the tissue
ROIs is slower than the blue curves for those repre-
senting blood vessels.

In comparison with LSCI, the clinical applications
of MESI have been limited to date [112]. However, in pre-
clinical research, MESI is widely used for studies of corti-
cal blood flow [40], vasodilation [113], and laparoscopy
[110]. The primary constraint of this technique is its inad-
equate temporal resolution caused by inter-frame dead
time, which stems from the need for multiple images cap-
tured at varying exposure times. To address this limita-
tion, single-photon avalanche diode arrays were utilized
[114] with high acquisition rates and single-photon
sensitivity.

A novel approach called DLSI [42] has been intro-
duced to enhance temporal resolution. By employing a
high-speed camera (with a frame rate of ~20 000 fps), it
measures temporal intensity autocorrelation g,(r) at
every pixel. DLSI measures the correlation time accu-
rately and properly accounts for static overlayer contribu-
tion (better than LSCI or MESI), its fitting model
drawing on the known biophysical properties of RBCs
(type of motion, scattering regime, and noise effects) and
static scattering information. The intensity autocorrela-
tion g, (r) was defined as [38]:

(I(t) xI(t+7))

= AT o) 13)

&(7)

and g, (7) as

g (r)=exp <— (%) n) . (14)

In contrast to most speckle imaging models that
assume n =1, representing single scattering from RBCs,
DLSI considers the value of n that depends on the pres-
ence of single or multiple scattering, and the type of
motion such as RBC flowing or Brownian motion. DLSI
also adjusts the f parameter in Equation (12) depending
on the temporal and spatial averaging of the speckle pat-
tern. DLSI thus represents a promising new technique
with significant fundamental improvement in the LSI
family, such as yielding interesting results for the relative
blood flow index. DLSI with LSCI is compared in
Figure 5B along with the dynamic light scattering regime
maps for normal and ischemic conditions.

Another novel LSI implementation called rolling
shutter speckle imaging (RSSI) was recently introduced
[111]. RSSI utilizes a single frame of a rolling shutter
camera to compute the row-by-row intensity correlations
for 30 x 30 pixels window size and form an intensity cor-
relation difference map Ag,(r) with a sliding window
approach; a theoretical model to quantify the autocorre-
lation time (z.) is then utilized and the resultant correla-
tion difference map, averaged autocorrelation time,
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FIGURE 5 Blood flow estimation with semi-quantitative laser speckle imaging techniques. (A) Multi-exposure speckle imaging
(MESI) principle combines multiple single-exposure images (right panels, left of figure) into a MESI output (middle); plots of the
speckle variance versus exposure time at different ROIs in the middle MESI image (right). The red curves are for the ROIs of static
tissue while the blue curves are for the blood vessel ROIs. (B) Comparison of relative cerebral blood flow index (rCBF) measured by
dynamic light scattering imaging (DLSI) and laser speckle contrast imaging (LSCI) technique (color bar represents the speckle contrast
values). Also shown on the right are the dynamic light scattering regimes mapped for normal and ischemic conditions, based on a
priori knowledge of the scattering properties and motility of the RBC scatterers. The color bar represents the scattering regime and
motion type (SO: single-ordered; SU: single-unordered; MO: multiple-ordered; MU: multiple-unordered). (C) Output of the RSSI
technique with a correlation difference map Ag,(0) that shows the relative blood flow information, which is the basis of this model,
followed by the averaged decorrelation, inverse decorrelation, and static layer (p) maps. (D) Output of a single sidestream dark field
microscopy (SDF) acquisition and the qualitative LSCI (SDF-LSCI), showing (from left to right) a representative acquisition of conventional
SDF, an output of SDF-LSCI, and a map of inverse correlation time from multiple acquisitions. Source: Adapted from Refs. [40-42,111] with
permission.
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inverse autocorrelation time, and static layer maps are
shown in Figure 5C. Despite this abundance of obtain-
able novel information, RSSI has relatively poor spatial
resolution when the speckle fluctuations are slow
(e.g., capillary flow, Brownian motion in stagnant ves-
sels). In summary, it is worth noting the new informa-
tion that LSI is now able to provide regarding
microvascular flow dynamics, goes beyond the micro-
structural vessel maps that were previously available
(i.e., qualitative methods and Figure 3).

Another recent innovation by Nadort et al. is a tech-
nique named SDF-LSCI [41,115] that combines SDF
[116] with LSCI to further drive LSI toward quantitative
analysis. The optical setup for the system consists of a
modified SDF system (illumination with broadband green
light) by the coupling of red laser light for LSCI. The
authors note that the decorrelation time was measured
more accurately by acquiring the speckle images with
multiple exposure times (Figure 5D). The SDF-LSCI
technique is based on the theoretical model describing
the optical and scattering properties of RBCs under the
assumption that the scattering properties of RBCs in the
microvasculature are constant. The assumption simplifies
the rescaling factor for multiple scattering that can be used
in the fitting model based on the Mie-Percus-Yevick scat-
tering model [117]. The scaling factor for multiple scatter-
ing relies heavily on the model used, as the Lorentzian
and Gaussian model assumptions lead to an underestima-
tion or overestimation of velocity, respectively [115,118].

Figure 5 shows the representative results of the four
techniques discussed in the semi-quantitative LSI cate-
gory (a) MESI, (b) DLSI, (c) RSSI, and (d) SDF-LSCI out-
puts. Overall, it is clear that all semi-quantitative LSI
techniques discussed here are more informative of blood
flow dynamics compared to the qualitative techniques.
Additionally, LSI techniques in this category properly
account for the presence of the static tissue overlayer. For
instance, MESI offers speckle variance and exposure time
plots, DLSI includes a blood vessel map based on the type
of RBC motion, and RSSI features average decorrelation
time plots from which blood speed can be estimated.
However, the main shortcoming of all semi-quantitative
techniques remains their dependence on biophysical
models of unknown validity.

5 | TECHNIQUES WITH
QUANTITATIVE OUTPUT

Semi-quantitative techniques have an advantage over
qualitative techniques by providing more detailed infor-
mation on blood flow dynamics. Nevertheless, their
implementation can be challenging due to their reliance

on certain assumptions, incorporation of theoretical
models, and adherence to strict conditions. This can
make it difficult to utilize them in longitudinal studies
where some of the physiological parameters likely change
over time. A novel speckle imaging method named OSIV
was devised to enhance the accuracy and precision of
blood flow velocity and direction measurement [43]. Note
that while most of the other LSI formulations have a
common theoretical basis (like the relationship between
the extent of speckle blurring and RBCs' motion), OSIV is
inspired by another approach called particle image velo-
cimetry (PIV) in fluid mechanics [119,120] that relies on
the translation of speckles.

In OSIV, a time series of speckle images is taken and
a temporal cross-correlation is performed on consecutive
images over the small spatial region (probing window).
In the experimental setup, an AOM was used for gating
the illumination light, enabling rapid speckle imaging by
reducing the effective exposure time of the scientific com-
plementary metal oxide-semiconductor (sCMOS) sensor.
OSIV can measure RBC speed up to 7 mm/s, with the
maximum detectable speed limited by the camera frame
rate (~200 fps). Figure 6A-F shows OSIV applied to dif-
ferent stages of photothrombotic stroke in a mouse
model, and the blood flow is measured in absolute units
of (mm/s) along with flow direction.

The OSIV technique relies upon the translation of
speckles, necessitating a fast camera and additional AOM
to ensure the minimum exposure time is maintained.
Furthermore, the output velocity map of OSIV fails to
depict small vessels (limitation of detecting slow flows)
and does not address the problem of the static layer over-
lying the vessels. Therefore, additional improvements are
required to fine-tune and optimize this promising tech-
nique for evaluating blood flow.

Inverted light-sheet microscopy [122] was combined
with LSI to create another approach capable of providing
absolute numerical values associated with biophysical
motion dynamics merged. Known as light-sheet laser
speckle imaging (LSH-LSI) [121], it employed the principle
of OSIV and PIV to measure velocities in vitro, such as cili-
ary beating frequency and the direction of cilia motion in
different phases of motile cilia [123] in a Petri dish. A spa-
tial averaging window size of 8 x 8 pixels was utilized,
and the temporal cross-correlation was calculated using
PIV software integrated into MATLAB (MathWorks, MA,
USA) [124]. Figure 6G-J displays the raw speckle image
obtained with LSH-LSI for the spatial pattern of ciliary
beating, along with the corresponding quantitative velocity
maps for the different conditions (power stroke and recov-
ery stroke) of motile cilia in a Petri dish. The primary
drawback of this light-sheet technique is that the optical
setup utilizes transmission light-sheet geometry, which
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Blood flow dynamics with quantitative LSI. (A-C) Optical speckle image velocimetry (OSIV) map overlayed on the raw

speckle images for the three stroke conditions (pre-, during-, and post-) in a cranial window mouse model. The field of view is
164 x 164 pm [2]. (D-F) Magnitude (colormap of the vessel) and direction (yellow arrows in the insets) of the velocity vector in the three
stages of stroke. The magnified flow vector map of the boxed region in (A) is shown in each panel. OSIV can thus observe and quantify the

blood flow changes during the three stages of strokes. (G) Raw speckle image from the light-sheet laser speckle imaging along with the

interrogation window (yellow square box) of 8 x 8 pixels of motile cilia in a Petri dish. (H-J) The derived velocity maps (speed with

colormap and direction with arrows) of the ciliary beat spatial pattern for the power stroke (H), recovery stroke (I), and velocity map for 2 s

(). Scale bar: 2 pm. PT, photothrombosis stroke. Source: Adapted from Refs. [43,121] with permission.

limits its application to in vitro or thin samples and ren-
ders it unsuitable for thick in vivo tissues.

Quantitative speckle imaging methods including
OSIV and LSH-LSI are especially useful for longitudinal
studies as they do not rely on calibration or any prior
assumptions/information about the tissue. Furthermore,
the velocity maps obtained from these techniques
offer insights into both the magnitude and direction of
RBC motions as they are based on speckle translation
rather than speckle contrast and fluctuation like the tech-
niques in previous categories. Despite their advantages,

quantitative techniques (Figure 6) are currently restricted
to providing averaged velocity and a relatively limited
field-of-view. Efforts are underway to enhance the slow-
flow detectivity and wide-field imaging capabilities of
these newly developed fully quantitative LSI methods.

6 | DISCUSSION AND OUTLOOK

The intricate details of hemodynamics play a pivotal role
in determining the overall tissue status, enabling early
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disease detection, diagnosis, treatment selection, and
response monitoring, as well as the assessment of drug
safety and efficacy. In this regard, LSI was developed in
the 1980s for imaging and monitoring the blood vascula-
ture, including the architecture of the microvascular tree
and the dynamics of blood flow within it. LSI provides
several benefits in terms of technical and systematic
advantages. These include a wide field of view, label-free
contrast based on speckle physics, a noncontact nature,
and relatively simple instrumentation. In addition, LSI
can provide valuable biophysical information about the
tissues being studied, which may have important clinical
implications.

The ergodicity assumption in LSI implies that the
temporal and spatial speckle contrasts are interchange-
able. However, this may not hold true in certain situa-
tions, such as low blood flow or insufficient exposure
time, where the changing dynamics of the speckle pat-
tern may not be adequately captured. This violates the
ergodicity assumption and can lead to inaccuracies in
visualizing or estimating blood flow [44,125]. Semi-quan-
titative techniques such as MESI and DLSI have been
proposed to overcome this limitation. MESI, for instance,
shows promise in addressing the challenge of non-
ergodicity by capturing speckle images at different expo-
sure times, thus accounting for the varying dynamics of
the speckle patterns [40,48]. Moreover, the emergence of
deep learning approaches also presents a novel avenue to
tackle this issue; for example, recent research has demon-
strated the effectiveness of machine learning algorithms
in mitigating non-ergodicity, with a promise of more
accurate blood flow measurements [126].

The biological zero problem in LSI refers to the chal-
lenge of accurately determining the speckle contrast
baseline or “zero-flow” state in biological tissues. This
baseline is crucial for quantifying relative changes in
blood flow or other dynamic processes. However, biologi-
cal tissues exhibit inherent scattering and microvascular
activity even under baseline conditions, leading to a non-
zero speckle contrast that can confound flow measure-
ments [127]. The magnitude of the biological zero
problem can be substantial, as it affects the baseline mea-
surement and can lead to the overestimation of blood
flow. This is particularly crucial in studies where small
changes in flow are to be detected, or when comparing
flows between different tissues or individuals. To address
this, some studies have employed a subtraction method,
whereby the biological zero state is measured separately
in a zero-flow condition, and this value is then subtracted
from the actual measurements. However, this method
has inherent limitations as the baseline can vary between
individuals and tissues, and over time [127,128]. Another
way to deal with the biological zero is to integrate LSI
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with other modalities (e.g., fluorescence imaging [129])
to provide complementary information that overcomes
the associated limitations.

LSI has made significant progress in the past few
decades, moving toward the attainment of truly quantita-
tive measures of blood hemodynamics within the micro-
vasculature. This journey has involved numerous
technical advancements and has been supported by sev-
eral preclinical investigations and clinical translation
examples. In the initial stages, LSI methods depended
mainly on speckle contrast to yield information about the
structural features of the vascular system, with limited
details about the dynamic flow, which we classify as
“qualitative techniques.” Later, biophysics-based mathe-
matical models were developed to extract flow-associated
parameters using sample-specific assumptions, resulting
in what we termed “semi-quantitative techniques.”
Lastly, fully quantitative LSI methods have been devel-
oped, which allow for longitudinal measurements with-
out requiring the use of models or assumptions about the
tissue, which may be inaccurate due to changes in tissue
biophysical properties over time. Historically, these three
classes of LSI approaches were developed sequentially
(Figure 1).

The P parameter in the Siegert relationship is a
dimensionless factor that relates the intensity autocorre-
lation function of the time-varying speckle pattern to the
intensity contrast. It depends on the experimental setup,
specifically the optical system's geometry, including con-
siderations such as the illumination and detection unit,
numerical aperture, and magnification of the imaging
system. In LSI, the f parameter is critical because it can
directly affect the calculated speckle contrast and conse-
quently the estimated blood flow. Its value is typically
assumed to be constant across an image, and is often cho-
sen empirically to provide the best agreement with a
gold-standard measurement, or based on theoretical con-
siderations. However, variations in the  values, resulting
from changes in the optical properties of tissues or alter-
nations in the experimental setup, can introduce errors
in blood flow measurements [44,118]. Therefore, in semi-
quantitative techniques such as MESI and DLSI, the
value of p is computed to measure the movement of scat-
terers directly.

Despite improvements relative to qualitative tech-
niques, the semi-quantitative approaches still have limi-
tations. Their output such as blood velocity needs to be
standardized because variations in calibration techniques
and potentially inaccurate underlying assumptions can
affect the derived output. With such shortcomings, semi-
quantitative techniques may not be well suited for longi-
tudinal studies as they require calibration at each time
point, limiting their ability to effectively compare blood
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velocity maps across time. As such, they can only be used
for effective comparisons among regions of interest within
a particular field of view. On the other hand, the recently
developed quantitative techniques do not need calibration
nor rely on questionable biophysical assumptions. These
can then enable meaningful longitudinal studies of blood
hemodynamics, an exciting prospect to be undertaken by
the LSI research community. However, in order to enable
clinical applications, it is necessary to make further techni-
cal advancements and conduct preclinical trials to expand
the fields of view and increase sensitivity to slow-
flow-microvessels velocity maps.

To date, most clinical applications of LSI rely on the
oldest approaches, such as qualitative techniques (Figure 4
and Table 2). Qualitative LSI has been extensively devel-
oped with advanced and robust technology, including
image post-processing and motion correction routines. As
expected, both semi-quantitative and quantitative tech-
niques are relatively new and necessitate further technolog-
ical developments and preclinical validation prior to their
clinical use. Their optics must also remain compact and
simple to facilitate smooth integration into clinical settings.
For semi-quantitative methods, standardized and simplified
protocols for imaging calibration are necessary to enable
meaningful quantification of hemodynamics. On the tech-
nology front, developing better cameras with higher
dynamic range, faster speed, and smaller form factors will
be crucial in supporting the clinical translation of all LSI
methodologies and enhancing their potential benefits.

In the coming years, the advancements in camera
sensor technology are expected to bring significant
improvements to all LSI methods, particularly those that
attempt to furnish quantitative microvascular flow
parameters. Specifically, the relatively low quantum effi-
ciency of current silicon-based sensors such as sSCMOS in
the near-infrared spectral region is expected to be
improved [130]. LSI has the potential to gather improved
subsurface microvascular information due to the greater
depth of penetration of these wavelengths compared to
the visible range. This may spur the search for technolog-
ical solutions to make LSI more of a volumetric imaging
technique with depth-resolved tomographic (or at least
depth-weighted) capabilities; in this context, it may be
necessary to consider spatial frequency-modulated imag-
ing approaches [131]. Furthermore, the development of
revolutionary camera technologies such as quantitative
CMOS and dynamic vision sensors [132] will enable
orders of magnitude increase in frame rates, boosting
spatiotemporal resolution and allowing for enhanced
visualization of the smallest microvessels including capil-
laries. Using laser diodes with high illumination stability
and optical fibers instead of free space optics can simplify
future LSI devices, reduce costs, increase compactness,

and improve robustness, making them more suitable for
potential clinical deployment. With the various advance-
ments and the progression toward quantitative hemody-
namics, the future of LSI appears promising in scientific,
technological, preclinical, and even clinical domains.
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