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e Abstract
Vascular smooth muscle cells (VSMCs) are essential components that keep the tonus of
the arterial network, which is the channel used to conduct the blood from the heart to
the peripheral areas of the body. It is known that mechanical and architectural changes
in VSMCs may lead to functional modifications in the cardiovascular system; therefore,
the quantitative characterization of these changes can help to elucidate questions that
remain unclear in pathological situations, such as hypertension, vasospasm, vascular
hypertrophy, and atherosclerosis. In this work, we have developed a new framework of
image processing using the Sobel operator, associated with statistical analysis, to deter-
mine the degree of local alignment of actin filaments, which we found to be directly
related with the distensibility of the arterial wall. We have also compared these results
with the rigidity of the cytoskeleton of VSMCs. The results suggest that the alignment
degree increases from peripheral arteries, such as carotid and femoral, to central
arteries, as well coronary and thoracic aorta, which can indicate that the level of local
alignment of the actin fibers in VSMCs is related with the mechanical behavior of the

arterial wall.  ©2018 International Society for Advancement of Cytometry

e Key terms
F-actin; Kurtosis; arterial tonus; rheology; viscoelasticity

THE smooth muscle cells (SMCs) control the tonus of hollow organs of the mam-
malians body. Specifically, for vessels and arteries, the vascular SMCs (VSMCs) con-
tributes to the mechanical properties of the vascular system (1), which is critical for
their main functions, such as, contraction, blood pressure regulation, and blood flow
distribution (2). The VSMCs also present a singular plasticity, and can exhibit
phenotypic changes in response to environmental or physiological stimulus (3,4).
In applied research, it has been shown that the VSMC mechanical properties present
a significant intraindividual and interindividual variation (5,6), anomalous and
quake-like dynamics (7). These behaviors are mainly determined by the cytoskeleton,
mostly through actin filaments, which also defines the cell architecture (8-10).
Therefore, the only way to fully understand the relationship between the structure of
VSMCs and mechanical behavior of the arterial system goes through the characteri-
zation of the cytoskeleton (F-actin) organization (11). Thus, we have developed a set
of tools to analyze images of VSMCs to perform this characterization, associating the
results with the distensibility of the arterial wall and with the stiffness of the cyto-
skeleton of these cells.

Advanced fluorescence and optical methods associated with image processing
techniques have been used to analyze structural changes associated with the reorgani-
zation of the F-actin (12). In general, the raw digital images from biological samples
must be preprocessed to suppress imperfections, artifacts from the acquisition
process and undesired noise background, or to enhance some important features for
further processing (13). Following this step, depending on the scientific question, the
processing itself varies hugely, leading to the use of a significant amount of different
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analytical techniques, such as methods based on fast Fourier
transform (FFT) and the edge identification by Sobel opera-
tor. Specifically, these can be used as cell image processing
techniques to quantify the alignment of the intracellular fibers
(14-16). These two methods were compared in the work of
Kemeny and Clyne (17), in which they have shown that edge
detection methods, such the Sobel operator, are more sensitive
than FFT methods.

In the works of Yoshigi et al. (14), image processing
algorithms were used to calculate the degree of cytoskeleton
fiber alignment of vascular endothelial cells, expressing the
results of variance and Kurtosis of F-actin distribution angle.
Based on this work, we have developed a novel VSMC image
analysis platform composed of specific functions, organized in
an algorithm that aims to quantify the degree of alignment
(DA) of F-actin in VSMC’s. Our image-processing platform
uses the Sobel operator to identify the borders of the F-actin
and calculate the angle per pixel. The alignment of F-actin in
several small regions of the image is estimated by determining
the Kurtosis of the angle distribution for each region (14,17).
To demonstrate the application possibilities of our method we
have calculated the DA of fibers of VSMCs, using images of
cells obtained from different porcine arterial beds (5). We
have hypothesized that the structural properties, such as the
alignment of the F-actin, can determine the organization of
the whole VSMC, and can also be related to the elastic
behavior of the arterial wall. Thus, based on this hypothesis,
we have compared our results with mechanical parameters of
these two arterial elements: the viscoelasticity of the cytoskele-
ton of VSMCs (5) and the pressure-strain elastic modulus
(Ep), obtained from the literature (18,19). This is a parameter
that relates pressure and diameter changes during the systole
and diastole cycle (19). Through our analysis, we have shown
that, the parameters that characterize the F-actin organization
of VSMCs can be related to the mechanical behavior of the
arterial wall, but they did not show a good correspondence
with the stiffness of the cytoskeleton of these cells.

METHODOLOGICAL DEVELOPMENTS

Detailed descriptions of the cell culture and isolation are
reported elsewhere (5). Briefly, fragments of abdominal aorta,
femoral, renal, carotid, coronary, and thoracic aorta arteries
were collected from five pigs to isolate VSMCs using the pri-
mary explant technique. The cells were either fixed and incu-
bated with phalloidin conjugated with Alexa (1:400; Alexa
Fluor 488 Phalloidin; Invitrogen) or for 12 h with anti-
vinculin primary antibody (1:200; catalog no. V9131; Sigma-
Aldrich). In the latter case, followed by 2 h incubation with
anti-mouse secondary antibody (Alexa Fluor 555 goat anti-
mouse IgG, 1:500; Invitrogen). Confocal images were acquired
using a Zeiss laser-scanning confocal microscope LSM 510
META using the 20x objective lens (Plan-Apo/0.75 NA)
(5,20). The emission filter bandwidth is 505-550 nm with the
center at 518 nm. The procedure was approved according to
our local ethics committee (CAPpesq—Hospital das Clinicas
da Faculdade de Medicina USP-0272/11).
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Preprocessing and Analysis

The confocal system generates a LSM file format, which
is an extended multi page TIFF-format that can hold few stan-
dard TIFF data channels, usually one image per dye. Here, we
only need the channel tailored to visualize F-actin. Our analy-
sis platform was built in Matlab® and was based on three
main steps: in the first, we preprocess uncompressed TIFF
(8 bits, 512 X 512 pixels) confocal images of vascular smooth
muscle cells (VSMCs) (14,17), then we apply an algorithm of
edge detection and calculate the DA using the methodology
that will be summarized here. For each arterial bed, we used a
set of six images.

During the preprocessing, the data of the F-actin labeled
fluorescence images were adjusted, improving the contrast of
the actin fibers: we used a generalization of the Otsu method
to eliminate the image background noise, which is widely
used for this purpose (17,21-25). That method establishes an
optimum threshold L., however, often, due the experimental
setup, the noise and the signal are too close and the thresh-
old L. may not be the best choice. This is the case of our
images where the pure Otsu method generated a very high L.
(Fig. 1B). Thus, to overcome this difficulty, but keeping a user
independent threshold selection, we applied a single correc-
tion factor for all images, L=0L, where here, «=0.3, which
eliminates most of the noise, keeping the information from
the fibers (Fig. 1C).

Quantification of the DA

To quantify the DA, the Sobel operator was used,
adopting the methodological procedures described by
Yoshigui et al. (14). Given a gray scale image, this operator
calculates the brightness of each pixel P;j, where i and j
represent the coordinates of the pixel, of an image using the
following horizontal and vertical convolution matrixes:

-1 0 1
My=|-2 0 2/, (1)
-1 0 1
-1 -2 -1
M= 0 0o o0 [, (2)
1 2 1

where M), and M, represent, respectively, the magnitude of
the brightness gradient in horizontal and vertical directions.
The neighbors of each pixel were selected as a sample
matrix §; j:

Pi-1j-1 Pi-1j Pic1j+1

Sij=1| Pij—1 P;; Pij1 |- (3)
Piv1j-1 Pis1j Pir1j+1

Thus, during image analysis, the horizontal (Hj,) and

vertical (H,) convolutions were calculated using the following
expressions:

Quantification of Alignment of Vascular Smooth Muscle Cells
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Figure 1. Quantification of the degree of alignment of actin fibers of VSMCs using statistical analysis. We applied a generalization of the Otsu
method to improve the contrast of our fluorescence labeled images (A). In B, we have an image adjusted by an optimal threshold (L) deter-
mined by the Otsu’s traditional method, which applied a very high L.. To overcome this problem, we applied the condition Lg=ulLc,
where 2=0.3 (C). D: Grayscale (or online color) coded image representing the angles per pixel of thoracic aorta divided in16 X 16 squared win-
dows. The grayscale version’s (color code) was implemented to differentiate the orientation angles for each pixel: for angles closer to 7/2 rad,
the pixel fibers’ shades were white (blue) and for angles closer to 0 rad, pixel fibers’ shades were black (red). From F to G: Rotation of the prefer-
ential angle to zero in local regions numbered from 1 to 3. From F’ to G": Histograms of the angles for each local region, after the rotation. H: His-
togram of the Kurtosis for all the local regions in the image presented in D. A dotted line for K= 3 indicates the region where the integral of the
Eq. (8) is applied, after a normalization, to evaluate the degree of alignment of the cells. [Color figure can be viewed at wileyonlinelibrary.com]

Hy(i,)= Z M, - Sij, (4) Subsequently, a color-coding scheme was used to facili-
o tate the characterization of the fibers directions. To simplify
H, (i, j)= ZM" - Sije ®) the interpretation, the orientation angles of the fibers have

been adjusted between —n/2 and n/2 rad (Fig. 1D). By calcu-
lating the angle per pixel, using Eq. (6), and building its histo-
gram, we could find the preferential angle. However, we note
that, although the fibers of the cell are aligned in clusterized
regions, those regions are not aligned to one another, tending
0(i, j)=arctan (&) (6) to the global alignment vanishes. Thus, we divided the whole

h image in a set of 0 >n> N small regions with L X L pixels,

The values of Hy(i,7) and H, (i, j) represent the magnitude of
the brightness gradient along the horizontal and vertical direc-
tions, respectively. The angle (0) for each pixel was calculated
using the arctangent function:
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calculated the angle probability distributions of all regions,
I1,(0), identifying the position of the peak of IT,(0), which
we assigned to be the preferential orientation of n. We choose
the size L of these regions, so it could capture the alignment
clusters. We rotated each subregion aiming that the preferen-
tial orientation becomes zero centered and the angles are
redistributed to be between —n/2 and n/2 rad (see Figs. 1E—-
1G). Then we called DA the dispersion of the distribution
around zero by calculating the Kurtosis, K[IT,(6)], which is
known to be a good descriptor of the shape of the distribu-
tion, which is given by:

[Eij (O(i,j) *0)4]

KIML(0)= 75 =

(7)

where 0 is the sample mean and ¢ is the standard deviation
of 0(i,7). Normal distributions have values ofK [IT,(0)]=3,-
while peaked distributions have K[IT,(0)] > 3, as can be seen
in Figure 1E, and are considered highly aligned subregions.
Distributions with K[I1,(0)] < 3 are flatter distributions with
high dispersion, as can be seen in Figure 1G’, and are consid-
ered regions with low DA. Thus, values of K between 3 and oo
characterize regions that are considered aligned. We obtained

50 pm

the probability distribution of the Kurtosis II(K) for the N
subregions, by normalizing its histogram (Figure 1H) by the
total area, as [, II(K)dK=1 . Finally, we defined the DA as:

DA= J T(K) dK . (8)
3

We applied this methodology for different values of L,
8 < L <32 pixels, and they did not show significant variation,
thus, we adopted L =16 as the window size because the
average standard deviation of the DA was lower than the other
sizes (Fig. 2B). Furthermore, this size showed to be more
efficient to cover appropriately the images of the cells
(Fig. 2E). Larger windows will include too much background
(in Figs. 2C and 2D), while smaller windows will include only
few fibers.

REesurrs AND DiscussioN

Figures 3A and 3B show two images of VSMCs obtained
from carotid and coronary arteries using fluorescence confocal
microscope. From these images, which are from the same ani-
mal, one can notice a shape difference, but standard methods
to measure the alignment are not able to detect differences.

B

o = =
T T T

Mean Standard Deviation
-
T

Figure 2. Cell imaging processing A: Fluorescence microscopy image of two VSMCs obtained from a porcine thoracic aorta using the method-
ology described previously. Samples were stained with phalloidin. Different windows sizes (C: 64, D: 32, and E: 16) were used to divide VSMCs
images to calculate the degree of local alignment of the F-actin. Using six images, for each one of the six different arterial beds (femoral,
carotid, thoracic aorta, abdominal aorta, coronary, and renal artery) used in this work, the degree of local alignment was estimated, and we
decided to adopt L= 16, because the results obtained using this window size showed a smaller mean standard deviation of the values of DA
(B). As we can see from the picture, this window size is suitable for our purpose, because it covers almost the entire cell, reducing background
regions and covering a number of fibers enough to generate reliable results. Note that, the size of L has to change once the magnification used
to take the images changes. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 3. DA for VSMCs collected from different porcine arterial beds. The arteries are organized in a sequence: from peripheral to central
arteries. Fluorescence confocal images of A: thoracic aorta VSMCs and B: femoral VSMCs stained with phalloidin. The images indicate
that the cells present different shape and alignment of the actin fibers. This difference may have influence on the mechanical behavior of
the cells and, as a consequence, it may be related to the mechanical behavior of the arterial wall. C: Box plot of the DA (%) for VSMCs
from each arterial bed, where the dots are outliers. This result indicates that peripheral arteries presented more aligned cells than the
central arteries, when we consider central arteries the ones that are closest to the heart and peripheral as the arteries near the extremities
of the animal body (head and members). [Color figure can be viewed at wileyonlinelibrary.com]

However, using our previously described method, we can
quantify the differences in the alignment of the internal fibers,
as we can see in the box plot of the DA for six different arterial
beds (Fig. 3C). It shows that peripheral vessels, such as carotid
and femoral arteries(18), displayed lower DA values (32.9%
and 48.7%, respectively) than the cells from central vessels, as
thoracic and coronary artery (69.1% and 72%, respectively).
We have shown that the DA VSMC changes obtained
from different regions of the arterial tree, increase from
peripheral to central arteries, which may indicate that the
structure of the VSMCs changes to be adapted to the arterial
function. With the same idea in mind, several authors studied
the mechanical properties of vessels (5,18-20,26,27), such as
Dinardo et al. (5), who showed that the VSMC rigidity, from
the same set of images used here, increases as their vessel of
origin moves away from the heart. These parameters were
evaluated using optical magnetic twisting cytometry (OMTC)
and our data of DA were plotted together for comparison. The
Figure 4 shows the Z-score, or rigidity, from the apparent stiff-
ness (G) versus the DA of the VSMCs. Here, the arterial beds
were distributed in the x-axis, from the peripheral to central
arteries. The rigidity shows a small fluctuation between the
arterial beds, without a clear trend, while the DA increases.
This difference can show that the rigidity of the cytoskeleton
may not be influenced by the local alignment of the F-actin.
However, we observed that, among anatomical and
structural parameters of vessels obtained from the literature
(5,18,19,28), such as media thickness, internal diameter, thick-
ness/internal diameter, percentage of collagen and percentage
of elastin, the arterial wall distensibility is the parameter that
best correlates with DA. The distensibility is the inverse of the
pressure-strain elastic modulus (Ep), as described by Slordahl
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et al. (28). In this work, the authors evaluated the Ep of cen-
tral arteries and show that the Ep, from pig’s central arteries,
increase with the distance from the heart. From their results,
we calculated the distensibility as the inverse of Ep for four
different arterial beds in the aorta (ascending aorta, descend-
ing aorta, abdominal aorta high, and abdominal aorta low)
and compared with our DA results, also from pigs (Fig. 3C),
as is shown in Figure 5.
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Figure 4. Box plot (light gray) representing the Z-scores of the
variable G for each artery which indicates the VSMC rigidity
according to the position in the arterial tree. This box plot was
adapted from the original data obtained by Dinardo et al. (5).
Here, we just changed the sequence of the arterial beds. The box
plot of the DA (dark gray) is plotted with the Z-score for compari-
son. These graphs indicate that the alignment of the F-actin of
VSMCs can be related with the mechanical behavior of the arterial
wall, but it did not show a correlation with the rigidity of the
VSMC cytoskeleton.
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Figure 5. Comparison between our results and the data obtained
by Slgrdahl et al. (28) for four different arterial beds at the aorta of
a set of six pigs (ascending aorta, descending aorta, abdominal
aorta high, and abdominal aorta low). The arterial beds are
distributed in the graph’s axis as they are located in the animal’s
body. The box plot represents the data obtained in this work and
the triangles represent the literature data.

Similar studies also shows that the arterial wall distensi-
bility increases from peripheral to central arteries for dogs,
Peterson et al. (19), and sheep, Mangell et al. (18). Thus, all of
them agree that the three species follows the same tendency.
In Figure 6, we extrapolate our results of VSMCs DA from pig
(arterial beds: carotid, femoral, abdominal aorta and thoracic
aorta) to compare against the distensibility of the arterial wall
among different species, dog (19) and sheep (18). We can see
that, for all the three species the distensibility and DA
increases from peripheral to central arteries. Hence, from our
data, we found that cells in arterial beds with more capacity of
distension present more stress fibers aligned. We could, again,
extrapolate our findings considering that the blood flow shear
stress play an important role in arterial distensibility (29).
Thus, the cell stress fibers alignment may be a consequence of
the shear stress. If this is true, it can be used to couple
macroscopic mechanical parameters with the microscopic cell
structure.
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Here, we have developed an innovative, user indepen-
dent, and automated methodology for image analysis, which
covers an important structural property of cells: the DA. We
hypothesized that this parameter can be defined by the orien-
tation of the actin fibers, which is a determinant element for
the elastic behavior of the cardiovascular system. We applied
our platform to perform a statistical analysis of images of
vascular smooth muscle cells obtained from several segments
collected from a porcine arterial tree. Our method showed to
be efficient for determining the DA of VSMCs, since it enabled
quantitative and fast analysis of the alignment of the fibers in
local regions of the cells.

The methodology applied here was different from
others, such as the one presented by Yoshigi et al. (14), and
of Kemeny et al. (17), once we are not determining the
preferential angle of the actin fibers, but the degree of local
alignment. While our method is focusing on the individual
cell properties, which may be directly related to the viscoelas-
ticity and phenotype cell adaptation, the method suggested
by Yoshigi et al. is focusing, for instance, on the collective
and preferential alignment of a confluent group of cells form-
ing a monolayer and under unidirectional mechanical stress.
Thus, it is not possible to identify if the cytoskeleton of a
given cell is more or less aligned than the cytoskeleton of
another cell.

Our method can be used to any type of fiber inside a cell,
as microtubules and intermediate filaments and can also be
applied to human VSMCs or other human cells. However, the
method needs to adopt a specific window size, which should
be tested before processing the data, since the relative size of
the cells varies from one experimental setup to another. The
size of the window cannot reach the size of the cell, as well as,
it cannot be too small. Thus, we found that the window size
should be between 1/10 and 1/40 of the total cell length, in
pixels. Another limitation was imposed by the image acquisi-
tion process, since focus adjustment of the image and fading
of fluorochromes influenced the contrast of the fiber image.
Despite these limitations, our method proved to be efficient
to determine the degree of alignment of VSMCs and can be
used to characterize the cell in different studies.
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Figure 6. DA of VSMCs calculated from different porcine arterial beds compared with the inverse of pressure-strain elastic modulus
(distensibility) of arteries for dog (diamonds) and sheep (squares) (19). It's been found modulus of thoracic aorta, abdominal aorta,
femoral, and carotid arteries, but modules of renal and coronary arteries of the same animal were not found for comparison.
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