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Abstract. We propose a wide-field absolute transverse blood flow velocity measurement method in vessel
centerline based on absorption intensity fluctuation modulation effect. The difference between the light absorp-
tion capacities of red blood cells and background tissue under low-coherence illumination is utilized to realize the
instantaneous and average wide-field optical angiography images. The absolute fuzzy connection algorithm is
used for vessel centerline extraction from the average wide-field optical angiography. The absolute transverse
velocity in the vessel centerline is then measured by a cross-correlation analysis according to instantaneous
modulation depth signal. The proposed method promises to contribute to the treatment of diseases, such as
those related to anemia or thrombosis. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.23.2

.026008]

Keywords: wide-field; absolute transverse blood flow velocity; vessel centerline.

Paper 170568RR received Aug. 29, 2017; accepted for publication Feb. 5, 2018; published online Feb. 27, 2018.

1 Introduction
Determination of blood flow velocity is important in the study of
ophthalmic and brain diseases.1,2 Eye and brain blood flow
velocities are particularly important health indicators. Some
optical imaging technologies have been developed for blood
flow velocity measurement, such as laser speckle imaging3,4

and laser Doppler imaging.5 These two methods are based on
the Doppler effect. The measurement of blood flow velocity
based on the Doppler effect is affected by the Doppler angle
between the laser beam and the direction of flow at the flow
sampling site. However, the traditional Doppler method cannot
provide an accurate blood flow velocity measurement because
the angle of the vessel is not accurately obtained in practical
applications. The bidirectional laser Doppler velocimetry2,6–8

has been developed to obtain an accurate blood flow velocity
measurement. However, it further increases the complexity of
the system. In addition, the related literature9 proposes a method
of single blood cell imaging using adaptive optics scanning light
ophthalmoscope in the absence of contrast agent in the eyes of
living mice. The method obtains the average blood flow velocity
of capillary by calculating the average speed of all red blood
cells (RBCs) in capillaries. This method of calculating blood
flow velocity is viable in a few capillaries, but it is not feasible
in larger area vessels. In addition, due to the complexity and cost
of the adaptive optics system, its application is limited. For some
flat biological samples, such as chicken embryos, zebra fish, and
retinas, the imaging plane is perpendicular to the incident light
direction. Hence, the blood flow motion is transverse, thus
necessitating a new method to trace the RBCs to perform an
absolute transverse flow velocity (ATFV) measurement.

Another practical problem is that according to fluid mechan-
ics, the flow velocity of a fluid through a pipe tends to be higher
at the middle compared with that close to the sides of the pipe.10

A blood vessel is a kind of small pipe, and the flow velocity

distribution in it exhibits this fluid flow characteristic. Hence,
the ATFValong the centerline of a vessel is more representative
of the overall ATFV, and the study of the ATFV along vessel
centerlines is thus of utmost significance. Based on the above
analysis, the measurement of ATFV involves two key chal-
lenges. First, the movement of RBCs needs to be tracked and
to be distinguished from the background tissue. Second, the dis-
placement of the vessel centerline and the transition time of the
RBCs in two related positions need to be measured.

In the present study, we achieved wide-field centerline ATFV
measurement in a vessel based on the absorption intensity fluc-
tuation modulation (AIFM) effect.11 Because of the difference in
absorption between the RBCs and the background tissue under
low-coherence light illumination at a center wavelength of
540 nm,12 an endogenous instantaneous intensity fluctuation
is generated by the AIFM effect when RBCs discontinuously
traverse the blood vessel. The AIFM effect is used to obtain
the wide-field optical angiography image and to highlight the
RBCs’ signal relative to the background tissue by computing
the average modulation depth (AMD) and the instantaneous
modulation depth (IMD). The vessel centerline can be sub-
sequently determined from the AMD image. The ATFV along
the vessel centerline is finally determined from the high signal-
to-noise ratio (SNR) IMD sequence image according to the for-
mula ν ¼ ΔL∕ΔτAB, where ν is the ATFV along the vessel
centerline, and ΔτAB and ΔL are the transition time and relative
displacement between the two cross-correlated locations A and
B along the vessel centerline, respectively.

2 Experimental Setup and Materials
As shown in Fig. 1(a), the low-coherence light source was
a fiber-coupled light-emitting diode source (λ0 ¼ 540 nm,
bandwidth ¼ 10 nm, power ¼ 100 mW). The light was divided
into four collimated beams by a 1 × 4 fiber splitter and passed
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through an extended lens and a diffusing glass, and was then
used to illuminate the experimental samples. The biological
samples comprised chicken embryos placed in a custom con-
tainer at a constant temperature of 37.8°C and 75% humidity.
The diffuse light was propagated through a zoomed bitelecentric
lens (the depth of focus 0.5 mm) to a high-speed complementary
metal oxide semiconductor camera (acA 2040-180 km,
Basler, Germany). The actual pixel size of the camera was
5.5 × 5.5 μm, the sampling rate was 380 fps, and the exposure
time was 800 μs. A series of 1000 successive images were cap-
tured by the camera for blood flow video and ATFV measure-
ment. The acquired sequence images were transmitted to the
computer at a high speed. The experiment was performed in
a dark room, with the system fixed to a vibration isolation opti-
cal platform. During the experiment, the animal was carefully
handled in accordance with the laboratory animal protocol
approved by the Institutional Animal Care and Use Committee
of Foshan University.

3 Imaging Method
Under illumination by a low-coherence light source with a cen-
tral wavelength of 540 nm, the absorption coefficient of RBCs
(27.35 cm−1)12 is much higher than that of background, such
as water (4.5 × 10−4 cm−1)13 and fat (8.96 × 10−3 cm−1),14 as
shown in Fig. 1(b). An endogenous instantaneous intensity fluc-
tuation is induced when the RBCs discontinuously traverse the
blood vessel. The temporal reflected light intensity recorded by
camera pixel becomes a high-frequency signal, which is the
motion signal of RBCs (IAC). However, the background tissue
only generates a direct-current signal (IDC) because it has no any
endogenous instantaneous intensity fluctuation. This physical
processing is the AIFM effect. This special phenomenon was
utilized to achieve accurate ATFVmeasurement. It was first nec-
essary to separate the motion signal of the RBCs from that of the
background tissue. The difference between the absorption
capacities of the two materials generated a fluctuating high-fre-
quency intensity signal. The motion signal of RBCs (IAC) and
the background signal (IDC) were separated in the frequency
domain, as shown in Fig. 1(c). The raw temporal signal was
transferred from the time (t) domain to the frequency (f) domain
by fast Fourier transform.

The absorption capacities of the RBCs and background tis-
sue were then obtained by high-pass and low-pass filtering,
respectively. The employed formula is as follows:15–17

EQ-TARGET;temp:intralink-;e001;326;554

IACðx; y; tÞ ¼ HPF½Iðx; y; fÞ�;
IDCðx; y; tÞ ¼ LPF½Iðx; y; fÞ�; (1)

where LPF[] and HPF[] denote low-pass and high-pass filtering,
respectively. The recorded optical intensity can be seen to cor-
respond to the scattering numbers, that is, IDC ∝ nDC and
IAC ∝ nAC, where nDC and nAC represent the background scat-
ters and moving RBC concentration, respectively. The moving
RBC concentration ρ can be defined as

EQ-TARGET;temp:intralink-;e002;326;447ρ ¼ nAC
nAC þ nDC

≈
nAC
nDC

¼ IAC
IDC

: (2)

Note that the approximate equivalence in Eq. (2) can be ren-
dered almost exact with the condition nAC ≪ nDC.

To measure the ATFV along the vessel centerline and high-
light the motion signal of the RBCs, the IMD sequence images
(Video 2) can be obtained based on the ratio of IACðx; y; tÞ to
IDCðx; y; tÞ

EQ-TARGET;temp:intralink-;e003;326;342IMDðx; y; tÞ ¼ IACðx; y; tÞ
IDCðx; y; tÞ

: (3)

In the current method of wide-field optical angiography, the
AMD associated with the movement of the RBCs is given by11

EQ-TARGET;temp:intralink-;e004;326;278AMDðx; yÞ ¼ IACðx; yÞ
IDCðx; yÞ

; (4)

where IACðx; yÞ and IDCðx; yÞ are, respectively, the averaged
absolute values of the dynamic and static signals over time.
The ATFV along the vessel centerline and the flow direction
can be mapped onto the AMD image.

After separation of the signals of the RBCs and background
tissue using Eq. (1), dynamic information about the blood
microcirculation can be directly obtained from the Video gen-
erated from the IMD sequence images. The ATFV is calculated
using the RBC cross-correlation information obtained from two
relevant locations A and B

EQ-TARGET;temp:intralink-;e005;326;124RABðτÞ ¼
Z

T0

0

IMDðxA; yA; tÞ · IMDðxB; yB; tþ τÞdt; (5)

where RABðτÞ is the IMD cross-correlation coefficient between
A and B, and τ is the transition time between the two correlation

Fig. 1 (a) Experimental setup, (b) AIFM effect, and (c) separation of the RBCs’ signal from that of the
background tissue.

Journal of Biomedical Optics 026008-2 February 2018 • Vol. 23(2)

Wu et al.: Wide-field absolute transverse blood flow velocity mapping in vessel centerline

https://doi.org/10.1117/1.JBO.23.2.026008.2


locations, equals to the delay time between the highest peak of
RABðτÞ and the zero time. The velocity direction can be deter-
mined from the sign of τ0. For example, if the flow direction is
from AðxA; yAÞ to BðxB; yBÞ, τ0 > 0; otherwise τ0 < 0. The
velocity magnitude can be described as ν ¼ ΔL∕τ0. The dis-
tance between two correlation locations is defined as
ΔL ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxA − xBÞ2 þ ðyA − yBÞ2

p
.

To obtain the binary image of the blood vessels accurately,
the blood vessels must be segmented from the wide-field optical
angiography image to prepare for the next step in obtaining the
blood vessel centerline. An absolute fuzzy connection segmen-
tation algorithm18 was used for this purpose in the present study.
There is a fuzzy adjacency relationship between any two pixels
in the image, and two concepts need to be clarified. The first is
the local fuzzy relationship among the pixels, also known as the
fuzzy affinity, with a value in the range 0 to 1. It is related to the
degree of spatial proximity, intensity uniformity, and intensity
similarity of two adjacent pixels ðc; dÞ. The other concept is
the global fuzzy relationship between pixels, also known as
the fuzzy connectedness, whose value is also in the range 0
to 1. The local fuzzy relationships are used to determine the
global fuzzy relationship. This involves the determination of
the local fuzzy relationship value of two neighboring pixels
for each path between c and d and adopting the lowest one
as the strength of the path. The highest among all the path
strength values is then determined and adopted as the global
fuzzy relationship between pixels c and d. Fuzzy adjacency
can be defined as18

EQ-TARGET;temp:intralink-;e006;63;128

μωðc; dÞ ¼
8<
:

1

1þk1
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

n
i¼1

ðci−diÞ2
p � if

P
n
i¼1 jci − dij ≤ n

0 otherwise
;

(6)

where k1 is a nonnegative constant and n is the number of paths
between c and d. The affinity between any two pixels ðc; dÞ in
the image can be defined as18

EQ-TARGET;temp:intralink-;e007;326;403μζðc; dÞ ¼
μωðc; dÞ

1þ k2jfðcÞ − fðdÞj ; (7)

where μωðc; dÞ is the fuzzy adjacency defined by Eq. (6). f is a
scene domain function, fðcÞ and fðdÞ are the values of the func-
tion f corresponding to the pixels c and d. k2 is a nonnegative
constant. The global fuzzy relationship is given by

EQ-TARGET;temp:intralink-;e008;326;315μðc; dÞ ¼ maxðP1
cd; P

2
cd; : : : ; P

n
cdÞ; (8)

where

EQ-TARGET;temp:intralink-;e009;326;272Pi
cd ¼ min½μζðc0 − c1Þ; μζðc1 − c2Þ; : : : ; μζðcm−1

− cmÞ; μζðcm − cmþ1Þ�; (9)

in which c0; c1; : : : ; cmþ1 are a set of pixel sequences, ci and
ciþ1 are two adjacent pixels of their four neighboring pixels,
c0 ¼ c, cmþ1 ¼ d, and n is the total number of paths from c
to d.

Because the vessel image is a wide-field optical angiography
image, the superposition phenomenon would occur in it, result-
ing in a number of different vessels being mistaken as the same
capillary. This would create difficulties in the image processing
and analysis, and could even lead to wrong experimental results.
Hence, to facilitate subsequent analysis and observation, it is
necessary to distinguish between the different capillaries. The
same absolute fuzzy connection segmentation algorithm is
used to separate the vessels that overlap each other in the
wide-field optical angiography image.

Fig. 2 The flowchart showing how ATFV along the blood vessel centerline was obtained.
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After obtaining the binary image of the vessels as described
above, it is necessary to refine the vessels to determine their cen-
terlines. The topological method19–22 is a useful tool for image
skeletonization, enabling the definition of pixels that can be
deleted at the boundary of the image object to obtain the skel-
eton of the image target. However, there is the need to maintain
the connectivity of the image objects without changing the num-
ber of objects in the image, the number of holes in the target, and
the relationships between different objects (e.g., position rela-
tionships). Any pixel that causes a change in any of the
above parameters cannot be treated as a deleted image pixel.
Because the object is evenly contracted in all directions and
the resulting skeleton lines are placed just at the center of the
object,23 the skeleton of a vessel is considered as its centerline.

Figure 2 shows how ATFValong the blood vessels centerline
was obtained. First, wide-field flow image (AMD image) and
sequential flow video (IMD sequential images) were obtained
according to AMDðx; yÞ and IMDðx; y; tÞ, respectively. Second,
vessel centerline image was then obtained based on fuzzy
connection segmentation algorithm and topological method.
Finally, the ATFV image was obtained by vessel centerline
image and sequential flow video with cross-correlated analysis.

4 Experimental Results
Figure 3 shows the experimental results for a 5-day-old chicken
embryo. The positions of K in Figs. 3(a)–3(f) are in the same
location. Figure 3(a) shows the raw image (Video 1), Fig. 3(b)
shows the IMD image (Video 2), and Fig. 3(c) shows the AMD

image. The difference between Figs. 3(a) (Video 1) and 3(b)
(Video 2) is evident. Although the vessel contours are difficult
to identify in Fig. 3(b), it contains more abundant RBC move-
ment information. Conversely, although the vessel contours can
be identified in Fig. 3(a), it is significantly less rich in RBC
movement information. In Fig. 3(c), the vessels can be seen
to sharply contrast with the background, with the blurry vessels
in Fig. 3(a) becoming clearly visible.

Figures 3(d)–3(f) also demonstrate the effectiveness of using
the AIFM effect for imaging. Figures 3(d)–3(f) show the pixel
values at all the points of the dashed lines in Figs. 3(a)–3(c),
respectively. As can be seen from Fig. 3(d), because of the
AIFM effect, the pixel values are relatively low in the presence
of the blood vessels. The pixel value is particularly significantly
lower for pixels atK, and it is difficult to distinguish the location
of the blood vessels. This is because of the higher RBC concen-
trations and the resultant higher light absorption. As shown in
Fig. 3(e), because of the relatively low SNR of the IMD image,
the signal in Fig. 3(e) is irregular. However, the RBCs are high-
lighted, and their movement trajectories can be clearly seen in
Video 2. In Fig. 3(f), it can be seen that the signal shows a regu-
lar change, and the positions of the blood vessels can be deter-
mined according to the positions of the various peaks of the
signal. For example, as can be seen at the positions of K in
Fig. 3(f), there are two peaks of the signal, which represent
the two blood vessels at the positions of K in Fig. 3(c).
According to the analysis of Figs. 3(a)–3(f), the effectiveness
of the AIFM effect for optical imaging is verified.

Fig. 3 (a) Raw image (Video 1), (b) IMD image (Video 2), and (c) AMD image; and pixel values at all the
points of dashed lines in the (d) raw image, (e) IMD image, and (f) AMD image. The imaged area is
2.865 × 2.865 mm (Video 1, MPEG, 0.9 MB [URL: https://doi.org/10.1117/1.JBO.23.2.026008.1];
Video 2, MPEG, 13.2 MB [URL: https://doi.org/10.1117/1.JBO.23.2.026008.2]).
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Figure 4(a) shows the binary image of the blood vessels, seg-
mented from the AMD image using the absolute fuzzy connec-
tion algorithm. As can be seen, most of the vessels in the AMD
image have been separated. Figure 4(b) shows the image of the
lower right portion of Fig. 4(a) with overlapping vessels (red
dashed-line box), as extracted from the AMD image using
the absolute fuzzy connection segmentation algorithm.
Although the algorithm cannot extract all the information
about the blood vessels, the result is sufficient for distinguishing
overlapping blood vessels. As can be seen from Figs. 3(c), 4(a),
and 4(b), the majority of the overlapping vessels are accurately
extracted. Although some vessels in the lower right portion of
Fig. 4(a) cannot be extracted, it is enough to be distinguishing

the overlapping blood vessels. The centerlines of the vessels are
shown in Fig. 4(c), as obtained from Figs. 4(a) and 4(b) based on
the topological method. As can be seen in Fig. 4(c), the center-
lines of the vessels have been accurately obtained.

Figure 5 shows the results of a wide-field centerline flow
transverse velocity measurement, wherein a 0.07 g∕L TiO2 sol-
ution and glass tube of diameter 0.3 mm were used to simulate
RBC movement in blood vessels. The contained TiO2 particles
of diameters 8 to 12 μm specifically represented the RBCs, with
the TiO2 solution representing the blood flow, and the glass tube
representing a blood vessel. A single-channel syringe pump was
used to introduce the solution into the glass tube and control the
flow rate within 0 to 8.8 mm∕s. Figure 5(a) shows a raw image,

Fig. 4 (a) Binary image of chicken embryo vessels obtained by an absolute fuzzy connective segmen-
tation algorithm, (b) binary image of the lower right part of (a) extracted by the absolute fuzzy connective
segmentation algorithm, and (c) vessel centerline image determined by the topological method.

Fig. 5 (a) Raw image (Video 3), where the horizontal arrow indicates the flow direction of TiO2 solution;
(b) AMD image, where B1, B2, D, C1, and C2 are different points along the centerline of the glass tube,
the red dashed-line represents the centerline of the glass tube, and the green dashed-lines represent the
edges of the tube; (c) IMD image (Video 4), where A, B, and C are different points along the centerline of
the glass tube, and the red and green lines are as in (b); (d) extracted IMD signals at A, B, and C; (e) val-
ues of τBA and τBC determined by the cross correlation of the IMD signals; and (f) measured and fitted
velocities within 0 to 8.8 mm∕s (Video 3, MPEG, 0.68 MB [URL: https://doi.org/10.1117/1.JBO.23.2
.026008.3]; Video 4, MPEG, 4.62 MB [URL: https://doi.org/10.1117/1.JBO.23.2.026008.4]).
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where the horizontal arrow indicates the flow direction of TiO2

solution. Figure 5(b) shows the AMD image, the cross-correla-
tion distance is limited to the range 25 to 50 μm for seeking the
cross-correlation distance along the centerline in our experi-
ment. For example, as shown in Fig. 5(b), first point D was
selected, and then a cross-correlation analysis was performed
with the points within ðB1; B2Þ and ðC1; C2Þ. The distance
between D and B2 and the distance between D and C1 are
each 25 μm. The distance between B1 and B2 and the distance
between C1 and C2 are each 25 μm. Figure 5(c) shows the IMD
image with the moving particles highlighted against the back-
ground. In Figs. 5(b) and 5(c), the red dashed-line represents
the glass tube centerline, and the green dashed-lines represent
the edges of the tube. Figure 5(d) shows the IMD signals
extracted at points A, B, and C. The downward pulses corre-
spond to times when a TiO2 particle appeared at each location.
Figure 5(e) shows the cross-correlation profile of the IMD sig-
nals, where τBA and τBC denote the cross-correlation transition
times between B and A, and between B and C, respectively. The
flow direction is determined by the sign of the time delay. As
shown in Fig. 5(e), τBA < 0, indicating that the RBCs flow from
A to B; and τBC > 0, indicating that the RBCs flow from B to C.
The particle velocity could be calculated by simply dividing the
relative displacement ΔL between two correlated points (deter-
mined from their pixel numbers) by the time delay. Since the
cross-correlation distance is limited to the range 25 to 50 μm
for seeking the cross-correlation distance along the centerline
in our experiment, the cross-correlation distance is the displace-
ment vector, and the measured velocity can be viewed as the
ATFV. In Fig. 5(f), the asterisks denote the determined speeds,
and the continuous line was obtained by linear fitting
(R2 ¼ 0.989). The high precision of the proposed measurement
method is demonstrated by the experimental results. It should,
however, be noted that, because the inner diameter of the tube is
larger than that of a real blood vessel, and considering the uncer-
tainty of the particle position, there would be some errors in the
determined particle speeds.

Figure 6(a) was obtained from the IMD image (Video 2),
AMD image [Fig. 3(c)], and Figs. 4(a)–4(c). Figures 4(a) and

4(b) were used as mask images for extracting the region in
the IMD image that satisfied two conditions, namely a pixel
value of 1 in the binary image of the chicken embryo blood ves-
sels, and a lower pixel value in the IMD image. The AMD image
and Fig. 4(c) were used as background. In Fig. 6(a), the RBCs
are highlighted in red and yellow. The red and yellow RBCs that
overlap move in different directions. An examination of
Videos 1 and 2 in Figs. 3(a) and 3(b) and Video 5 in Fig. 6(a)
reveals that the flowing RBCs in Video 1 are blurred and diffi-
cult to distinguish from the background. Although the RBCs in
Video 2 are more clearly visible, the SNR is unsatisfactory. In
Video 5, the movement of the RBCs in different directions is
clearly more obvious, especially in the bottom right corner indi-
cated by the blue dashed-line box.

In Fig. 6(b), the vessel centerlines of the chicken embryo
accurately determined by the topological method are high-
lighted. The arrows in the figure indicate the flow direction,
and the numbers beside the arrows indicate the determined abso-
lute velocities (mm∕s) along the vessel centerlines. The ATFVs
along the vessel centerlines were calculated using the same RBC
cross-correlation information at two relevant positions A and B
along the centerlines, as obtained from the high-SNR IMD
image. The calibration velocities indicated in Fig. 6(b) are
within 0.4 to 5.7 mm∕s; most of those in the smaller vessels
(with diameter smaller than 50 μm) are <3 mm∕s, whereas
those in the larger vessels (with diameter larger than 51 μm)
are within 2.4 to 5.7 mm∕s. With increasing ATFV, the
RBCs in the smaller vessels flow into the larger ones. In addi-
tion, the ATFVs are relatively high where a number of vessels
are gathered.

5 Discussions and Conclusions
Although the proposed method achieves highlighting and
tracking of RBCs and enables accurate measurement of the
ATFV along the vessel centerline, it is only suitable for a trans-
parent sample and requires that the blood vessels not be too
large, as in chicken embryos and zebra fish. Since our method
is limited by the depth of field, it is difficult to achieve deep
blood flow measurement. Therefore, we consider combining

Fig. 6 (a) High SNR IMD image (Video 5) obtained using the IMD images (Video 2), the AMD image, and
Figs. 4(a)–4(c); (b) wide-field centerline flow transverse blood flow velocities in the vessels of an in vivo 5-
day-old chicken embryo; the numbers indicate the ATFVs in mm∕s, and the blue arrows indicate the flow
direction. The imaged area is 2.865 × 2.865 mm (Video 2, MPEG, 13.2 MB; Video 5, MPEG, 10.2 MB
[URL: https://doi.org/10.1117/1.JBO.23.2.026008.5]).
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our method with the diffuse correlation spectroscopy (DCS) to
develop the flow imaging method for the deep tissue such as
the cerebral blood flow measurement proposed in related
articles.24,25 In addition, the method cannot be applied to over-
lapping vessels because it considers the transverse speed. In the
present study, the maximum value of the cross-correlation pro-
file of the IMD signals was used as the cross-correlation peak to
determine the cross-correlation distance and compute the delay
time. However, when RBCs flow through a large vessel in a tur-
bid tissue, individual RBCs form RBC clusters, and their shape,
direction, and separation distance are varied and uncertain. This
will cause a lower-SNR IMD signal. In this case, the present
method for determining the cross-correlation peak is not precise.
Thus, further study is required to determine some constraints for
choosing the cross-correlation peak.

In conclusion, we investigated the wide-field optical angiog-
raphy image of a living specimen and successfully highlighted
the RBCs’ signal against the background tissue and determined
the ATFV along the blood vessel centerline. This method can
help to provide technical reference for the research on the
role of blood flow velocity in the pathogenesis of anemia,
thrombosis, retinopathy, and other vascular diseases.
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