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Abstract Visualization of the smallest blood vessels in the brain, capillaries, and assessment
of the blood flow rate in them is important in many physiological studies. However, it is in this
case that conventional label-free imaging methods fail since both the number and velocity
of red blood cells in the capillaries are often too low. We present a label-free method of
capillary blood flow analysis aimed at detecting and counting each single red blood cell in
order to build a very detailed map of the vasculature. Such a map, in turn, enables us to
more effectively apply the Particle Image Velocimetry method and make label-free blood
flow velocity measurements in the smallest capillaries. Technically, our method is based on
the adaptive spatial filtering of each frame of the acquired series of images using adaptive
Niblack filtration. As a result of frame-by-frame filtering, we can differentiate single moving
RBCs from static image artifacts having a similar size and brightness. We show the method
applicability using two different biological models, specifically, the chicken embryo and the
mouse brain.

1 Introduction

Recently, there has been a growing evidence that the vascular system of the brain not only
performs its main function of delivering nutrients and oxygen, but also facilitate the flow of
cerebral fluids and, consequently, the transport of various substances. It has been shown that
perivascular spaces serve as low resistance pathways for cerebrospinal fluid flow [1]. Each
of discussed scenarios for drainage of the brain parenchyma includes diving arterioles and
venules as channels for cerebral fluid flow [2]. Specifically, flow through perivascular space
(PVS) of arterial and venous vessels underlies the popular glymphatic hypothesis [3]. When
discussing the mechanisms of this transport, an important role is assigned to pulsations of
arterial vessels [4—7]. The effects of pulsations at the level of small and smallest vessels —
arterioles and capillaries—are still being actively studied. It is believed that in combination
with diffusion, they increase the efficiency of parenchymal drainage [8,9].

For the above reasons, it is important to be able to visualize and map velocities for the
microvasculature up to the smallest vessels. When solving such problems, the methods of
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fluorescence analysis are highly reliable, especially in combination with the high-resolution
methods of confocal or multiphoton microscopy [10]. However, this method is expensive and
requires the administration of cytotoxic dyes. Also, this method is difficult to apply when
one needs to use a whole set of markers to render different objects at the same time.

For this reason, attempts to analyze the characteristics of cerebral blood flow by label-free
methods persist. Label-free full-field laser speckle contrast analysis (LASCA) allows one
to reconstruct the blood vessel map together with blood velocity characteristics in real-time
[11]. But the spatio-temporal resolution of this technique does not allow one to analyze the
smallest blood vessels because of the low concentration of scatterers red blood cells (RBC)s
in the capillaries [12].

Doppler optical coherence tomography (DOCT) is also a quite expensive method for label-
free vascular network 3D imaging has good enough resolution to visualize active capillary
networks with a relatively high number of movement erythrocytes, otherwise, additional
agents, such as intravenous intralipid administration, may be required to visualize capillaries
with a low blood flow activity [13].

Let us emphasize that the greatest problems arise precisely for the smallest vessels. For
large- and medium-sized vessels that are constantly filled with red blood cells, the selectivity
of hemoglobin absorption allows to contrast RBCs using light sources with wavelengths that
correspond to “isosbestic points” of oxy- and deoxyhemoglobin [14-16]. This method is
quite simple and usually enough robust to visualize tissue surface vessels with diameters
greater than 50-100 microns.

Usually, the blood flow through the capillaries is presented as the movement of red blood
cells tightly enclosed to each other. However, the red blood cells move along the capillaries
not only in the form of a well-observed dense flow, but also can move in the form of single
RBCs, which significantly complicates the detection of the capillaries network.

The visibility of a single erythrocyte may not differ significantly from the surrounding
tissue especially if observed RBCs are slightly out of focus. Further, it is impossible to
guarantee that all erythrocytes will be located strongly in the focal plane of the imaging
system because the blood network is not presented as parallel layers in the tissue but evenly
distributed throughout the entire tissue volume.

Particle image velocimetry (PIV) is a rapidly evolving and cost effective full-field and
label-free method for tracking of the moving particles. This method with sub-micron resolu-
tion is based on the calculation of correlation function of the relevant sections of a sequential
pair of frames [17]. Thus, PIV is suitable for the visualization of the blood flow in the smallest
capillaries.

During last two decades, Sugii et.al demonstrated in vivo the measurement of the blood
velocity profile in a single blood vessel of a rat mesentery [18]. In 2007, there were attempts
to analyze the cardiac activity of the chicken embryo at an early stage of development [19].
In the same year, in work Lee et al. it has been shown that accuracy of PIV method of blood
measurement can be increased at the expense of a threshold filtration of fields of blood flow
velocity so that velocities close to zero value during reconstruction of the velocity field were
not taken into account [20]. This idea is further developed in [21,22], where it was suggested
that filtered blood velocity maps characterize the spatial distribution of large blood vessels
and demonstrated the ability to calculate a full field map distribution of the blood pressure
and shear stress provided on the vessel walls. In 2012, it was shown that the use of fluorescent
trace particles to measure blood flow via PIV does not provide significant advantages over
the label-free PIV which uses blood cell as tracer particles [23].

However, the described above techniques of vascular visualization are based on the aver-
aging of the intensity over the series of frames. Thus, these methods are not able to detect
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single erythrocytes running through the capillaries. Indeed, the averaging applied to the batch
of frames where only a few of them show low-intensity object (erythrocyte) inevitably leads
to considerable underestimation of its intensity.

Recently, significant improvement of the PIV method was achieved using of pixel intensity
cross-correlation [24]. However, the problem of visualization of the smallest capillaries has
not been solved because the proposed filtration methods cannot provide the visualization of
vessels with a small number of scatterers.

Poelmann et. al. in [17,22] assumed that the problems of the capillary label-free visual-
ization can be solved by detecting vessel boundaries by the sorting of the PIV reconstructed
local velocity gradient, but did not consider that PIV method application implies averaging
of speed values within the calculated zones over the whole series of frames, which in its turn
leads to blood flow velocity under estimations. Therefore, at the threshold filtration of blood
velocity maps such a method does not allow to take into account the smallest capillaries.

In our work, we propose a method for processing the blood flow image, which ensures
successful reconstruction of the morphology of the micro-circulatory network, including the
smallest capillaries.

Technically, our method is based on a special application of Niblack’s [25] frame by frame
filtering.

Proposed algorithm is able to detect the capillaries with extremely weak blood flow, so
they are rarely visited by individual erythrocytes. Using the obtained vascular map as an
tree-like region of interest (ROI), we calculate the detailed map of the blood flow velocity in
the smallest capillaries using the adaptive PIV analysis. We give a step-by-step description of
the proposed method of data processing and demonstrate its application to the visualization
of the smallest blood vessels in two different biological models, being the chorioallantoic
membrane of a chick embryo, and the upper layer of the mouse brain parenchyma.

2 Materials and methods
2.1 Biological models

The chicken embryo is widely used in various hemodynamic research [26-30]. For our
purpose, we use the vascular network developed in chorioallantoic membrane (CAM) of
9-11 days chicken embryo. Since in most countries, the chick embryo is not considered a
live animal until day 17 of development, the CAM model we use does not require ethics
committee approval for animal experiments [26,31].

When registering cerebral blood flow in a mouse, male mice (from 20 to 25 g) were housed
under standard laboratory conditions, with access to food and water, ad libitum.

To access the meninges, the top of the skull was removed. After that, no additional pro-
cedures were performed, with the exception of irrigation of its surface with saline. All pro-
cedures were performed in accordance with the “Guide for the Care and Use of Laboratory
Animals” [32]. The experimental protocol was approved by the Committee for the Care and
Use of Laboratory Animals at Saratov State University (Protocol 7, 07.02.2018).

2.2 Imaging procedure
Visualization of vascular networks in both biological models was performed using a custom

visualization setup equipped with a 10 x /0.27 infinity corrected long work distance objective
(WD = 34 mm, Nanjing KOZO CO., China), tube lens with focal distance f = 200mm and
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a CMOS camera (ac2040-180km, Basler Inc.). For shadow-less tissue illumination, the ring-
shaped holder of 20 blue LEDs was placed on the objective case. LEDs had wavelength of
470nm in order to provide good RBCs contrast. Since we used a lens with a long working
distance, no immersion was applied.

The grayscale 8-bit optical images of the microcirculation network were collected at the
frame rate of 187 fps with size of 2040 x 2048 pixels, with resolution of 0.725um /pix.

2.3 Particle image velocimetry

Particle Image Velocimetry was used as a method to access the direction and velocity of
blood flow within the selected regions of interest.

The pair of images with intensity distribution fi(i, j) and gx(i, j), taken at the time
moments ¢ and ¢ + At, respectively, have been split into interrogation regions (IR) of size
p X g pixels each. For each pair of such regions (taken from two frames), the correlation
function & (m, n) has been calculated:

q P
Dp(m,n) =YY fili, Hgrli +m, j+n), M
j=1li=1

where fi (i, j) and gk (i, j) are the pixels intensity of the two sequentially recorded images
at a certain interrogation regions of size p x g pixels.

Next, the most probable displacement of the image portion from each IR has been cal-
culated using the coordinates of the maximum of the correlation function in a given area.
Being applied to each IR over the whole image, the above-described procedure gives a vector
field of instantaneous velocity distribution averaged over the time between the consecutive
images.

In this work, the IRs were located uniformly in 10-pixel steps in line with the vascular
network mask so that the IRs with the centers of which did not belong to the coordinates of
the calculation map of the vascular network were removed. The IR size was 40 x 40 pixels.
A velocity map was calculated based on 30 frames or 160 milliseconds.

3 The procedure step by step

The main stages of proposed procedure are shown in Fig. 2 using the part of the vascular
network image with the size of 360 x 360 pixels or 260 x 260um.

Images of the vascular network were collected with a maximal rate achievable on the
optical setup used, 187 frames per second with Smsec exposure time per frame. Then, the
routine image stabilization algorithm was applied in order to minimize the interferences from
embryo motion. In Fig. 1a, the portion of the recorded image is shown. Many isolated RBCs
are seen, but no blood vessels are visible, since they do not fill the capillaries densely enough.

Step 1 (panel B): Time-averaging over all frames were performed:

1 N—1
Ip.q) = 5 D kP ), 2)
k=0

where N is the number of frames in the series, k—index of frames in the raw series, p—
number of pixels in the image row, g—number of pixels in the image column, It (p, g)—value
of the intensity of the selected pixel, and I (p, g)—average value of the intensity of the pixel
in the raw series of N frames, with the index of the row p and the number of the column ¢.

@ Springer



Eur. Phys. J. Plus (2021) 136:719 Page Sof 11 719

(A) (B) (C)

—>

Fig. 1 The main stages of capillary blood flow label-free visualization: a The unprocessed optical image
that contains many invisible capillaries; b Average intensity over the series of frames. Arrows point to poorly
revealed capillaries; ¢ Difference between the intensity of single frame and the average intensity of entire
series; d adaptive Niblack threshold procedure has been applied; e Each frame has been two time eroded; f
Spatial noise removal. Yellow arrows point to eliminated small artifacts; g Summarized intensity of cleaned
from the noise images from previous step ; h Final image after the removal of high-frequency components via
FFT analysis for the smoothing of the vessel boundaries. All images are presented in linear brightness scale
for better visual perception

The result of procedure is shown in Fig. 1b. It is seen that gray tracks indicate the position
of some capillaries that are more frequently visited by RBCs (pointed by black arrows).

Step 2 (panel C): In order to minimize the influence of the background, we remove all
the stationary objects by subtracting the average intensity /(p, g) from each frame of the
series. Since the obtained images have low intensity, in Fig. 1c the representative such image
is shown in 200 times increased brightness for better visual perception.

Step 3 (panel D): Adaptive image filtering using the Niblack algorithm. Each frame was
divided into zones of 128 x 128 pixels, and Niblack threshold was calculated for each zone
as follows [25]:

T(x,y)=m(x,y) +kS(x,y), 3

where T (x, y) is a local Niblack threshold with a mean brightness magnitude m (x, y) at the
centered analyzed region with coordinates x and y, S(x, y)—standard deviation of intensity,
calculated for the area of 64 x 64 pixels, k = 0.2—Niblack constant. The resulted binary
(black and white) image is shown in panel D.

Step 4 ( panel E): The erosion procedure eliminates isolated pixels and reduces the contour
of bright objects to the template defined by the structuring element. For a given pixel Pp, the
structuring element is centered on Py. The pixels masked by a coefficient of the structuring
element equal to 1 are then referred as P;. In the example of a structuring element 3 x 3, the
P; can range from Py itself to Pg. If the value of one pixel P; is equal to 0, then Py is set to
0, else Py is set to 1. If AND(P;) =1, then Py = 1, else Py = 0. The pixel value of P; was
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determined as follows:

010 Py P, P3
L11]| x| Py Py Ps| — Py=1(Po, P, P4, Ps, P7) @
010 Pg P7 Pg

The processed image consists of bright patterns of different sizes which represent both
the areas of the circulatory system and residual small particles which cannot be classified
and should be removed.

Step 4 (panel F): Contrary to the standard erosion method, the erosion resistance test does
not change object boundaries, but only removes those of them that would have been removed
by a standard erosion operation. Figure 2f shows Fig. 2e processed in such a way with two
consecutive erosion operations described in the previous step. The yellow arrows indicate
the exemplary image elements that are eliminated by erosion resistance test method.

Step 5 (panel G): The sum of all frames processed as described above provides us the map
of the small vessels that cannot be seen in the original image. However, the boundaries of
the detected vessels are jagged and should be smoothed.

Step 5 (panel H): To smooth the vessel boundaries, high-frequency spatial components
were filtered with 2D Fast Fourier Transform (FFT) algorithm:

| Ne1m- o
Flu vy = WZZf(x,y)e—fzﬂ(%+ﬁ’, s)
¥=0 y=0

where N x M is the resolution of the spatial image f(x,y), f(x, y)is the light intensity
of the pixel with coordinates x and y. The u# and v are the horizontal and vertical spatial
frequencies. Then, it was performed low-pass filtering:

fmax - f
CfH)=-—"- 6
f max — f 0
where f;,x—null frequency, f;,,x—maximum frequency, C —coefficient by which each
frequency multiplies thus, C(fo) = 1, C(finax) = 0. Then, the inverse FFT was performed.
The result of described above operation is hardly visible by eye (see Fig. 1h) but allow a
more accurate placement of interrogation regions for subsequent PIV analysis.

4 Results
4.1 Detection of small vessels

Figure 2 shows the results of applying the proposed procedure in the case of both biological
models. The two panels in the upper row show an unprocessed optical image of the movement
of red blood cells in the vessels of the chorioallantoic membrane of a chick embryo (panel
A) and a map of the vascular network (panel B), built on the basis of processing 50 such
images, which corresponds to approximately 250 ms when reading 187 frames per second.

The main obtained result is clearly visible in panel B: the detailed network has been
revealed. In particular, tree-like sections (top-center area) and sections of a multi-connected
network (in the center) are confidently distinguished. This difference in the type of micro-
circulatory network is important in the analysis of experimental data but is completely indis-
tinguishable in the original image in panel A.

@ Springer



Eur. Phys. J. Plus (2021) 136:719 Page 7of 11 719

Panels C, D, E, F in the same figure illustrate the application of the method to RBCs
movement in the upper layer of the parenchyma of the mouse brain. Namely, the optical
system was focused just below the level at which the "diving" of the vessels was observed
from the level of the meninges into the depths of the parenchyma. This object is more
difficult for analysis, since, unlike the chorioallantoic membrane of the chick embryo, the
microcirculatory network does not lie within the same plane. Nevertheless, the method allows
revealing a set of details of the structure of the network. We demonstrate this with four
numbered fragments rendered with sub-panels on the right. The differences are clearly visible
if you compare the left and right sub-panels in columns E and F.

Specifically, the sub-panels E1 and F1 show that the current optical image may not reflect
the differences in the average capillary loading (marked with an arrow).

Pair E2 and F2 reveal that a capillary loop can be not visible in the original image.

Example in sub-panels E3 and F3 demonstrates an artifact—a false image of the vessel,
which is present at E3, but disappeared during processing, as it does not contain moving red
blood cells.

Finally, the example in E4 and F4 reveals a small vessel, almost invisible to the optical
image, leaving the focal plane and having no visible continuation.

Summing up this section, the application of the proposed technique allows one to obtain
more detailed information both on the structure of the microcirculatory network and on the
functionality of its segments.

4.2 Velocimetry

The advanced vascular imaging technique described above allows us to apply the PIV method
much more efficiently. Namely, by loading the obtained map of vessels as region of interest
(ROI), computational costs can be significantly reduced. Figure 3a shows a map of capillary
velocities calculated over the entire image field only for the locations where there are vessels.
According to our estimates, the real savings in computer performance for this particular object
were at least 8—10 times compared with the calculation for the full image field, as it would be
required to apply the method for assessing the low-velocity part of the blood flow according
to the method [17,22].

The second, but not the less important result, concerns the structure of the resulting
network. In Fig.3b, an enlarged view of a fragment of the velocity map, the complex structure
of which follows the found location of the vessels. Panels C-E show the same area, but when
calculating using the method suggested in [17,22], which implies the removal of all elements
that have a velocity below the selected threshold, as indicated in the figure caption. As you
can see, none of these sub-panels reproduces the actual structure of the network Fig.3b.

Thus, our proposed two-stage procedure, in which the boundaries of the vascular net-
work are first determined, and only then the PIV method is applied on the resulting mask,
demonstrates an obvious advantage over the previously proposed approach.

Due to the fact that our method applies frame-by-frame filtering of the blood vessel, it
became possible to analyze the movement of single red blood cells in capillaries, which
was difficult using methods of blood network mapping due to threshold filtering of blood
velocities obtained by standard full-frame PIV method [20-23], since standard PIV itself
implies averaging over the frame series to increase analysis accuracy and consequently levels
the participation of rarely running single red blood cells in the resulting blood flow maps.

@ Springer



719 Page 8 of 11 Eur. Phys. J. Plus (2021) 136:719

Fig. 2 Results of testing the microcirculatory network visualization algorithm. a, b: Vascular network of
the chorioallantoic membrane of the chick embryo, single optical image (a) and the result of the proposed
processing of 50 frames (b). ¢, d: The same for the upper layer of the mouse brain parenchyma. E, F: Sub-panels
for comparing picture elements marked with numbers
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Fig. 3 PIV-powered velocity map. a: The vasculature map obtained in Sect. 4.1 was used as a template for
calculating the velocity of RBCs. b: Zoomed in fragment where the structure of slow capillary flows is clearly
visible. c—e: The same fragment, but with the calculation of velocities throughout all the field and subsequent
removal of points where the velocity was below the threshold, being the 50-2000 um /s, 150-2000 pm /s and
300-2000 pm /s for c,d,e, respectively

5 Conclusions

In this work, we suggested a novel cost-effective method for noninvasive vascular network
full-field imaging including brain capillaries using advanced frame-by-frame adaptive spatial
filtering methods based on local threshold analysis. This method allows one to reconstruct
a morphological map of a branched vascular network using numeric analysis of light-field
tissue images. Erythrocyte contrasting was achieved by the use of LEDs at the wavelength of
the corresponding hemoglobin isosbestic point which in turn makes it possible to contrast the
isolated erythrocytes using an adaptive Niblack threshold that depends on the local intensity
distribution. The proposed method of frame-by-frame filtration allows one to accumulate
information about individual moving erythrocytes for the reconstruction of the actual active
capillary network. This method has been successfully applied to the label-free mapping of
the rat brain surface. The cerebral vasculature mapping has greater cerebral vascular detail
relative to unprocessed images and allows visualization of the smallest capillaries.

It should be noted, however, that further development of the method will require over-
coming some problems, such as (i) too fast processes; (ii) too deeply located vessels; (iii)
turbulent flows, in which erythrocytes strongly change their relative position in depth.

In the long term, we believe that the proposed approach will be useful to track the trajectory
of low-contrast objects in blurred environments. This technique might also be used to analyze
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the formation of blood and lymphatic vessels in the context of biomedical problems of cancer
tissue vascularization or for the purpose of investigating blood vessel wall damage.
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