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Abstract The evaluation of human blood is an important diagnostic method for
the detection of diseases. The analysis of the erythrocytes contained in the blood
contributes to the detection of anemia and leukemia, whereas the leukocyte analy-
sis allows the diagnosis of inflammation and/or infections. The blood is analyzed
through of the complete blood count test (CBC), which is dependent on automated
and/ormanualmethodologies. The dependence ofmedical areas on new technologies
leads the present study to the goal of developing an image segmentation algorithm
that meets the criteria of efficiency and reliability for detection and counting of blood
cells. The algorithm was developed through the Matlab software, being the image
processing methodology based on the union of the Watershed transform and Mor-
phological Operations, originating the WT-MO methodology. For the simulations,
30 blood smear images containing erythrocytes and leukocytes were used in a non-
pathological state. The results showed that the WT-MO methodology presents high
sensitivity (99%), specificity (96%) and accuracy (98,3%) when compared with the
manual methodology. Therefore, the WT-MO methodology is an accurate, reliable
and low-cost technique and can be applied as a third more accessible methodology
to perform of the complete blood count test (CBC) in populations of underdeveloped
and developing countries.
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1 Introduction

During the embryonic stage, the yolk sac is responsible for the formation of the first
blood cells, later during fetal development, this function is transferred to the liver
and spleen. During adulthood, the interior of the bone marrow is composed of a
hematopoietic tissue, being present in the long bones and in the axial skeleton. Bone
marrow presents a suitable microenvironment for the development of hematopoietic
cells and proliferation of primitive cells and progenitor cells [1, 2]. Hematopoiesis
is the process responsible for the formation of blood cells inside the bone marrow,
from a cell mother called stem cell. This pluripotent cell originates from the different
blood cell lines: erythrocytes, leukocytes and platelets. This phenomenon is depen-
dent on a series of actions and responses that lead to the processes of duplication,
differentiation andmaturation, resulting in the production and release of mature cells
into the bloodstream [3, 4].

As a result, human blood consists of approximately 55% plasma and 45% blood
cells, with their total volume represented by approximately 7% of the individual’s
body weight. Its function consists in the conduction of gases and nutrients to the tis-
sues, aid in the excretion of metabolites, hormonal distribution, passage of chemical
messages between distant organs, regulation and maintenance of body temperature,
basic acid balance and osmotic equilibrium [5]. Plasma is an aqueous solution formed
by molecules of different molecular weights, being responsible for the transport of
substances such as water, plasma proteins, inorganic salts, amino acids, hormones,
glucose, albumin, immunoglobulins (IG), components of the blood coagulation cas-
cade, among others. For its part, the blood cells are responsible for the homeostasis of
the organism, transport of gases, defense of the organism against distinct etiological
agents, tissue repair and blood coagulation. However, such observations could only
occur through the invention of instruments capable of visualizing the cells [6].

The erythrocytes are also called red blood cells. They are anucleated, biconcave
disc-shaped cells, formed by a tetram (two α chains and two β chains) responsible
for the transport of oxygen through four iron molecules [7].When erythrocytes reach
the lungs, oxygen molecules are attached to the iron molecule, generating oxyhe-
moglobin. This binding is disrupted only when the erythrocytes reach the tissues,
where the oxygen pressure is lower. In tissues, erythrocytes deposit oxygen and
withdraw carbon dioxide through carbo-hemoglobin binding. Thus, carbon dioxide
is either taken directly to the lungs or is dissolved in plasma [3].

Leukocytes are the defense cells of the body, constituting the innate immune
response and the adaptive immune response. They are also called white cells, are
classified into 2 distinct classes: leukocytes granulocytes and leukocytes agranulo-
cytes.Granulocytic leukocytes are the defense cells that havegranules dispersed in the
cytoplasm, which have anti-inflammatory and antimicrobial action. In addition to the
presence of cytoplasmic granules, these cells present variable numbers of lobes, being
called polymorphonuclear cells (neutrophils, eosinophils and basophils). Agranulo-
cyte leukocytes are those that do not have granules visible in optical microscopy, and
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have only one lobe, being denominated monomorphonuclear. Agranulocyte leuko-
cytes are monocytes and lymphocytes [3, 8].

During hematopoiesis, cells destined to form the granulocytic series (neutrophils,
eosinophils and basophils) synthesize proteins and cytoplasmic granules. The pri-
mary granules have azurophilic staining and are responsible for the conversion of
precursor cells called myeloblasts into promyelocytes. Subsequently, there is the
appearance of specific granules, responsible for the progression to myelocytes of
the type: neutrophils, eosinophils and basophils. After determining the granulocytic
lineage, the following cells are indivisible bymitosis, being characterized by the pres-
ence of segmented nucleus, ability of motility, phagocytosis and microbial destruc-
tion. Depending on the lineage, mature leukocytes are able to adhere and traverse the
wall of the venules, for the purpose of performing tissue defense and reconstruction
[3, 9].

Given the importance of blood cells, the analysis morphologically, quantitatively
qualitatively, is an important task, since they can indicate anemia, leukemias, virus
infections, bacteria or parasites, thromboses, allergies, among other diseases. This
analysis is performed through an examination called complete blood count test
(CBC), which is a highly requested medical examination in the medical routine,
as it provides the diagnosis directly or is indicative of several diseases. This test
consists of the erythrogram, leukogram, and platelet, which evaluate the quantity
and morphologies of red blood cells, leukocytes and platelets, respectively [10].

2 Problematic

Currently, the complete blood count test (CBC) can be performed through two
methodologies: the manual and the automated. The manual methodology is totally
dependent on the human performance combined with the use of non-automated
equipment. It is a cheaper but more time consuming and less reliable exam because
it depends on the counts and calculations performed by health professionals. It is
considered a good alternative for small laboratories, where the demand for exams is
small and the cost with the acquisition with hematological equipment and reagents
does not match the cost-benefit of the process [10].

For this, it is necessary tomake a blood smear, by sliding a fewmicroliters of blood
on a glass slide and subsequent use of dyes, which allow the visualization of cellular
structures. These dyes have the function of staining the nuclear and cytoplasmic
structures of blood cells. Only the final portion of the slide is used to perform the
counts, since the anterior portions have clustered and/or overlapping cells, preventing
a reliable count. This blood smear is used to analyze the morphology and staining of
red blood cells, leucocytes and platelets [10, 11].

The automation of the hemogram implies a greater agility in the accomplishment
of the exams and in the release of the reports, however, they are a more expensive
methodology when compared to the manual methodology. In the 1950s, Coulter
Electronic, Inc. introduced the impedance principle for cell counts. The principle
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of impedance is based on the fact that the electrically conductive cells are diluted
in a conducting solution of electricity. This cell suspension is weighed through an
orifice with a diameter of about 100 μm, where there is an electric current passing
through. This electric current originates from two electrodes: one located on the inner
side of the hole and positively charged, and another located on the outer side of the
hole, negatively charged. In this way, each time the cell passes through the hole it
interrupts the electric current and there is a change in the conductance, consequently,
each interruption is counted as a particle [10, 11].

The impedance principle, over the years, was enabled with counters capable of
measuring cell volume. Such evolution was the result of the correlation of the pro-
portionality of the magnitude of the interruption of the electric current (pulses) as the
cellular volume. Thus, it was observed that small pulses correspond to small volumes,
whereas large pulses result from larger volumes. From this correlation between the
magnitude of the electric current and the cellular volume, a new concept was created
called the threshold concept. The threshold concept is responsible for classifying
cells according to their volume, thus allowing the detection of globular volume. The
globular volume corresponds to the hematocrit performed in the manual blood count,
however, it receives this name because it is performedwithout the need for microcen-
trifugation. Both the impedance principle and the threshold concept are responsible
for the introduction of multi-parameter devices on the market. These devices are able
to perform simultaneous cell counts using separate channels for the counts [10, 11].

In the 1970s, laser light scatters and hydrodynamic fluid techniques were intro-
duced. Both techniques preserve nuclei and granulation of leukocytes, retracting only
the cytoplasmic membrane. The techniques are based on the principles of diffrac-
tion, refraction and reflection of the light emitted. However, in these techniques, the
erythrocytes are undetectable, as a solution the erythrocytes are counted by means
of flow cytometry and hydrodynamic focus, where the erythrocytes are counted one
by one through an extremely fine capillary. These cells are subjected to a laser beam,
where the light scattering is analyzed at different angles of deviation, where at zero
degree is indicated the cell size, the ten-degree indication of the internal structure
and the 90-degree indication of leukocytes and their characteristics of looseness and
granulation content [10, 11].

Over the years, interest in digital imaging methods has increased due to its two
main areas of application: improvement of pictorial information for human interpre-
tation and processing of image data for storage, transmission and representation for
autonomous machine perception. This way, new technology has been developed in
the engineering branch, being of great utility in the medical areas, such as x-ray and
tomography. These examinations are based on the capture of images of the patient’s
body, thus facilitating the diagnostic imaging of various diseases [12]. The aim of
the present study was to develop a blood smear segmentation algorithm capable of
detecting and counting erythrocytes and leukocytes accurately and with high preci-
sion, sensitivity and specificity.
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3 Proposal

The experiments were conducted through digital images acquired in hematology
databases. The blood smear is made by depositing a few microliters of blood on a
glass slide. The fields of the blood smear contained erythrocytes in different sizes,
colors, and quantities [13]. It is important to emphasize that only the final portion
of the slide was subjected to analysis and image capture, because in this place the
cells do not show overlap and/or hyper coloring by the use of dyes. The images
were obtained in jpeg, jpg e png format and were transferred to Matlab® software
simulation environment, version 8.3 of 64 bits (2014a). In this environment, image
segmentation algorithm was developed for counting and detection of erythrocytes.
This process was performed through the union of the Watershed Transform image
processing techniques and morphological operations, which originated the WT-MO
methodology for the detection and counting of erythrocytes and leukocytes. The
logic of the algorithm is shown in Fig. 1.

In the image preprocessing and color conversion step, image quality is being
improved. This occurs because most of the images of this type can find illumination
problems. Thus, it passes through processes of filtering, image enhancement, color
conversion and the segmentation process itself for this digital quality of these images
[14, 15]. In the process of image segmentation, the morphological technique is the
most used, because the mathematical morphology offers a powerful tool for the
segmentation of images, being used to describe the format of the region, such as
limits, skeleton and texture.

The segmentation process consists in the act of fractionating an image into groups
of spatially connected pixels homogeneously [14]. Based on these characteristics the
Watershed transform was chosen as an image segmentation tool, responsible for the
detection and counts of blood cells present in the digital images of blood smears.

The segmentation of images by theWatershed transform is employed as a process
of pixel labeling, where all pixels belonging to the same homogenous region are
marked with the same label. The definition of homogeneity of a region of the image

Fig. 1 Diagram demonstrating the logic used in the development of the WT-MO methodology
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Fig. 2 Detection and counting of erythrocytes and leukocytes simultaneously by the WT-MO
methodology

presents a particular concept of the segmentation process, since each image presents
its own pattern of pixels [16, 17]. Considering that erythrocytes in a healthy state have
color and homogeneous sizes, theWatershed transform presents a good performance
in the labeling of sets of pixels representing these blood cells.

For the labeling of the red cells the pixel is assumed as a variable directly related
to the morphological characteristics of the cells under analysis. In that case, the
labeling should take into account the size and color of the erythrocytes. As the pixels
are grouped according to their characteristics, the algorithm counts and labels each
cell in the image. The labeling consists of inserting a number on top of each cell and
according to the counting order established by the WT-MO methodology, as shown
in Fig. 2.

Morphological operations constitute a broad set of image processing operations
based on the shape of binary images [18]. Removal of leukocytes from the image
is an important process for the detection and counting of blood cells. Considering
the morphological similarity of leukocytes and erythrocytes, referring to the rounded
form, it is possible that the algorithm performed an erroneous count. Another factor
that could cause a failure to count would be the size of the blood cells, since an
erythrocyte measures about 8 μm of diameter, while a newly released lymphocyte
(leukocyte type) by the bone marrow measures about 10 μm.

Besides the shape and diameter, the amount of cells produced and released by
the bone marrow also justifies the choice of Morphological Operations as an image
segmentation tool. The erythrocytes are expressed on the order of 106, while the
leukocytes are expressed in 103 [4]. The lower amount of leukocytes facilitates the
action of morphological operations in their removal of the digital image. Conse-
quently, this action interferes positively with the results of precision.

Morphological operations are applied to the structural element at the input of an
image creating an output of the same size [16]. In this way, the value of the pixels
in the image output is based on the comparison of pixels corresponding to the image
pixels and adjacent pixels. The number of pixels added or removed from objects in
an image depends on the size and format of the structural element used to render
the image. The morphological operations were used to segment erythrocytes. This
process is characterized in the concepts of size, shape, structure, and connectivity of
objects in the image, involving erosion, dilation, opening, closing and reconstruction.
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The dilation consists of adding pixels to the edges of objects in an image, aiming
to repair breaks in the image. The erosion consists of removing the pixels from the
edges of the image, being used to divide objects. The opening is applied to smooth out
contours. The closing is used to merge intervals and fill spaces. The reconstruction
is responsible for extracting relevant information from the image [18].

Therefore, this entire process involves 2 images and a structural element. The two
images: one acts as a starting point for transformation and another act as a mask that
restricts the transformation of the image. Finally, morphological reconstruction aims
at restoring the original forms of the object that remains after the erosion process
[19, 20]. This process is applied in the detection and counting of leukocytes by the
WT-MO methodology, as shown in Fig. 2.

4 Results and Discuss

Were selected 30 images of microscopy fields, containing 6453 red cells and images
ofmicroscopyfields containing 187 leukocytes. Both fieldswere submitted tomanual
counts, with subsequent counting by the algorithm of detection and counting of blood
cells. The values are then compared with each other to determine the accuracy of the
proposed methodology. To obtain the results of this study, more than 300 simulations
were performed.

The digital images were first submitted to a traditional manual counting method-
ology. Afterward, these images were sent to the Matlab software, where the red
cells were detected and counted by theWatershed transform and the leucocytes were
quantified through the morphological operations technique. The results obtained
were compared with the manual methodologies, as shown in Figs. 3 and 4.

The development of systems, methods or tests involving the detection, diagnosis
or prediction of results, presents the need to validate their results in order to quantify
their discriminative power and to identify a procedure or method as appropriate or
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Fig. 3 Comparison of manual counting of erythrocytes x counting by the WT-MO methodology
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Fig. 4 Comparison of the manual count of leukocytes x count by the WT-MO methodology

Table 1 Matrix of confusion True value (observed value)

Predictive value Y = 1 Y = 0

TP (True positive) FP (False positive)

FN (False negative) TN (True negative)

inappropriate for a particular type of analysis. However, the simple quantification
of hits in a test group does not adequately reflect the efficiency of a system, since
the quantification is dependent on the quality and distribution of the data in this test
group [21].

Thus, when the test presents binary response variables (1 if the individual is an
event and 0 otherwise), it is necessary to choose a prediction rule that determines
where the individual should be framed (cutoff point). In the case of this research, the
classification is based on the values obtained during the manual counts of red blood
cells and leukocytes. A widely used way to determine the cutoff point is through
the Receiver Operating Characteristic Curve (ROC) curve. The ROC curve plots
sensitivity versus specificity for all possible cut-off points between 0 and 1 [22, 23].

After determining the cut-off point, it is necessary to evaluate the discriminating
power of the model, that is, to discriminate between the events of the non-events.
For that, the metrics were created: Accuracy, Sensitivity, Specificity, True Predictive
Positive and True Predictive Negative. All these metrics are dependent on the confu-
sion matrix, which is represented by the contingency Table 1 in which the expected
value is in the line, and in the column, the observed value (true value) [21–23].

• True Positive: the test is positive in diseased patients, in the case of this research the
cells are counted correctly by the algorithms in comparison to the manual counts;

• True Negative: the test is negative in healthy patients, in the case of this research
are leukocyte-free images in both manual counts and counts by algorithms;

• False Positive: the test is positive in healthy patients, in this case, they are counted
more cells in relation to manual counting;
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Fig. 5 Roc curve referring
to red cell count by the
WT-MO methodology

• False Negative: the test is negative in diseased patients, in this case, they are
leukocytes counted by the algorithms, and in manual counting these leukocytes
are non-existent.

Thus, 2 binary matrices were created: (1) matrix for erythrocytes quantified by
the Watershed transform; and (2) matrix for leukocytes quantified by morphologi-
cal operations. Later, these matrices were transferred to Matlab software, where the
values of: Sensitivity, Specificity, AROC (area of the ROC curve), VPP—True Pre-
dictive Positive (the probability of an individual evaluated and with a result positive)
and VPN—True Negative Predictive—(probability that an evaluated individual with
negative result is actually normal). The ROC curve of the Watershed Transform is
shown in Figs. 5 and 6, with your parameters showed in the Tables 2 and 3. All values
were given by function used in software Matlab.

Thus, it is possible to note that the WT MO methodology can be seen as a tool
with high accuracy in erythrocyte detection (95%), high sensitivity (93%) and high
specificity (96%).Regarding leukocyte detection, the algorithmalso presented highly
satisfactory values of accuracy (98,3%), sensitivity (99%) and specificity (96%). The
highest accuracy, sensitivity and specificity inwhite blood cell counts is due to human
physiology, as the white blood cells are synthesized by the bone marrow in a smaller
quantity when compared to the red blood cells.

When compared these results with the works [24–27], the WT-MO methodology
also presents a high accuracy. In this way, the WT-MO methodology developed in
this research is a viable alternative for the counting of erythrocytes and leukocytes
in laboratories of clinical analysis, since the precision and reliability of the tests are
indispensable criteria.
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Fig. 6 Roc curve referring
to white cell count by the
WT-MO methodology

Table 2 Parameter analysis
of the ROC curve for
erythrocyte counting

Parameters of the ROC curve

RBC—Watershed Transform

Distance 0.074

Threshold 0.5

Sensitivity 0.93

Specificity 0.96

AROC 0.95

Accuracy 95.00%

PPV 96.60%

NPV 93.54%

Table 3 Parameter analysis
of the ROC curve for
erythrocyte counting

Parameters of the ROC curve

WBC—Morphological Operations

Distance 0.033

Threshold 0.5

Sensitivity 0.99

Specificity 0.96

AROC 0.98

Accuracy 98.33%

PPV 96.77%

NPV 100%
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5 Conclusions

The confirmation of the diagnosis or even the accomplishment of laboratory tests
through algorithms, provides greater reliability of the results to both health profes-
sionals and patients, because the algorithms reduce the chances of human failures.
Due to its high sensitivity, accuracy and specificity in the simultaneous counting of
erythrocytes and leukocytes, theWT-MOmethodology can be seen as a future tool of
medical laboratory routine, and can be used to confirm altered reports in laboratories
with higher purchasing power, or It can be used with a method of substitution of the
manual methodology in smaller laboratories, where the demand for examinations
per day does not entail the acquisition of a high-cost hematological equipment.

It is important to emphasize that techniques result in the reduction of the cost dur-
ing the production/supply of products/services, it directly impacts the final value.
High values of products and services are important factors for the exclusion or
removal of populations from access to health. Thus, the use of blood cell detec-
tion algorithms can make the blood count a more accessible test for less favored
populations around the world.
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