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Abstract

A new method for measuring the quantitative indicator of the degree of red blood cell (RBC)
aggregation in autologous blood plasma by automated analysis of images obtained using a light
microscope is described. A method for measuring the degree of RBC aggregation in autologous blood
plasma includes preprocessing, image acquisition and automated image analysis, image binarization,
defining the boundaries of objects found, classifying objects into two classes (single RBC and
aggregates) and calculating a numerical indicator reflecting the degree of RBC aggregation. The result
of the treatment is an indicator of the degree of RBC aggregation in autologous blood plasma. The
proposed method makes it possible to assess of RBC aggregation in autologous blood plasma and
thereby obtain additional diagnostic and scientific information, increase the accuracy of assessing the
degree of RBC aggregation in autologous blood plasma.
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Introduction

The ability to aggregation is one of the most important properties RBC aggregation is a reversible
process of formation and destruction of RBC aggregates, which largely determines blood viscosity at
low shear stresses [1-3]. As a consequence, the aggregation of RBCs significantly affects the efficiency
of blood microcirculation and oxygen delivery to tissues. At the same time, the degree of RBC
aggregation significantly changes in diabetes, hypertension, sepsis and many other diseases [4-6].
This makes the study of RBC aggregation an important task both for the development of blood
rheology as a scientific direction and for clinical practice.

The most common methods of studying the process of RBC aggregation in the form of rouleaux
are photometric methods [7,8].

However, the existing methods of registering erythrocyte aggregation are either time-
consuming or do not show an objective picture of the degree of RBC aggregation into complexes.

In this paper, we present method that combines reliable visualization of the process, simple
preparation of a preparation for measuring RBC aggregation and software processing of aggregation
images to obtain its numerical value.

Thus, the aim of the study was to develop and test a method for obtaining a standardized image
of RBC aggregation and its subsequent processing using a special computer program.

Materials and methods

Blood was drawn from healthy donors and diabetic patients upon obtaining their informed
consent according to the Helsinki Committee Regulation.

Fifteen diabetic patients and 10 healthy subjects participated in the study. Diabetic patients had
all been diagnosed with type 2 diabetes mellitus.
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Venous blood was collected into vacuum tubes containing 3.8% sodium citrate (9:1).
Immediately after collection, citrated blood was centrifuged at 2000g for 20 min, the plasma was
aspirated and saved, and the buffy coat was discarded. To investigate RBC aggregation were
resuspended at 0.25% hematocrit in autologous plasma.

After that, a drop of 0.25% of a mixture of plasma with RBCs was placed on a slide in the field
of view of a light microscope (Primo Star, Carl Zeiss, Germany) equipped with a megapixel digital
color television camera. With the help of a digital camera, an image was obtained at a total
magnification of 200x, it was processed using computer vision algorithms.

Automated image analysis using computer vision algorithms includes image preprocessing,
image binarization for searching for objects, determining the boundaries of found objects, classifying
objects into two classes (single RBCs and aggregates) and calculating a numerical indicator reflecting
the degree of RBC aggregation.

At the stage of image preprocessing, a median filter is applied to eliminate pulse noise and
adaptive histogram alignment is performed to increase the contrast and image quality. Then the
image is binarized by the Otsu's method. Due to the color heterogeneity of the desired objects, gaps
are formed inside the objects in the binarized image. To eliminate these gaps and improve the quality
of binarization (and, consequently, the quality of has at least one neighbor belonging to this set), then
the contours of the connected areas are constructed.

After determining the contours of the desired objects, they are classified into single RBCs and
aggregates. It should be noted that single red object recognition), a circle-shaped neighborhood is
examined for each pixel of the image (a circular neighborhood is used, since the shape of RBCs in the
image is close to a circle), and the percentage of black and white pixels in this neighborhood is
calculated. If the ratio is greater than 80%, it is assumed that an object has been found inside which
there is a gap, and all pixels inside the investigated neighborhood are painted black. Then the objects
obtained as a result of binarization are selected. First, connected areas are selected (a connected area
is an image area in which each pixel blood cells have the shape of a circle, therefore, it is necessary to
separate objects having the shape of a circle and figures of complex shape (aggregates). This is
implemented by calculating the center of mass of each object. The center of mass of single RBCs,
whose shape is close to a circle, is located in the center of the object, therefore, the distance from the
center to each point of the contour is approximately equal. The center of mass is determined for each
object, then the distances from the center of mass to each point of the object contour are calculated
and the value of the indicator characterizing the deviation of the distances from the average value
(variance) is calculated. If the variance value is close to 0 (it lies in the range from 0 to 1), the object is
considered a single RBC, otherwise it is an aggregate.

In the image aggregated RBCs are indicated in red, individual cells are indicated in green.

Next, the calculation of the value of the indicator characterizing the degree of aggregation of
RBC:s as the ratio of the area of aggregated to the area of single cells is performed.

Statistical Analysis

Data are presented as the mean * standard error mean (SEM). The results of this study were
tested by using nonparametric statistics methods using the Mann-Whitney test. The level of
significance was considered as g value <0.05.

Results

The results of study of RBC aggregation in autologous plasma healthy subjects are shown in
Figure 1. Figure 1A shows the formation of rouleaux in autologous plasma in healthy subjects. The
indicator of the degree of RBC aggregation was 5.34 + 0.82 (Figure 1B).

It was shown that in diabetic patients the degree RBC aggregation in autologous plasma
increased. In contrast with rouleaux formed in healthy subjects, pathologic globular structures of
RBC aggregates were observed in diabetic patients (Figure 2A). The indicator degree of aggregation
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of RBCs in a patient with type 2 diabetes mellitus was 12.17 +1.90 (p<0.05). The indicator of the degree
of RBC aggregation in patients with diabetes mellitus increased 2-fold.

B

Figure 1. Aggregation of RBCs healthy subjects in autologous plasma. Image before (A) and after (B) processing
using computer vision algorithms. It shows aggregates of RBCs in red, and individual cells in green.

Magnification 200x.
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Figure 2. Aggregation of RBC patients with diabetes in autologous plasma. Image before (A) and after (B)
processing using computer vision algorithms. It shows aggregates of RBCs in red, and individual cells in green.
Magnification 200x.

Conclusion

Thus, the study showed that the method of automated processing of images obtained using a
light microscope makes it possible to measure the degree of RBC aggregation. This method can be
widely used in clinical laboratories to measure the degree of aggregation of RBC aggregation in
various pathological conditions of a person.
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