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Abstract

live animal models. Here, we presented a novel method that combined absorption intensity fluctuation modulation imaging with sub-

Full-field label-free optical angiography is a powerful imaging technique that aids study of cardiovascular diseases in

pixel matching based on a normalized cross-correlation algorithm to eliminate blurring of angiograms caused by system drift or
biological jitter. Raw images showing absorption difference between red blood cells and background tissue under illumination with
low-coherence light were captured and divided into several short image sequences. These sequences were then used for image
reconstruction using absorption intensity fluctuation modulation imaging to achieve full-field angiography by isolating dynamic red
blood cell signals from the background signal in the frequency domain. All the reconstructed images were then matched with the first
reconstructed image using the normalized cross-correlation algorithm and subsequently fused. /n vivo angiography near chicken
embryo heart was performed to demonstrate the efficacy of our method, and it produced clear, blur-free angiograms with high spatial

resolution and signal-to-noise ratio.
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Label-free optical angiography of live biological
[1-3

acquisition of signal in each pixel, which is important

specimens!'?! enables detection of the physiological for studying the blood microcirculation systems

mechanisms of various diseases linked to blood
[4-6]

globally. Absorption intensity fluctuation modulation

circulation systems Various optical imaging (AIFM) was proposed by Wang et al. previously!'®. It

methodologies have recently been developed, such as

optical coherence tomograph angiograph
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(OCTA) U1 full-field laser Doppler imaging!'*'",
12131 laser speckle
imaging with intensity fluctuation modulation!'*'",
and full-field functional optical (6],
OCTA is widely used for vascular imaging in the

laser speckle contrast imaging
angiography

eyel'”l, but the spot-scanning mode is time consuming
and cannot simultaneously monitor the entire area in a
frame. In comparison, the full-field methods have
higher temporal resolution and ensure simultaneous
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achieved full-field blood flow measurement of near-
transparent live animal models using modulation
depth (MD) imaging and isolation of dynamic red
blood cell (RBC) signal from the background signal,
using an appropriate filter. However, as this method
reconstructed blood flow images from sequences of
raw images collected over a long period, the drift of
biological samples caused by systemic factors or
biological jitter during raw image acquisition can
disrupt the quality of images of specific tissues, such
as those of vessels near the heart, eyes, and brain. To
resolve this issue, we aimed to develop a new method
for AIFM imaging using a short-time normalized
AIFM
angiography of vessels near chicken embryo heart

cross-correlation  algorithm™.  In  vivo
was performed to demonstrate that our method
revealed the clear structure of blood vessels with
higher spatial resolution and signal-to-noise ratio
(SNR). Our method can thus potentially be used for in
vivo dynamic angiography. Notably, the imaging
modifications presented in our method are software-
based and thus, economical.

1 Materials and methods

A schematic diagram of the experimental setup
was shown in Figure 1a"®. Low-coherence light from
a light source (central wavelength 4,=540 nm, a
bandwidth of 10 nm, 100 mW) was used to illuminate

(@) (b)
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Light source —

the sample homogeneously in the form of an area
source (LED). A chicken embryo placed in a custom
container was used as the biological sample. It was
developed for three days in an incubator at constant
temperature (38°C) and humidity (60%). Before
imaging, the following sample processing steps were
performed: a part of the eggshell, shell membrane,
and extraembryonic membrane above the yolk blood
vessels and chicken embryo were successively and
carefully removed. The main blood vessels near the
chicken embryo heart (hereinafter called root blood
vessels) were imaged, as they are significantly
affected by the heartbeat. The diffuse reflected light
was collected using a zoom bitelecentric lens and
relayed onto a high-speed complementary metal-oxide
semiconductor camera (CMOS) (Aca2000-340km,
Basler, Germany). Using a pixel size of 5.5 um x
5.5 um, a sampling rate of 42 frames per second (fps),
and an exposure time of 20 ms, 2 000 successive
images were captured by the camera for blood flow
visualization. The acquired image sequences were
then transmitted to the host computer through a
Camera Link high-speed frame grabber (PCle-1433,
National Instrument, USA). The system was fixed on
a vibration-isolator optical platform in a darkroom.
The embryo was carefully handled in accordance with
the laboratory animal protocol approved by the
Institutional Animal Care and Use Committee of
Foshan University.
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Fig. 1 Schematic diagram of the short—time normalized cross—correlation AIFM imaging setup

(a) Experimental device. (b) Data-processing method, in which the red arrows indicate the locations of the marked blood vessel. MDR and MDF

represent modulation depth imaging after registration and fusion, respectively.
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According to the AIFM imaging method!'® the
raw temporal absorption signal recorded at each pixel
was first transferred from the time domain to the
frequency domain using a fast Fourier transform
(FFT), in which the RBC and background signals
were modulated to the high- (1.9 to 190 Hz) and low-
(0 to 1.9 Hz) frequency ranges, respectively. Then,
one of the two was obtained by filtering out the
frequency signal corresponding to another pattern.
Finally, by applying inverse FFT to both RBC and
background signals, their mean intensities [/, (x,y),

I, (x,y)] in the time domain were obtained. The MD,

defined as

I
MD(x,y) = = (v)

I, (x,y) '

is used to reconstruct an image of blood flow.
The AIFM method reconstructed blood flow

images from a sequence of raw images obtained over

(1)

a long period. To alleviate the blurring of angiograms
caused by system drift or biological jitter during raw
image acquisition, we proposed a novel method for
AIFM
imaging. As shown in Figure 1b, raw images were

short-time  normalized  cross-correlation
divided into several smaller sets and reconstructed
separately using the AIFM algorithm. All the
reconstructed images were then matched with the first
reconstructed image and subsequently fused (final
image).

We implemented the sub-pixel precision image
Cross-

registration algorithm using normalized

correlation"™"”). According to theory, an image g(x.y)
of an object f (x,y) can be reconstructed numerically
from measurements of the magnitude of the Fourier
transform of (x,y). The quality of the reconstruction
can be assessed through an error metric that is
invariant to these operations. One such metric is the
normalized root-mean-square error (NRMSE) E

between | (x,y) and g (x,y), defined by

2’ ag(x = Xp.y = yo) - f(x)
E* = min =

.y, ;‘ f (x’y)

2

2

‘ 2

max

Ty (%%)

X[ - Sleteo)

‘2’

where summations are taken over all image

points (x,y), and

e (x00) = D () & (3 = 202y = )

xy

- ZF(u,v)G*(u,v)exp{iZW(u};‘) - v]yv"ﬂ

3)
is the cross-correlation of f (x,y) and g(x,y), N and M

are the image dimensions, * denotes complex
conjugation, and uppercase letters represent the
of their

counterparts, as given by the relation

F(u,v) = ;f (]T;]/V) exp {iZ’n‘ (L]:; + 1;\9;)} 4)

Thus, evaluation of the NRMSE using Equation

discrete Fourier transform lowercase

(2) requires solving the more general problem of sub-
pixel image registration by locating the peak of the
cross-correlationr,, (x,y).

Notably, the influence of sample drift on each
MD image was relatively small, and even neglected,
over a short period. However, the position offset
between every MD image was corrected using the
normalized cross-correlation algorithm. As shown in
Figure 1b, the blood vessel position offsets marked by
red arrows in the MD images were -effectively
corrected in the MD registration (MDR) images,
proving that our method can be used to improve
angiogram quality.

To quantitatively assess the calibration capability
of the proposed method, sample drift traces and drift-
corrected traces of the x and y directions” were
determined, as shown in Figure 2a. Both traces were
precisely calibrated, and the means of corrected drift
errors were Oum and 0.55 um for the x and y
directions, respectively. This verified the sub-pixel
precision (pixel size of 5.5um) of the image
registration algorithm using normalized
correlation. Additionally, to find the optimal step
length for AIFM angiogram reconstruction, the means
of corrected drift errors with different step lengths

Cross-

were calculated, as shown in Figure 2b, which yielded
a minimum of approximately 200 frames. Therefore,
we divided the 2 000 raw images into 10 smaller
blocks of 200 frames each for image reconstruction in
this study.
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Fig. 2 Drift correction precision achieved using the proposed method

(a) Sample drift traces and drift-corrected traces in the x and y directions. (b) Means of drift correction errors for 2 000 raw images with different step

lengths. The values reached a minimum of around 200 frames for both x and y directions.

2 Results and discussion

The feasibility of our method is shown in
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Figure 3. Figure 3a presented the raw MD images

reconstructed from 2000 images. Owing to
significant jitter caused by the heartbeat of the

chicken embryo, the raw MD image clarity was poor,
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Fig.3 Comparison of angiogram images reconstructed by different algorithms
(a) Raw MD, (b) the first short-time MD, and (c) MDF images. (d) MD signals of blood vessels marked by yellow dotted lines in images (a—c). A, B,

and C represent the three signal peaks of blood vessels, respectively. The imaged area is 9.2 mm x 9.2 mm, and the magnification is 2-fold.
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and the borders of the root blood vessels and
capillaries were unclear. As the influence of sample
drift over a short period can be neglected, the first
short-time MD image reconstructed from 1-200
images was shown in Figure 3b, which presented a
clearer vascular structure than the raw MD image.
However, owing to the use of too few raw images for
reconstruction, the borders of the root blood vessels
and capillaries were not smooth. The MD images
reconstructed from data sequences collected over a
short period did not provide satisfactory angiograms.
However, they could be used to calibrate the locations
of blood vessels. Therefore, the MDR image was
obtained by matching every MD image with the first
image using the normalized -cross-correlation
algorithm. Ten MDR images were fused to obtain the
final angiogram (MD fusion, MDF) shown in Figure
3c. The results demonstrated better clarity and blood
vessel integrity than those for the other two.

Reflecting the advantages of our method, Figure

3d showed the signals of the vessels marked A, B, and

(a) %107

ol TXEEY TE R

X

C obtained from the images presented in Figure 3a—c.
The peaks of the three lines in Figure 3d represented
the vessels marked A, B, and C, respectively. The
borders of the vessels shown in Figure 3¢ were clearer
and smoother than those of the vessels shown in
Figure 3a and 3b. Additionally, as shown in the
enlarged view of the area marked by the white box in
Figure 3b and 3c, the vessels border shown in Figure
with
information than that seen in Figure 3b. In the area

3¢ was more continuous, richer vessel
marked by the red box in Figure 3c, the capillaries
covered by the main blood vessels were clearer and
more complete than that in Figure 3b.

Next, the feasibility of our method was assessed
quantitatively (Figure 4). The raw MD and MDF
images were shown in Figure 4a and 4b, respectively.
Two differently colored dotted lines were used to
mark the same area in the two images. The parameters
of location spatial resolution and SNR™' calculated
from the seven yellow and red dotted lines in the

marked area were used to evaluate image quality. The

(b) 3
28 10

() 0.025

0.020 .[

£
£
£ 0015k l
E
=}
g
= 0010F
g
(=9
w

0.005}-

0

Raw MD MDF

(d)

SNR/dB

Raw MD

MDF

Fig.4 Quantitative comparison of spatial resolution and SNR in different angiogram images

(a) Raw MD and (b) MDF images. (c) Comparison of spatial resolutions. (d) Comparison of SNR.



+1506- EMUESEYMIEGR

Prog. Biochem. Biophys.

2021; 48 (12)

former was defined as the difference between the full
widths at one-fourth maximum and full widths at half
maximum of the blood flow peak intensity, and the
latter was defined as

SNR = 20In(1/S) (5)
where / and S are the blood flow peak intensity and
background intensity, respectively. Compared with the
results presented in Figure 4c and 4d, those in Figure
4b showed a higher spatial resolution and SNR than
those shown in Figure 4a, indicating that the proposed
method offered higher angiogram image quality.

3 Conclusion

We proposed here a modified short-time
normalized cross-correlation AIFM imaging method
to improve image acquisition for angiography. We
verified our method by performing in vivo
angiography of vessels near a chicken embryo heart.
The resulting images had high spatial resolution and
SNR. Our method can be used to correct the
angiogram blur caused by heartbeat, respiration,
subtle eye motions, and nervous tremor of near-
transparent live animal models, such as younger
embryos, macula lutea, and zebra fish. It can also
potentially be applied in the study of the physiological
mechanisms underlying several diseases related to the

cardiovascular system.
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