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Abstract. Microcirculation imaging is crucial in understanding the function and health of various tissues and
organs. However, conventional imaging methods suffer from fluorescence label dependency, lack of depth
resolution, and quantification inaccuracy. Here, we report a light-sheet dynamic light-scattering imaging (LSH-
DSI) system to overcome these shortcomings. LSH-DSI utilizes selected plane illumination for an optical
sectioning, while a time-frequency analysis method retrieves blood flow velocity estimates from dynamic
changes in the detected light intensity. We have performed imaging experiments with zebrafish embryos to
obtain angiographs from the trunk and head regions. The results show that LSH-DSI can capture label-free
tomographic images of microvasculature and three-dimensional quantitative maps of local blood flow velocities.

Keywords: light sheet; laser speckle imaging; flow; quantitative map; tomographic imaging.

Received Dec. 31, 2023; revised manuscript received Sep. 29, 2024; accepted for publication Nov. 7, 2024; published online
Nov. 29, 2024.

© The Authors. Published by SPIE and CLP under a Creative Commons Attribution 4.0 International License. Distribution or
reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.

[DOI: 10.1117/1.APN.4.1.016002]

1 Introduction
Microcirculation imaging is of great importance in both clinical
applications and translational medical research.1–4 It plays a cru-
cial role in understanding the function and health of various tis-
sues and organs for many reasons. First, the evaluation of tissue
perfusion at a microvascular level provides valuable information
about blood flow distribution, capillary density, and the func-
tionality of microvessels.5 This information is vital for assessing
tissue viability, identifying areas of poor perfusion, and under-
standing the impact of diseases or interventions on tissue blood
supply. Second, abnormal changes in microscopic blood flow
patterns can be used for early detection and monitoring of vari-
ous diseases, including cardiovascular disorders, diabetes,
cancer, and peripheral vascular diseases.6 Third, microcircula-
tion imaging helps clinicians and scientists investigate the
underlying mechanisms of different pathologies, such as inflam-
mation, ischemia, angiogenesis, and microvascular dysfunc-
tion.7 This understanding contributes to the development of

targeted treatments and interventions. Fourth, microcirculation
imaging techniques are valuable tools for evaluating the
efficacy of various therapeutic interventions.8 The quantitative
and qualitative assessment of treatment-induced changes in mi-
crovascular parameters (e.g., blood flow, oxygenation, and ves-
sel density) can help develop new therapies, optimize treatment
strategies, and assess treatment outcomes in real time or
longitudinally.9 Finally, microcirculation imaging has the poten-
tial to contribute to personalized medicine approaches by
providing essential data on individual microcirculation charac-
teristics.10

Several optical methods have been established for imaging
microvasculature and visualizing the flow of blood in small
vessels such as capillaries. Among them, optical coherence
tomography (OCT) and its functional extensions,11 photoacous-
tic imaging (PAI),12 laser Doppler flowmetry (LDF),13–16 and la-
ser speckle imaging (LSI)17 are noninvasive techniques that have
found a range of clinical applications. In contrast, confocal
microscopy (CM) and intravital multiphoton microscopy in-
volve the use of fluorescent dyes or intrinsic fluorescence*Address all correspondence to Nanguang Chen, biecng@nus.edu.sg
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properties of tissues to enable visualization of individual ves-
sels, blood flow dynamics, and cellular interactions in the
microcirculation.18,19 Ultrahigh-speed OCT has been used to
trace the motion of blood cell clusters in small animal models.20

However, the most common OCT implementations for blood
flow imaging are Doppler OCT or optical coherence tomogra-
phy angiography (OCTA).21,22 OCTA provides qualitative and
semiquantitative information about blood flow. It does not pro-
vide absolute blood flow values or precise quantification of flow
velocities and has a limited dynamic range. This limitation re-
stricts the ability to perform precise comparisons or make ab-
solute measurements across different cases or studies. On the
other hand, Doppler OCT can provide quantitative measure-
ments of blood flow velocities but is more susceptible to motion
artifacts than OCTA.23 PAI enables noninvasive visualization of
blood flow structures and functional properties with high spatial
resolution and contrast.24,25 However, PAI has a relatively low
imaging speed, which can be a disadvantage in applications
where real-time monitoring of microcirculation dynamics is
critical.26,27 Compared to Doppler OCT, OCTA, and PAI,
LDF and LSI are relatively inexpensive techniques, and they
are easier to set up. LDF measures blood flow in microvessels
by analyzing the Doppler frequency shift of laser light scattered
by moving red blood cells. It provides relative blood flow mea-
surements and is often used to assess tissue perfusion and mon-
itor microvascular changes. LSI is a noninvasive imaging
technique in which a coherent laser beam is directed onto the
sample, and the resulting random speckle pattern produced
by the backscattered light from moving red blood cells is cap-
tured by a camera over time.1,3,28–39 Using correlation analysis or
speckle contrast analysis to process the temporal and/or spatial
fluctuations of these speckle patterns, LSI creates real-time
maps of relative blood flow in the microcirculation.4,40–48 LDF
is more suitable for larger regions of interest but with a limited
spatial resolution, typically in the range of millimeters. It essen-
tially provides an integrated measurement over a relatively large
area. In comparison, LSI offers a higher spatial resolution, typ-
ically in the range of tens to hundreds of micrometers. It allows
for imaging of individual microvessels and provides spatial
maps of blood flow distribution.

The above-mentioned conventional optical imaging methods
have their advantages and disadvantages. In general, their flow
assessments are qualitative or susceptible to artifacts/noises. In
addition, low-cost techniques, such as LDF and LSI, have no
axial resolution and cannot differentiate flow signals from dif-
ferent depths. We have recently combined CM with LSI to
achieve tomographic flow imaging and improve quantification.
However, the dynamic range and field of view (FOV) were
limited.4,40

Here, we report a light-sheet dynamic scattering imaging
(LSH-DSI) technique that can afford optimal microcirculation
imaging performance in terms of tomographic imaging capabil-
ity, high resolution, fast imaging rate, and quantitative flow
velocity assessment. Light-sheet fluorescence microscopy is
well known for its inherent optical sectioning, as it involves
illuminating a thin plane of a sample with a sheet of the laser
beam while capturing images typically perpendicular to the il-
luminated plane.49–52 It usually offers faster imaging speeds com-
pared to CM, as it captures an entire focal plane simultaneously.
Light-sheet fluorescence microscopy has been widely used in
morphological and functional imaging of zebrafish embryos,
including visualization of their vasculature structures, fluid

dynamics, and neuroactivities. Light-sheet platforms based on
light scattering have been reported recently for structural imag-
ing, in which the reduction and suppression of speckles are em-
phasized for improving the image quality.53–55 Our technique,
however, takes advantage of the dynamic changes in the scatter-
ing light to retrieve quantitative, functional parameters, such as
flow velocities. LSH-DSI differs from conventional optical im-
aging techniques primarily in how it delivers the illumination
light beam to the sample and the consequential impact on im-
aging quality and imaging speed. LSH-DSI utilizes a thin light
sheet that selectively illuminates a thin, planar region within the
sample, leading to low background noise and high imaging
speed. In conventional wide-field microscopy, both the focal
plane and out-of-focus regions are uniformly illuminated. It
lacks optical sectioning, and the contrast tends to be low due
to strong background interferences. Confocal microscopy uses
point or line-scanning illumination with a spatial filter to reject
out-of-focus light. However, the out-of-focus region is still ex-
posed to the illumination light, and the imaging speed is typi-
cally insufficient for real-time imaging.

In this paper, we first present a holistically optimized optical
design of a light-sheet platform for imaging microscopic flow in
embryonic zebrafish models. A time-frequency analysis method
is proposed for quantifying the blood flow velocities from the
raw time-dependent scattering light intensity signals. The quan-
tification accuracy is validated by comparing the LSH-DSI re-
sults with the coregistered particle imaging velocimetry (PIV)
data obtained from the same trunk region of a zebrafish larva.
The advantages and functionality of LSH-DSI, including its to-
mographic imaging capability, are further demonstrated with
imaging data from the more complex head vasculature of an-
other zebrafish larva. Our technique, in its current form, pro-
vides a simple but robust and quantitative means for three-
dimensional (3D) visualization of microvessels and blood flow
characteristics in suitable small animal models. Nonetheless, it
is expected that it can be further developed for in vivo micro-
circulation imaging of human subjects.

2 Results

2.1 Light-sheet Dynamic Scattering Imaging System
Design

We have designed and built an LSH-DSI system following the
general principle of selected plane illumination but modified
and optimized for functional imaging based on light scattering.
As shown in Fig. 1(a), the LSH-DSI system essentially con-
sisted of an illumination light path, a sample stage, and a
detection light path. In the illumination light path, the optical
output from a laser diode at 640 nm was collimated, expanded,
and then condensed by a cylindrical lens (LJ1695RM-A,
Thorlabs) to form an illumination light sheet after the illumina-
tion objective (123TL/05, 4×/0.1NA, Leica). Light-sheet
parameters, such as its thickness and length in the focal region,
were controlled by an iris aperture between the beam expander
and the cylindrical lens. The sample stage had a central mount-
ing hole for a standard glass-bottom dish on which imaging
samples could be mounted. An actuator (DMX3104SH-01,
NTN) is responsible for shifting the translation stage left and
right for depth scanning. An optional prism attached to a glass
slide was positioned underneath the sample stage, while a small
air gap was maintained between the dish bottom and the top
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surface of the glass slide. The prism helped minimize the dif-
fraction and aberrations of the illumination beam. The orthogo-
nal arrangement of illumination and detection axes is the
standard practice in fluorescence light-sheet microscopy. For
dynamic scattering imaging, however, this orthogonal light path
is suboptimal. Light scattering in biological soft tissues usually
favors small scattering angles (so-called forward scattering). For
example, the estimated anisotropic factor (the average cosine of
scattering angle) is ∼0.95 at 640 nm,55 considering a typical size
of 10 μm for red blood cells. Due to forward scattering, the de-
tected photon intensity depends critically on the detection
geometry [Fig. 1(b)]. To capture more scattering photons for
improved image quality and image acquisition speed, we chose
a vertical detection light path on top of the stage. Typically, the
illumination light sheet formed a 30 deg angle with the horizon-
tal stage surface, leading to a 120 deg angle with the detection

optic axis. Oblique light-sheet optical implementation has been
developed in recent years. Its technical advantages and design
considerations have been reported in many previous studies.56 A
10 × =0.25NAOlympus objective lens collected forward-scat-
tering photons with relatively small scattering angles (around
60 deg) and projected them via a tube lens onto a Scientific
COMS (sCMOS) camera (pco.dimax cs1, Excelitas
Technologies® Corp). The sCMOS camera could capture raw
speckle images at a full-frame (1296 pixel × 1024 pixel) rate
of up to 3086 frame/s (fps) and reach 10,782 fps for a moderate
image size of 528 pixel × 528 pixel.

Figure 1(c) highlights a design challenge associated with the
slanted illumination light sheet. In contrast to the orthogonal
detection geometry, it is impossible to position the tilted
light sheet within a tight depth of focus (DOF). To achieve a
uniform spatial resolution, it is necessary to control the effective

Fig. 1 Schematic of the optical setup for LSH-DSI. (a) LD, laser diode; BE, beam expander; CL,
cylindrical lens (f ¼ 50 mm). The dashed box after CL includes the beam view in the orthogonal
plane; IO, illumination objective; TL, tube lens (f ¼ 100 mm); DO, detection objective; DM, di-
chroic mirror. (b) Anisotropic scattering in tissue and detected signal intensity versus scattering
angle. (c) Layer-by-layer scanning enabled by sample translation. (d) Example LSH-DSI images.
The first row: raw speckle images; The second row: corresponding blood flow velocity maps. S1,
S2, S3, and S4 denote four different slices separated by 100 μm. RS indicates raw speckle images
while V represents velocity maps. Scale bars: 200 μm.
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numerical aperture of the detection objective (DO). We added
another adjustable iris at the back of the DO for this purpose,
ensuring that the DOF could adequately cover the effective
length of the light sheet (see Appendix A).

The dynamic scattering imaging system is supplemented by a
wide-field light microscope that can operate simultaneously dur-
ing dynamic scattering image acquisition. This wide-field sub-
system consisted of a green LED at a center wavelength of
520 nm for wide-field illumination, while the same DO for
LSH-DSI was used to collect the transmitted photons. A di-
chroic mirror (DMLP605R, Thorlabs) was used to pass the
red light for LSH-DSI but reflect the green light toward a gen-
eral-purpose machine vision CMOS camera (UI-3060CP-M-GL
Rev.2, IDS) for acquiring transmission images. The wide-field
transmission microscopic images were analyzed using a PIV
program (PIVlab, see Appendix A). PIV results provided com-
plementary flow and vasculature information and a cross-vali-
dation method for dynamic scattering imaging.

To obtain a two-dimensional (2D) LSH-DSI flow map, we
first positioned the light sheet in an appropriate region inside
the sample. Raw images were transferred from both cameras
to a PC and displayed on a monitor in real time for the operator
to find regions of interest. Afterward, the operator could adjust
the sCMOS frame rate and exposure time to acquire raw image
sequences. A raw image sequence was typically processed
with an algorithm based on spectral analysis pixel by pixel.
Consequently, the local frequency shift was converted to a flow
velocity and assigned to the corresponding pixel. 3D sample
scanning was performed by laterally shifting the sample (and
sample stage) with respect to the stationary illumination light
sheet using the actuator digitally controlled via a data acquisi-
tion (DAQ) device (USB6008, National Instruments).

Figure 1(d) shows sample laser speckle images obtained
from a 2-dpf zebrafish embryo. The gray-scale maps in the first
row are time-averaged intensities in the raw image sequences
captured at four different sample planes separated by a 100-μm
interval. The image acquisition speed was 450 fps. While some
morphological features were visible in the raw images, it was
very challenging to identify and discern the vascular system.
With autocorrelation analyses, however, we obtained high-def-
inition blood flow maps for various parts of the embryo (dis-
played in the second row).

2.2 Cross-Sectional Imaging of Blood Flow in the
Zebrafish Larva Trunk

The vascular structure in the trunk region of zebrafish larvae is
relatively simple. It is easy to capture high-quality transmission
images in which individual blood cells can be distinguished and
tracked to yield reasonably reliable measurements of blood flow
velocities, especially in those major vessels. Therefore, the trunk
region can serve as a test site for cross-validating the LSH-DSI
method with transmission-imaging-based PIV.

We acquired both dynamic light scattering and wide-field
transmission imaging data from a zebrafish larva at 3 days post
fertilization (dpf). As shown in Fig. 2(a), the light sheet inter-
sected the trunk at an angle. The raw images in the trunk region
were collected under the condition that the light sheet was
around 54 μm in length and 4 μm in thickness (illumination
NA 0.1) with a 24-μm DOF (detection NA 0.25). Major blood
vessels in the trunk region [the dorsal aorta (DA) and the pos-
terior cardinal vein (PCV)] were oriented horizontally to

facilitate the acquisition of high-quality wide-field transmission
images at 200 fps over 2 s. Figure 2(a) also shows a compound
cross-sectional LSH-DSI angiograph of the trunk, in which
the DA and PCV are indicated by a red triangle and a green
arrow, respectively. An example frame of transmission image
[Fig. 2(b1)] covered both DA and PCV, in which blood cells
were readily distinguishable from the background. The vectorial
flow maps [Figs. 2(b2) and 2(b3)] were generated by PIVanaly-
ses with PIVlab (see Appendix A). The unit for the flow velocity
was pixel per frame. Local instantaneous blood flow velocities
in both DA and PCV were quantitatively estimated by applying
a one-dimensional PIVanalysis MATLAB code to the sampling
regions of 40 pixel × 20 pixel [indicated by white boxes in
Fig. 2(b3)] and functioned as approximate ground truths for
the comparison study.

The acquisition rate for raw LSH-DSI images was 3000 fps,
and the exposure time was 20 μs, leading to a stack of 6000
frames over 2 s. They were intensity maps of light scattered
from the sample cross section [Fig. 2(c)] sliced through by
the light sheet. The high spatiotemporal resolution in the raw
image stack afforded crucial insight into complicated dynamic
signal characteristics and was very beneficial in the signal
processing and interpretation. As one can see from an example
scattering light signal picked from a DA pixel [Fig. 2(d)], the
intensity fluctuated in a seemingly random manner. However,
there was a periodic pattern in the instantaneous oscillation fre-
quency. The periodicity was confirmed with a time-frequency
analysis (see Appendix A for details), which resulted in the
short-time power spectrum, as shown in Fig. 2(e). The fre-
quency shifts were caused by the interference between detected
light waves scattered from stationary tissues (e.g., vessel wall)
and moving red blood cells. They can be readily converted to the
local and instantaneous flow velocities. The quantification ac-
curacy of this simple frequency-domain analysis method was
validated by comparing the LSH-DSI and transmission PIV
results.

The highly pulsatile arterial (DA) blood flow waveforms were
plotted in Fig. 2(f). The LSH-DSI (blue line) and PIV (red line)
results had very similar dynamic characteristics in terms of peak
value, valley value, pulse width, and rising and falling edges.
Based on a statistical analysis of the five pulses, the peak arterial
flow velocity was estimated at ð595.7� 23.1Þ μm∕s (LSH-DSI)
or ð612.4� 30.9Þ μm∕s (PIV). Averaging over the 2-s time
window, the flow velocity was 254.3 μm∕s (LSH-DSI) or
254.4 μm∕s (PIV) in the DA. In the PCV, the blood flow was
more stationary. Nevertheless, residual periodic changes in the
flow velocity were still visible in the LSH-DSI waveform
[Fig. 2(g), blue line]. The LSH-DSI estimated mean value
(179.4 μm∕s) was slightly higher than that of PIV (145.6 μm∕s).
While the relative difference appeared larger, the absolute differ-
ence was consistent with the measurement errors for both meth-
ods. These results suggest that LSH-DSI can quantitatively map
local flow in terms of absolute velocities instead of relative
changes afforded by conventional laser speckle contrast imaging.

2.3 3D Imaging of Blood Flow in the Zebrafish Larva
Head

The blood vessel network and flow patterns are much more
complicated in the head region. To further demonstrate the ad-
vantages of LSH-DSI, we collected experimental imaging data
from the head of a 4-dpf zebrafish larva. Figure 3(a) shows one
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frame of the transmission images, which is used to illustrate the
LSH-DSI scanning process. The zebrafish was shifted from left
to right step by step, while its head-tail central axis was oriented
perpendicular to the actuator axis. Equivalently, the light sheet
slicing through the head moved from right to left and the normal
distance between neighboring slices was ∼25 μm. The central
location of the light sheet at each scanning step corresponded
to one of the red dashed lines superimposed on the transmission
image.

Adapting to the size of the zebrafish larval head, both the IO
and DO irises were adjusted to have a light sheet around 602 μm
in length, 13 μm in thickness (illumination NA 0.03), and a
393-μm DOF (detection NA 0.05). The transmission images ob-
tained at 200 fps over 2 s were also processed by PIVlab with
the same parameter settings as above to generate a 2D flow
map [Fig. 3(b)].

Raw LSH-DSI images were acquired at 1500 fps (with an
exposure time of 20 μs) for 2 s at each of the 15 light-sheet
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Fig. 2 Quantitative comparison of blood flow velocities measured with LSH-DSI and PIV.
(a) Imaging geometry. (b) Flow mapping with PIV. 1, wide-field transmission image covering both
DA and PCV; 2 and 3, PIV analysis results showing blood flow in opposite directions along the DA
(up) and PCV (bottom). (c) A sample raw LSH-DSI image. (d) Representative light-intensity signal
picked up from a pixel in the DA. (e) Short-time power spectrum of the signal in (d). (f) Comparison
of DA blood flow velocities obtained from LSH-DSI (blue) and PIV (red). (g) Comparison of PCV
blood flow velocities obtained from LSH-DSI (blue) and PIV (red). Scale bar: 50 μm.
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locations. In total, the image acquisition time was ∼8 min, in-
cluding the time for data transfer from the camera memory to the
computer (264 pixel × 476 pixel per frame, 3000 frame for
each step), stage translation, and stabilization. The raw images
were first processed to generate speckle contrast maps (see Note

S2 in the Supplementary Material), which were simply the ratios
of temporal standard deviations to mean intensities. These
speckle contrast maps outlined the vasculature structures and
were used to generate (binary or analog) masks of vessel
regions.41 We then further processed the raw images for each

(a) (b) (c) (d)

(e)

(f) (g)

Fig. 3 Head vascular imaging. (a) A transmission image of the sample. (b) A 2D flow map gen-
erated with the PIV analysis of transmission images. (c) Simple projection of 15 LSH-DSI angio-
graph slices. (d) Combo LSH-DSI velocity map including three consecutive slices, which were
coded in red, green, and blue colors to distinguish them. (e) Representative en face angiographs
from the reconstructed image stack [Video 1 (AVI, 2.85MB) [URL: https://doi.org/10.1117/1.APN.4
.1.016002.s1]. The layer depths from the bottom were 118, 149, 188, and 228 μm, respectively.
(f) Four test points were selected (marked by blue squares) on a single slice (No. 4) angiograph to
estimate local blood flow velocities. (g) Blood velocity waveforms measured with LSH-DSI. The
line colors matched those of testing point indices in (f). Scale bars: 200 μm.
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of the 15 light-sheet slices using the same time-frequency do-
main analysis method as mentioned above and generated a
blood flow image sequence for each slice. The flow velocity
quantification was primarily performed in the vessel regions.
Averaging the flow velocities over time, we obtained the
slice-by-slice angiographs. The projection of all 15 angiograph
slices is shown in Fig. 3(c), which demonstrates striking simi-
larity in morphological details with Fig. 3(b), except in areas
where there is vessel overlapping or complex 3D flow (e.g.,
in the heart region). To show the optical sectioning capability
of LSH-DSI, we created a composite image [Fig. 3(d)] consist-
ing of LSH-DSI angiographs from three neighboring slices (No.
4 to No. 6), color-coded in red, green, and blue, respectively. A
significant part of the heart emerged in pure red, as it was largely
captured in layer 4. Many small vessels attached to aortic arches
appeared in pure green or blue. They were in layers 5 and 6 and
could be well separated by LSH-DSI. Structures in composite
colors (such as white, yellow, and cyan) were mostly associated
with relatively big vessels (such as the common cardinal vein) or
vessels running across layers. The angiographs were further
processed using interpolation to generate a finer 3D stack of
300 en face images (see Video 1). The depth interval was
1 μm, while the total depth range was 300 μm. A few represen-
tative frames (rendered in the ICA color map) are displayed in
Fig. 3(e). From left to right, they were positioned at 118, 149,
188, and 228 μm, respectively, from the bottom of the stack. To
better visualize the 3D network of blood flow in the zebrafish
larva head, a 3D rendering rotating along the y axis is provided
in Video 2.

The blood flow in the heart was rather complicated. Red
blood cells moved three-dimensionally, in contrast to the essen-
tially one-dimensional flow in small vessels. Therefore, it was
challenging to track individual blood cells in transmission im-
ages and obtain quantitative flow velocity measurements. On the
other hand, LSH-DSI was capable of tomographic and quanti-
tative visualization of the dynamic flow around the heart region.
Four test points (marked by blue squares) were picked from an
angiograph [Fig. 3(f),] and the corresponding flow velocity
waveforms were plotted in Fig. 3(g). The first test point was
located inside the heart. The flow velocity waveform (blue line)
had two peaks in each cardiac cycle. The first peak was asso-
ciated with the inflow of blood cells during the diastolic phase,
while the second peak was related to the outflow in the contrac-
tile phase. The fast-rising edge of the blood flow (red line) in
the dorsal aorta (DA; the second test point) almost coincided
with the peak outflow from the heart. However, it reached much
higher peak velocity values. For test points (No. 3 and No. 4) at
downstream arteries, the small time delays in the rising edge
and the gradual decrease in the peak velocity were nicely re-
produced.

It is evident that LSH-DSI has significantly extended the
functionality of conventional laser speckle imaging by provid-
ing 3D, layer-by-layer maps of flow velocities. Furthermore, the
3D imaging capability is achieved together with improved quan-
tification and high temporal resolution.

3 Discussion
We have experimentally demonstrated the performance of LSH-
DSI in terms of 3D imaging and dynamic flow velocity quanti-
fication. These technical advantages are a natural outcome of
our novel optical design, system optimization, and appropriate
flow quantification algorithm.

Light-sheet illumination is the key to optical sectioning with-
out spatial filtering (as in confocal microscopy) or numerical
postprocessing (as in structured illumination microscopy).
Unlike fluorescence lightsheet microscopy, LSH-DSI is based
on an intrinsic contrast mechanism (light scattering) and is a
label-free imaging platform. Like fluorescence light-sheet
microscopy, however, the optical sectioning capability of
LSH-DSI could be compromised by inhomogeneities and scat-
tering in tissue samples. In addition, the axial resolution must
compromise with the FOV and DOF. Nevertheless, LSH-DSI
provides an excellent solution to experimentally investigating
fluid dynamics in sophisticated 3D networks.

The light sheet tilted with respect to the detection optic axis is
another indispensable feature that helps enhance the detected
signal. Compared with the backscattering light in a confocal
setup, the forward-scattering signal captured in LSH-DSI is
stronger by many orders of magnitude. As a result, there is great
flexibility in configuring the image acquisition speed and
exposure time without worrying about the photon budget. In
our imaging experiments, the camera exposure time was as short
as a few microseconds, while the illumination light power
was <11 mW. The high-speed imaging capability is desirable
for enhanced dynamic range in flow velocity measurement.
However, this is not its only benefit. It also enables fast
DAQ and helps improve the overall throughput, especially in
3D imaging.

Notwithstanding all the benefits of the slanted light sheet,
LSH-DSI is by no means limited to this specific configuration.
In the case of an adequate photon budget, the conventional
orthogonal detection geometry [see Fig. 1(a)] could be a better
option to allow faster depth scanning without using the trans-
lation stage. Furthermore, the illumination and detection optics
can both be shifted above the sample stage to accommodate
other small-animal models that are less transparent.

Model fitting has been a tricky process in laser speckle im-
aging, with many uncertainties. Our investigation has revealed
the complicated nature of dynamic scattering signals, which re-
quires delicate theoretical treatment. The dynamic change in the
detected light intensity comprises two components. The first
component is generated by the interference of light scattered
from a group of scattering particles (primarily red blood cells
in this study) that move independently of each other. It is ran-
dom in nature. The second component, on the other hand, is
more periodic and results from the interference of light scattered
from stationary structures (e.g., the vessel wall) and moving
scatters. We previously attempted to retrieve the decorrelation
time associated with random intensity fluctuations and tried
to separate them from an underlying periodic oscillation.
However, the separation process was a bit tricky. It worked well
for continuous flows in veins but was not so effective in dealing
with dynamic flows in arteries, for which the frequency shift
varied too quickly. The frequency domain analysis method pre-
sented in this paper leads to a more robust imaging processing
algorithm for quantifying local flow velocities. It is especially
suitable for microcirculation imaging as blood cells are moving
in close proximity to microvessels. Consequently, the Doppler
signals become adequately strong for accurate frequency shift
estimation.

It should be noted, however, that the flow velocity estimate
depends on the orientation of the vessel relative to the illumi-
nation and detection light paths. In zebrafish head vasculature
imaging, the initially estimated velocities (as shown in Fig. 3)
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were relative instead of absolute, as the local vessel orientations
were unknown. Nevertheless, this morphological information
could be recovered once the 3D angiograph was reconstructed.
In principle, the local flow velocities could be consequently cor-
rected and quantified.

We plan to investigate further in the future to improve our
imaging technique from various aspects. Powerful deep-learn-
ing approaches will be leveraged to suppress noises in flow
velocity maps for better visualizing slow flows, perform proper
vessel segmentation, and enhance spatial resolutions (especially
the depth resolution). In addition, there is room for improvement
in terms of optical and mechanical designs. Our current setup
relies on mechanical translation to achieve sample scanning.
The use of a translation stage ultimately limits the 3D imaging
speed and may lead to image distortion and motion artifacts.
Therefore, it is desirable to develop and adopt a fast-scanning
mechanism to shift the light sheet rapidly inside the sample.
Special beam techniques (e.g., scanning Bessel beam) could
be integrated into our platform to extend the FOV without com-
promising spatial resolutions. In terms of future applications, we
are very interested in adapting our technique to visualize micro-
circulation in human subjects.

In conclusion, we have developed a novel laser speckle im-
aging system augmented by wide-field transmission imaging for
cross-validation. A series of validation experiments have dem-
onstrated the performance of LSH-DSI, including optical sec-
tioning, outstanding flow quantification accuracy, and high
spatial and temporal resolution. While LSH-DSI is an excellent
platform for zebrafish embryos and larvae, it can be adapted to
flow imaging for other small-animal models, such as mouse and
fruit fly larvae. In addition, there is a great potential to further
develop it for medical applications where 3D and quantitative
label-free flow imaging is essential.

4 Appendix A: Materials and Methods

4.1 Sample Preparation

Zebrafish embryos and larvae were used as samples in our in
vivo imaging experiments. According to NUS Institutional
Animal Care and Use Committee (IACUC) guidelines, zebra-
fish embryos or hatched larvae in the yolk sac stage up to 5 days
post-fertilization are not considered “live vertebrate animals.”
The research will not be subjected to IACUC review if the ze-
brafish embryos/larvae will be euthanized 5 days post-fertiliza-
tion. In our study, the zebrafish were stored in a 28°C incubator
after fertilization. In the first three days, the zebrafish larva was
cultured in 0.003% PTU solution to remove melanin during de-
velopment. Before imaging experiments, the zebrafish were
anesthetized with 0.02% Tricaine and then immobilized with
3.5% methylcellulose in a Petri dish where the bottom was a
thin coverslip.

4.2 System Configuration and Data Collection

The raw data acquisition process was one of the most important
factors determining the accuracy of blood flow velocity mea-
surement. It was critical to properly configure the laser wave-
length, the light-sheet thickness, and the image acquisition
speed for different samples.

The thickness and length of the light sheet were estimated
from these two parameters:

w0 ¼
λ

πNAIO
and zR ¼ nw0

NAIO
; (1)

where n is the medium refractive index, λ is the laser wave-
length, NAIO is the illumination objective numerical aperture,
w0 is the Gaussian beam waist radius, and zR is the Rayleigh
range. The effective beam thickness was simply 2w0, while
the effective beam length for even illumination was 2zR. A
thicker light sheet was associated with a lower axial resolution
but a larger usable FOV, and vice versa. The light-sheet thick-
ness also had a strong influence on the optical sectioning
capability of the system and the accuracy of the blood velocity
quantification. The iris in front of the illumination objective,
which had an adjustable aperture, was responsible for control-
ling the light-sheet characteristics.

The sCMOS high-speed scientific camera captured raw laser
speckle images, while the CMOS camera was used to collect
wide-field transmission images. Both cameras were triggered
with the NI DAQ card for synchronized image acquisition,
while their frame rates and exposure times were set independ-
ently in the LABView-based software designed for image ac-
quisition and system control. For LSH-DSI imaging, the
sCMOS frame rate determined the upper bound of the blood
flow velocity to be measured. Therefore, faster blood flow often
requires higher frame rates. On the other hand, an excessively
high acquisition frame rate was avoided, as it caused an unnec-
essary strain on the system resources and slowed down the post-
processing process.

4.3 LSH-DSI Image Processing

A raw LSH-DSI image stack typically consists of a few hundred
to a few thousand 2D-intensity images. The dynamic changes in
light intensity were analyzed pixel by pixel in MATLAB.
Details of the processing method are illustrated in Fig. 4.
Figure 4(a) shows a representative segment of the raw speckle
signal. It was picked from a single pixel in a vein region, and its
intensity fluctuated with time-dependent patterns. The signal
was sampled at 3000 Hz for 2 s and was loaded into
MATLAB as a 6000-element vector. A time-frequency analysis
function “pspectrum” was used to compute short-time power
spectrum estimates of the signal. The analysis result was a
2D matrix that represented the time-dependent signal spectra.
As shown in Fig. 4(b), each column of the matrix was a
short-time spectrum for one of 128 time points within the 2-s
time. The frequency range for each spectrum was 1500 Hz, half
of the sampling frequency. An alternative way to look at the
spectra for all time points was to plot them as one-dimensional
functions of frequency [Fig. 4(c)]. For most spectral lines, the
power densities leveled off in the frequency range from 500 to
1500 Hz, indicating a noise floor of around 47.6 dB. In the fre-
quency band below 500 Hz, the signal spectrum typically con-
tained two distinctive lobes. The main lobe was close to direct
current, which resulted from random interferences from micro-
scopic scatterers. The sidelobe, indicated by the green arrow,
was related to more periodic intensity fluctuations that involved
both moving scatterers and stationary vascular structures.57 In
this work, we simply used the sidelobe information to quantify
the flow velocities. To properly identify the sidelobes, we first
set a power threshold to suppress noises. The effect of thresh-
olding was apparent when we displayed the spectra in a power
density range of 50 to 90 dB [Fig. 4(d)]. The background
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Fig. 4 Time-frequency analysis of speckle signals. (a) A segment of representative raw speckle sig-
nal that lasted for 2 s and was sampled at 3000 Hz. (b) The time-dependent power spectra of the
signal in (a), displayed as a 2D function of time and frequency. (c) The family of time-dependent
power spectra for all time points plotted as one-dimensional functions of frequency. (d) The same
2D spectra as in (b) displayed between 50 and 90 dB in power. (e) A sample power spectrum at one
of the time points. Red line, a typical threshold at 60 dB for noise suppression and peak identification.
The data tip indicates an identified spectral peak with a corresponding peak frequency shift
(184.751 Hz) and peak power (68.8377 dB). Orange dashed-dotted line, a too-low threshold; blue
dashed line, a too-high threshold. Dark red triangles, spurious peaks. Yellow arrow, low-frequency
intensity fluctuation peak. (f) The peak frequency shifts for all time points in the 2-s window.
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became clean, and the envelope of the peak frequency shifts
could be better identified, as the lower bound of 50 dB was
2.4 dB above the noise floor. In this study, a typical threshold
of around 60 dB was chosen. The peak frequency shift at each
time point was found by searching the local peaks above the
threshold in the corresponding spectrum. The data tip in
Fig. 4(e) indicated a readily identified local peak with the maxi-
mum peak frequency shift. The peak power at this frequency
was significantly higher than the threshold (red horizontal line).
The orange (dashed-dotted) and blue (dashed) lines were in-
cluded to illustrate hypothetical scenarios in which thresholds
mismatched signal/noise levels. For instance, the orange thresh-
old was comparable to the noise floor, and some spurious peaks
(dark red arrows) would appear in the searching range and led to
overestimated flow velocities. In another case, the signal peak
power could fall below a too-high threshold (blue) and the peak
frequency would not be included in the searching range.
Consequently, the estimated flow velocities could be signifi-
cantly lower than the true values. Therefore, it was apparent that
an adequately high signal-to-noise ratio was essential to achieve
high accuracy in flow velocity quantification. The peak fre-
quency shifts were estimated point by point; the result is plotted
in Fig. 4(f).

The local flow velocity is simply converted from the fre-
quency shift f0 by

v ¼ λf0
n cos θ

; (2)

where θ is the angle between the illumination beam propagation
direction and the flow (vessel) orientation.

4.4 PIVlab Image Processing

PIVlab is a graphic user interface-based MATLAB program de-
signed for particle image velocimetry. We have used this soft-
ware to process both transmission images and scalar velocity
maps retrieved from laser speckle images.

The image processing procedures are as follows: First, an
input image stack is imported into PIVlab. Second, one of
the built-in algorithms is chosen for cross-correlation analysis.
Usually, direct Fourier transform correlation with multiple
passes and deforming windows (FFT window deformation) is
preferred over single-pass direct cross-correlation and ensemble
correlation. Third, the selected analysis is configured and per-
formed, after which the results are calibrated using a calibration
image acquired separately. Eventually, the velocity distributions
in the FOVand instant velocity waveforms in specific regions of
interest are generated. As an option, the blood vessel network
can also be delineated by further processing the velocity maps.

5 Appendix B: Video Files
Video 1: A fly-through animation showing the captured zebra-
fish larvae head vasculature within a depth range of 300 μm
(AVI, 3.9 MB).

Video 2: 3D rendering of zebrafish larvae head vasculature
rotation along the y axis (AVI, 1.2 MB [URL: https://doi.org/10
.1117/1.APN.4.1.016002.s2).
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