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Abstract
analysis (PCA) to obtain a three-dimensional (3D) visualization of the blood-flow network and skeleton in a live organism.
Methods

absorption image was obtained with the use of the first principal component of the raw image sequence. The flow images were

Objective We propose a dual-contrast optical projection tomography (DC-OPT) based on principal component

The PCA method was used to extract the absorption and flow contrast images (15 images/projection position). The

obtained based on the computation of the modulation depth of each pixel. The flow and absorption contrast images at different
projection positions are combined to achieve a synchronous reconstruction of a 3D image. Results The combination of PCA and
OPT is used to realize the 3D imaging of the blood-flow network and skeleton of the biological sample by separating the dynamic
blood flow signal and the static background signal of the sample. Conclusion The novelty of our study is attributed to the fast,

simultaneous, dual-contrast 3D images of the blood-flow network and skeleton by the same optical system. The experimental result

can be applied in physiological development studies in live model organisms.
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The visualization of a three-dimensional (3D)
blood-flow network and skeleton development is
conducive to the provision of an effective means for
the development of live organisms!'?. Label-free
blood-flow network reconstruction methods, such as
photoacoustic (PA) imaging and optical coherence
tomography (OCT), have been developed in optical
imaging® and applied biological research. PA
imaging and OCT are noncontact methods and have
high contrast. However, their applications are limited
owing to the image depth and high cost. Optical
projection tomography (OPT) is an inexpensive 3D
microscopic imaging technology that can perform full-
view 3D imaging of specimens. With laser speckle
and laser Doppler effect of the moving blood flow,
some methods have been developed to obtain 3D flow
images in OPT systems!*”). In this regard, Liao et al.!%
proposed a method based on the scattering of lateral
dynamic light called optical projection angiography
(OPA). They used an intensity fluctuation modulation

optical projection tomography, principal component analysis, dual-contrast imaging, three-dimensional angiography

(IFM) method” to obtain the blood flow signal.
However, to achieve this they recorded 512 raw
frames (5.1 s) at every projection angle.

In this paper, we propose a dual-contrast optical
projection tomography (DC-OPT) with the same laser
source to simultaneously obtain the visualization of
the blood-flow network and skeleton of live biological

specimens. In the present study, the principal

* This work was supported by grants from the Key-Area Research and
Development Program of Guangdong Province (2020B1111040001),
The National Natural Science Foundation of China (61771139,
62075042, 61605026), and Natural Science Foundation of Guangdong
Province (2017A030313386, 2016A020220021).

## These authors contributed equally to this work.

##% Corresponding author.

CHEN Yong. Tel: 86-18029259418, E-mail: cheny@fosu.edu.cn
ZENG Ya-Guang. Tel: 86-13590668561, E-mail: zeng.yg@163.com
Received: May 5, 2021  Accepted: July 20, 2021



2022; 49 (4

B, %&: ETERS S IHINIT LSRR K

+809-

component analysis (PCA) method was used to
extract the two-dimensional (2D) absorption and flow
contrast projection image from 15 raw image frames
at every projection position. For the DC-OPT, the
absorption image was obtained with the use of the
first principal component of the raw image sequence.
The 2D flow images can be potentially achieved by
using the modulation depth (MD) of each pixel as the
image parameter. The flow and absorption contrast
images at different projection positions are combined
to synchronously reconstruct 3D blood-flow networks
and skeleton images with the filtered backprojection
algorithm. Compared with our previous work, we
only use 15 raw image frames (0.15 s) with the PCA
method to simultaneously obtain the absorption and
flow images at every projection position. The
experimental innovation of this study is based on the
ability to generate synchronous, fast-speed, dual-
contrast 3D images for blood-flow networks and
skeletons in the same optical system. The experiment
result can be applied potentially in physiological
developmental studies.

1 Experimental setup

Figure la shows the schematic of the DC-OPT
experimental setup. A laser source (LS) (A=650 nm,
average power: 50 mW) forms two symmetrical laser
beams optical paths through a 1/2 fiber splitter (FS)
continuous output. Using expanding lenses (L), two
symmetric lasers to illuminate the sample as
uniformly as possible, the telecentric imaging system
avoid to receive the parallel transmission light from
the light source and the camera only receives scattered
light in the illumination field as show in the dotted
frame (D™ in Figure la. A zebrafish (35 d old, length
of 17 mm, width of 3.9 mm, and approximate
maximum and minimum thicknesses of 2.5 mm and
0.4 mm, respectively) were used as the specimens to
achieve 3D imaging for its blood network and
skeleton. The customized telecentric system was used
to capture raw speckle images at each projection angle
position. The telecentric system (Edmund optics
58428) has a field depth of 9.67 mm and a spatial
resolution of approximately 8.5 um, and aperture is

0.025 and the magnification is 0.3%. The entire system

(®)

Flow image

'1"'

Absorption image

Fig.1 Schematic of DC-OPT
(a) A schematic diagram of DC-OPT experimental device. The laser source (LS) continuously outputs through the 1/2 fiber beam splitter (FS) to form

two symmetrical laser beam paths. Two symmetrical lasers are used to irradiate the sample as evenly as possible by using expansion lens (L). The

telecentric imaging system (TS) and the camera (C) only receive scattered light in the irradiation field. The stepping motor (SM) drives the turntable

(T) to rotate by 360° in a step of 1.8°. The zebra fish (S) is taken as a specimen to perform 3D imaging of its blood network and bone. (b) In the

experiment, the stepper motor rotates 360° with a step size of 1.8°, and the camera captures 15 original speckle images at each angle, with a total of

200 angles. The principal component analysis algorithm is used to obtain blood flow and absorption images.
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was fixed on a vibration-isolating optical platform.
The raw images were recorded by a camera (C)
(acA2000-340 km, Basler with a pixel size of 5.5
pmx5.5 pum. As shown in Figure 1b, the camera
records 15 raw speckle images at each projection
position, and uses the PCA algorithm to obtain a
blood flow and absorption contrast images. In the
experiment, a 16-bit, high-speed analog output board
(NI PCI-6221) was used to synchronize and trigger
the camera acquisition and step motor rotation. First, a
laser source (LS) was triggered to achieve a stable
output followed by the digital camera acquisition.
Subsequently, the stepping motor was triggered to
rotate by 1.8°, and this process was repeated until the
stepping motor was rotated by 360° to capture 200
angles in total. Herein, LabVIEW (version: 2015) was
used for data acquisition, and MATLAB (version:
2015a) is used to process data. The biological
specimen zebrafish used in the experiment was first
anesthetized with a stabilizer. It was then hung in a
cylindrical glass tube with thin walls (1 mm) and a
large diameter (8 mm) with a low-melting point
(L.M.P.) agarose (1% agar, gel temperature: 24-29°C)
fixation. The tube follow the specimen rotation and
prevent its movement. Herein, the cylindrical glass
tube was placed in the refractive index matching pool
(IMP). With this, any refractive index difference
between the glass and water/agarose was used to
eliminate lens aberration!”).

2 Methods

The key problem of the DC-OPT was the
synchronous extraction of the absorption and flow
signal from the raw images. Our method can be
described as follows. When a laser beam illuminates
moving particles of the specimen, a time-dependent
fluctuating intensity with a Doppler-shifted frequency
can be observed. For -capillaries, the Doppler
frequency of the blood flow signal was generally in
the range of 20 Hz-10 kHz. In our study, the exposure
time of the camera was set to 50 us. Based on the
Nyquist sampling theorem, the camera can capture the
variation of the Doppler signal up to
fo =172, = 10kHZ"". The signal recorded by the

camera was lower than the half period of the Doppler
signal to retain its fluctuation condition. However, the
acquired frame speed of the cameras was set to 100
frames per second (fps) that is much lower than the

Doppler frequency. Thus, the sub-Nyquist sampling
acquisition method can obtain the fluctuation
information. In this case, the undersampled Doppler
signal comprises a dynamic component from the
red blood cells (RBCs) and a

component from the background, such the muscle or

moving static
skeleton. The reason for the use of the particular
sampling method has been explained in detail in our
previous work!""!. Therefore, the acquired raw signal
can be written as follows:

I ey, 0)=1, (0, (x.y;1) (1
Where [,(x, y, ©) and [ (x, y, {) are the static and
dynamic components of the raw signal, respectively, x
and y indicate the size of the collected data, and ¢ is
the data sample that denotes the acquisition time, x
stands for Pixel. Figure 2 shows the schematic of PCA
method used to extract the static /,(x,)) and dynamic
signal / (x,y). In this study, data with dimensions
PixelxYxTime were acquired in the case of the DC-
OPT, and the datasets (Pixel-time), including the
spatiotemporal information, were employed in each
PCA algorithm. Herein, we remarked that PCA-based
techniques proposed  for
applications in medical ultrasonic imaging. Further,

have been several
on the basis of the different statistical characteristics
of the blood flow and wall thump signals, PCA has
been employed to discriminate the blood flow
component from a mixed signal in ultrasonic
imaging!'”. Accordingly, in this study, we separated
the dynamic blood flow signal from the static
background signal and low-frequency noise with
PCA. In this regard, we first calculated the covariance
of the row pixel data along the time sequence and
obtained the covariance matrix C(x,y,,¢)=cov[(x,y,1)],
where [ (x,y, f) denotes the undersampled Doppler
signal at the pixel in row i, and cov[/ (x,y,,f)] denotes
the covariance operation. C(x, y, f) is the eigenvalue
decomposed along T orthogonal directions expressed
as

C(x,yt) = EAE" 2
where A=diag(li,2,** ,Ar), (A>4>+-+1;) denotes the
eigenvalue matrix and E is the eigenvectors!'”. PCA
uses an orthogonal transformation to convert raw
correlated variables in linearly uncorrelated variables.
This
components are orthogonal. This is similar to our
previous optical projection angiography method!®. In
that study, we used Fourier transform to convert the
time-domain signal in the frequency domain, and

indicates that the base vectors of all the
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Fig. 2 Schematic diagram of PCA algorithm

PCA method used to extract the static signal /,(x,y) with the first principal component and dynamic signal /,(x,y) by summing all high-order

principal components.

extracted the blood flow information according to the
frequency component between the dynamic flow
signal (high-frequency signal). The dynamic signal

can be obtained as follows!'":

eyt = Yley) % (Bo,) ()

The static background signal (low-frequency
signal) can be presented as:

L (wyt) = (xy ) X (Ew,) 4)
where w, and w, denote the weights that decide the
filtering range. Notably, the weights can be modified
according to the required case. We set w,=
(0,1,1,1,---)", which presents all the high-order
principal components, i.e., from 2 to N. We set o, =
(1,0,0,0,--+)",
component. >, denotes the sum operator with respect
to the time. In the traditional OPT case, the import
problem refers to the extraction of the absorption

which presents the first principal

signal that presents the absorption message along the
field depth in the optical telecentric system. Based on
the PCA method shown Figure 2, we assumed that the
first principal component represents the absorption
information for most specimens. We used [, (x,y)
processed by Equation (4) to represent the absorption
information of the specimens at every projection
position.

To visualize the blood flow image, the MD of
each pixel was defined as the flow image parameter,

i. e, the ratio of the dynamic signal to the static
signalt'”:
MD(xy) = 1, (e.y )1, (xy) )
According to our previous study, the flow
parameter MD presents the concentration of moving
particles, and the parameter MD is related to the
particle concentration. Given that the PCA method has
the capacity to separate the blood flow signal from the
background tissue signal. In our previous work!'’, we
verified that the imaging effect of the PCA method
when the number of frames is 5-15 frames is better
for the flow contrast, but in order to balance OPT
absorption imaging, it requires multi-frame image to
average the laser speckle. So the number of 15 frames
at every projection position is chosen as optimal
frames to process the data. Then the acquired time
was approximately 0.15s. Compared with the IFM
method that acquires 512 frames raw images (5.1 s),
our method improved considerably the imaging speed.
This is important for live organisms. Absorption
images and blood flow images at different angles
were reconstructed with the filtered backprojection
reconstruction algorithm to form 3D image!"*.

21 %

K(x,z) = JJ-M(Z,H)*C(Z) X 8(xcosh + zsin0)dldO (6)

Herein, * represents the convolution, M(L,0)
represents the projection parameter MD or [, for the
same angle of view 6. In the case of OPT images, it is
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the polar coordinate representation of /,, and in the
case of OPA, it is the polar coordinate representation
of MD. In addition, ¢(/) denotes the spatial domain
representation of the appropriate filter required for
back projection. So far, the 3D vascular structure and
3D tissue structure were obtained.

3 Results and discussion

Figure 3 shows the normalized raw image
(Figure 3a), the normalized absorption image (Figure
3b), and the normalized flow image (Figure 3c) at a
projection position. The laser speckle character can be
identified in Figure 3a. This may mean that internal
interference take place with the live specimen. The
boxed area (0.1 mmx0.1 mm) marked with the
number 1 is the swimming bladder in which the tissue
is transparent and exhibits increased brightness. The
average of the data in the box 1 is 0.64. Box 2 shows
the spinal cord position, and the average of the data in
the boxed area (0.1 mmx0.1 mm) is 0.53. Box 3
shows the posterior cardinal vein position, and the
average of the data in the box area (0.1 mmx0.1 mm)
is 0.54. Figure 3b shows the absorption image
processing outcome based on the PCA method. The
15 raw images were processed based on Equation (4)
with the first principal component. The laser speckle
character can also be found from the absorption
image. The averaged values of boxes 1, 2, and 3 are
0.70, 0.58, and 0.57, respectively. From the absorption
image, it can be inferred that the intensive image is
similar to the raw image at the same position. The
flow signal is not outstanding. This is attributed to the
fact that the first principal component only extracts
the static speckle signal but does not completely
remove the influence of laser speckle effect. Further
studies will investigate and elucidate the speckle
effect from the first principal component signal.
Figure 3c shows the imaging outcomes when MD is
used as the imaging parameter following processing
based on Equation (5). Compared with Figure 3a, b,
the averaged intensity values of the boxes 1, 2, and 3,
are 0.12, 0.49, and 0.63, respectively. The intensity of
the swimming bladder (box 1) has been declined. This
means that the background static signal is eliminated.
However, the flow signal of the posterior cardinal
vein (box 3) has been improved considerably.

3

2 mm

2 mm

Fig. 3 Various normalized two—dimensional ( 2D )
images at the same projection position
(a) Raw image, (b) absorption image processing based on Equation (4),
(c) flow image processing based on Equation (5). Serial numbers /, 2,
and 3, represent the zebrafish swimming bladder, spinal cord, and

posterior cardinal vein, respectively.

Figure 4 shows the 3D experimental results for
the zebrafish with the back-projection algorithm.
Figure 4a and Supplementary movie S1 shows the 3D
absorption image, the spinal cord and dorsal fins can
be observed clearly, but the organ located in the
abdomen cannot be reconstructed owing to the
increased absorption. From the 3D absorption image,
one can infer that the speckle pattern is attenuated
considerably. The reason for this is attributed to the
fact that the back-projection computation at different
positions has superimposed the speckle effect at the
trajectory light path. In other words, the filter back-
projection algorithm can lead to a more consistent
reconstruction absorption effect. Figure 4b and
Supplementary movie S2 shows the 3D wvascular
distribution image of the specimen based on the
reconstruction of the flow images extracted by the
PCA method. In this reconstruction, the major vessels,
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such as the posterior cardinal, hepatic portal, and
gonadal veins, and blood capillaries, such as the
intersegment vessels, can be observed clearly. These
outcomes have considerable reference value to life
science research. Figure 4c and Supplementary movie
S3 is the fusion of the 3D absorption and 3D vascular
distribution images. Serial numbers /, 2, and 3
represent the zebrafish swimming bladder, spinal
cord, and posterior cardinal veins, as shown in Figure
3, respectively. As observed in the 3D fusion image,
the swimming bladder disappeared. It is sheltered by
the spinal cord in some projection positions. We
consider that the reason for this is attributed to the flat
shape of the specimen. However, the spinal cord and
posterior cardinal vein can be clearly observed. Our
results show that our method can realize the dual-
contrast optical projection tomography for a live
zebrafish. The 3D visualization of the blood-flow
should be
physiological developmental studies for live model

network and skeleton applied in

organisms.

Dorsal fins \

Spinal cord

/-

2 mm

Intersegemental ve:

2 mm

5 U e[S

2 mm

Fig. 4 Three—dimensional ( 3D ) diagram of
experimental results
(a) Three-dimensional (3D) absorption image (see Visualization 1). (b)
3D flow images (see Visualization 2). (c) Fusion of (a) and (b) (see
Visualization 3). Serial numbers 1, 2, and 3, represent the zebrafish
swimming bladder, spinal cord, and posterior cardinal vein,

respectively (see Figure 3).

Figure 5 shows the images of the zebrafish
section marked by a white dotted line, and the yellow
arrows in Figure 4c. Figure 5a shows the absorption
image slice map in which the skeleton distribution of
the specimen was reconstructed. We can clearly
observe the cross-sectional image of the spinal cord,
dorsal, and ventral fin. Figure 5b shows the vascular
distribution in this section in which the major vascular
channels, such as the aorta and cardinal vein, hepatic
portal vein, and the intersegment vessels (highlighted
in red) can be clearly observed. Figure 5c shows the
fused images shown in Figure 5a, b, The outcome
shows details of the skeleton and the distribution of
vascularity, and provides more comprehensive
information for life science research. To evaluate the
spatial resolution of this system, two curves are
plotted in Figure 5d that show the fluctuations of the
signals along the white line on Figure 5c. The red
curve represents the blood flow signal of the
specimen, and the black curve represents the skeleton
signal. We cut across the half-amplitude and quarter-
amplitude lines in the red curve points in 4, 4', and
| BB' — 44" |
approximately 31.45 pym. Additionally, the value
of the black curve in | DD' = CC' | is 24.05 um!'*.
method!®,  the
experimental results show that our method can not

B, B', respectively. in Figure 5d is

Compared with our previous
only achieve the 3D visualization of bones with a
lower number of frames, but also acquire the high-
resolution 3D blood flow network imaging in the
same optical system.

Although the proposed method simultaneously
achieves dual-contrast optical projection tomography,
it is only suitable for the case that the sample is nearly
transparent, thickness uniform, and the size is within
the depth of field. There are some improvements
should be further considered in our future study. DC-
OPT can highlight 3D skeleton and blood flow of
microbial specimens simultaneously. But we admit
there is an entanglement relationship between the
extracted static signals and absorption or scattering
coefficient, we should verify it in the future work. In
the current experiment, we used a glass tube (n=1.5)
in water (n=1.33) to match the refractive index. In
order to obtain higher accuracy refractive index
match, the FEP tubes (n=1.37) will be used in future
experiments.
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Fig. 5 The images of the zebrafish section marked by a white dotted line, and the yellow arrows in Figure 4¢

(a) A cross-section of a three-dimensional skeleton image. (b) A cross-section of a 3D blood flow image. (c) Across-section of a fused image. (d) Plots

of the signal extracted along the white line profile in (c).

4 Conclusion

We propose a dual-contrast optical projection
tomography method to simultaneously acquire a 3D
visualization of the blood-flow network and skeleton.
2D absorption and flow images of each projection
position are extracted based on the separation of
dynamic blood flow signals from static background
signals. 3D blood flow network and bone were
reconstructed by the filtered backprojection algorithm.
The innovation of this method is that we use the idea
of static background signal and dynamic blood flow
signal separation to realize the fast, simultaneous,
dual-contrast 3D images of the blood-flow network
skeleton. results in live

and The experimental

biological specimens prove the feasibility of our

method and may have potential applications in
physiological developmental studies of live model
organisms.

Supplementary PIBB 20210124.Movie S1-S3.mpg
are available online (http://www.pibb.ac.cn or http://
www.cnki.net).
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