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Abstract: Visceral Leishmaniasis (VL) is a neglected disease that affects between 50,000 and 90,000 new
cases annually worldwide. In Brazil, VL causes about 3500 cases/per year. This chronic disease
can lead to death in 90% of untreated cases. Thus, it is necessary to study safe technologies for
diagnosing, treating, and controlling VL. Specialized laboratories carry out the VL diagnosis, and
this step has a significant automation power through methods based on computational tools. The
gold standard for detecting VL is the microscopy of material aspirated from the bone marrow to
search for amastigotes. This work aims to assist in detecting amastigotes from microscopy images
using deep learning techniques. The proposed methodology consists of segmenting the Leishmania
parasites in the images, precisely indicating the location of the amastigotes in the image. In the
detection of VL parasites, in this methodology, a Dice of 80.4% was obtained, Intersection over Union
(IoU) of 75.2%, Accuracy of 99.1%, Precision of 81.5%, Sensitivity of 72.2%, Specificity of 99.6%, and
Area under the Receiver Operating Characteristics Curve (AUC) of 86.5%. The results are promising
and demonstrate that deep learning models trained with images of microscopy slides of biological
material can precisely help the specialist detect VL in humans.

Keywords: computer vision; deep learning; segmentation; visceral leishmaniasis

1. Introduction

Leishmaniasis is a major health problem in the Americas, East Africa, North Africa,
West Asia, and Southeast Asia [1]. Leishmaniasis accounts for 700,000 to 1 million cases/year
and causes between 26,000 and 65,000 deaths annually worldwide [1]. In Brazil, there
are two forms of the disease: Visceral Leishmaniasis (VL), also known as kala-azar, and
Tegumentary Leishmaniasis (TL), which encompasses a spectrum of clinical manifestations,
including localized cutaneous, diffuse cutaneous, disseminated, and mucocutaneous leish-
maniasis [2]. LT is the most frequent form of the disease with about 21,000 cases/year [3],
while VL has about 3500 cases/year [4]; however, it is the most lethal and can lead to death
in 90% of untreated cases [5]. Control methods for reducing cases are primarily linked to
implementing health surveillance measures and basic sanitation.

In America, VL is a disease caused by protozoa of the Leishmania infantum species
(called Leishmania chagasi in the Americas), transmitted to humans through an infected
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female insect vector, called sandflies [6]. In Brazil, the main species responsible for trans-
mission is the Lutzomyia longipalpis, which through its hematophagous habit (group of
animals or parasites that feed on blood) infects vertebrate hosts, such as rodents, dogs, and
humans [7].

In humans, Leishmania can infect different types of cells, mainly macrophages, in which
the replication and differentiation of the agent from promastigote to amastigote occur [8].
The main symptoms of VL in humans are long-lasting fever, weakness, weight loss, anemia,
hepatosplenomegaly, and a marked drop in the patient’s blood platelet count [9].

VL detection can be performed by an immunological test, which aims to detect anti-
Leishmania antibodies; however, this modality presents an uncertain diagnosis due to
different stages of the infection and the low reproducibility between different serological
tests [10]. On the other hand, the gold standard for detecting VL is microscopy of material
aspirated from the bone marrow to search for amastigotes of the parasite in all slide
fields [11].

The microscopy examinations generate a significant volume of images, which requires
considerable time for proper detection and annotation. Specialists carry out this process
and it is subject to errors, depending on the operator’s skill and the quality of the collected
sample [12]. Despite the established conventions in the annotation process, many images
are complex, resulting in miscount. Therefore, it is crucial to have an efficient diagnostic
method to assist specialists in disease management [13].

The use of computational methods for analyzing medical images has several advan-
tages over the traditional method of manual analysis performed by health professionals [14].
These advantages include faster analysis, reduced variability between results obtained by
different specialists, the possibility of automated processing of large volumes of data, and
the detection of subtle patterns that may go unnoticed by the human eye [14]. In addi-
tion, computational methods can allow more accurate decision-making and help health
professionals in the early detection and treatment of diseases [15].

In order to alleviate repetitive work, it is pertinent to use machine learning techniques
for processing medical images capable of diagnosing diseases [16]. Among these techniques,
those of Computer Vision (VC) and Deep Learning (DL) stand out, widely used in the
detection of diseases, including VL in humans, achieving high precision when analyzing
the microscopy images of the biological material of the bone marrow [17].

The general objective of this work is to assist in diagnosing visceral leishmaniasis using
Computer Vision and Deep Learning techniques to automatically detect amastigotes and
identify the parasites in images of slides from the parasitological examination (microscopy)
of the bone marrow.

The proposed method presents the following main contributions: a complete method-
ology for detecting the presence of VL in images of slide fields and segmentation of
Leishmania parasites; and pre-processing methodology with dynamic clipping of images
with the presence of amastigotes.

2. Related Works

This section presents the main works related to studying VL in images: introducing
the objective of each work, some techniques used, image databases, and results achieved.

Nogueira (2011) [18] proposes a method to automatically determine the infection levels
in microscopy images infected with the parasite Leishmania. For this purpose, the authors
used computer vision and pattern recognition techniques. The images are subjected to a
pre-processing step to normalize the lighting conditions. Then, the method performs the
detection of Leishmania macrophages and parasites using Otsu [19] threshold techniques.
Due to the overlapping of segmented regions, the authors used a rule-based statistical
classifier [20] to divide these segmented regions. Finally, the sub-regions were classified
using a Support Vector Machine (SVM) [21], defining the infection levels.

In the work of Nogueira and Teéfilo (2012) [22,23], the authors developed automated
methods to identify cells and parasites in microscopic images, allowing for more precise
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annotations. These authors used segmentation through the Otsu threshold, and then
the segmented regions were divided into sub-regions using a rule-based classifier. The
authors used a trained SVM with data extracted from several Gaussian Mixture Models
(GMM) [24] of the segmented sub-regions. The accuracy of the methods was above 90%,
with an approximate 85% accuracy in the individual detection of parasites in regions with
multiple cores.

Neves (2013) [25] developed an automatic method for annotating Leishmania infections,
using the K-means [26] grouper. The strategy primarily relied on detecting blobs, which are
shapes that differ from other regions in the image, such as clear or dark circular forms [27].
Additionally, the authors performed cytoplasm segmentation, clustering, and separation by
utilizing concave regions of the cell contours. This method was compared with the method
by Leal (2012) [28] and obtained an F1-Score 8% higher in the detection of parasites.

In the work by Neves (2014) [12], the authors developed a method to determine the
positions of infected macrophages and parasites. In addition to detection, the authors
separated overlapping cells based on contour concavity. This method is also based on de-
tecting, grouping, and separating blobs using concave regions of cell contours, as in Neves
(2013) [25]. In comparison with the works by Nogueira (2011) [18] and Leal (2012) [28], the
authors conclude that the proposed method achieves an F1-Score up to 6% better in the
annotation of infections by Leishmania.

In Ouertani (2014) [29], the authors presented an automatic method for segmenting
parasites. Due to the high contrast in images of this nature, it was possible to use a
color-based segmentation to remove the background of the images using the K-means
grouper. The proposed method was evaluated in 40 images, proving reliable and robust
in terms of results. As a continuation of the research, Ouertani (2016) [30] added a pre-
processing step to correct lighting non-uniformities, a primary segmentation step based on
the Watershed [31] edge-detection algorithm, and a region-merging step using combined
criteria of region homogeneity and edge integrity as a solution to the over-segmentation
produced by the initial processing step.

In work by Gomes-Alves et al. (2018) [32], the authors presented an automatic image
analysis method for counting Leishmania parasites. The work applied classical algorithms to
segment and outline the image to identify parasites. The authors used 382 private images
in this process, resulting in an infection rate of approximately 80%.

In work by Goérriz et al. (2018) [17], the authors presented an unsupervised analysis
method for detecting leishmaniasis parasites in microscopic images. They implemented
Deep Learning techniques and trained a U-Net [33] model to segment Leishmania parasites
and classify them into amastigotes, promastigotes, and adherent parasites.

In Moraes et al. (2019) [34], the authors presented a protocol to quantify the parasite
load by high-content analysis based on the infection of macrophages with Leishmania
promastigotes. The method can detect and quantify intracellular amastigotes, in addition
to the total number of parasites and the number of parasites per infected cell.

Salazar et al. (2019) [35] proposed a semi-automatic segmentation strategy for the
evolutionary parasites of VL, specifically the amastigote and promastigote types. Optical
microscopy images are generated from the blood smear and subjected to transforming
the color intensity space into an intensity space in gray levels. In the pre-processing step,
smoothing filters and edge detectors were used to enhance the images. In the segmentation,
the technique of region growth [36] was applied to group the pixels corresponding to
each parasite. Finally, the segmentations obtained allow the calculation of the areas and
perimeters associated with the segmented parasites. It is worth noting that the authors
used an open dataset consisting of 45 microscopic images of bone marrow aspirate from
patients with VL, made available by Farahi et al. (2014) [37].

In work by Coelho et al. (2020) [38], the authors developed an automatic method
for determining the infection rate of amastigotes. For this, the segmentation method is
based on mathematical morphology [39] and reached an Accuracy of 95% compared to
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the manual method. Therefore, this method contributes to a faster determination of the
infection rate.

The works related to the state of the art presented difficulties in acquiring images of
blade fields. Most datasets are private and analyze few images in their studies. Thus, a
data acquisition problem was faced. Also, it was observed that most of the studies had
not investigated the use of DL for image segmentation. These gaps led to the proposal of
this work.

3. Materials and Methods

This work’s objective is to detect amastigotes in slide field images. This process has as
output the identification of amastigotes, which directly reflects the degree of infection of
the patient. The detection of amastigotes allows for estimating the severity of the infection
since the parasite load is directly related to the intensity of symptoms and the prognosis of
the disease. In other words, the greater the number of identified amastigotes, the greater the
patient’s degree of infection. Figure 1 illustrates the methodology of this detection process.
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Figure 1. Overview of amastigote detection methodology.

3.1. Image Acquisition

The set of microscopic images was acquired in collaboration with the Center for
Intelligence in Emerging and Neglected Tropical Diseases (CIENTD) and the Natan Portella
Institute of Tropical Diseases. These images are registered with the UFPI Research Ethics
Committee under CEP/Conep 0116/2005. The images were acquired using slides from the
parasitological examination of the material aspirated from the bone marrow.

The dataset consists of 150 images classified into positive and negative classes. Out
of these images, 78 indicate the presence of amastigotes, while the remaining 72 indicate
their absence. Experts from the mentioned institutions labeled all the images in positive
or negative for VL. A single image was captured for each slide field, and there were no
unlabeled images. Figure 2 shows examples of images labeled as positive or negative
for VL.
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Figure 2. Images of parasitological examination slides of bone marrow. (a,b) are positive for VL.

(c,d) are negative for VL. Parasites were marked with red circles for better visualization.

In addition to associating the label with the class to which the image belongs, the
specialists also performed manual annotations on each positive image (annotation made
with the help of the LabelMe tool, available at http://labelme.csail. mit.edu/Release3.0/,
accessed on 6 July 2023), providing binary masks that indicate the region occupied by
each amastigote in the images. Binary masks are representations of digital images that
consist exclusively of black and white pixels. In this type of representation, white pixels are
assigned to regions of interest, while black pixels represent the background.

In the dataset, for each Leishmania annotated, an individual mask was generated
containing the location of a single parasite per image, totaling 559 identified Leishmania.
This approach was necessary due to the overlapping of amastigotes in the images. The
Leishmania cluster has overlapping areas, leading to identifying this cluster as a single
region in the image. Figure 3 shows an example of a positive image containing a cluster of
individually annotated parasites.

Figure 3. Positive image with Leishmania parasite region annotated. The annotated image on the (left),
the binary (center) mask, and the intersection of the original image with the mask on the (right).

In the acquisition process the specialist used a digital camera attached to the ocular
structure of the Olympus Cba Microscope to capture images of the slides with biological
material and stained with Panoptic, a staining technique used to highlight different cellular
structures in a sample, applying an increase of 100 x. Each image represents a single blade
field in the dataset. The images have irregular dimensions that vary between 768 x 949
and 3000 x 4000 pixels.

3.2. Pre-Processing

Pre-processing refers to the initial steps of image treatment before they are analyzed
by the detection model. This step is performed on images of fields with the presence of
amastigotes in order to perform the segmentation. The Leishmania parasite represents a
small dot on the image and disproportionately affects the size of the blade field images
(images captured from a microscope slide containing a biological sample). Leishmanias have
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a proportion of 3% to 5% of the image size. Thus, using images with real dimensions in the
segmentation model implies the problem of losing information about the amastigotes’ pixels
due to the reduction of the dimensionality of the images to be entered into the network.
Thus, pre-processing was performed on the images to avoid this problem. Figure 4 shows

the steps of this cutting algorithm.
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The images were divided into clippings to use the segmentation methodology. This
approach sequentially steps through the entire image based on the window size and the
step between clippings. Thus, clippings are performed on the original images and the
corresponding binary masks to generate new images with reduced dimensions. With
the application of this technique, there is no loss of information from the parasites when
loading the clippings in the model since the clippings have the same dimension as the
network input. Based on the average size of the Leishmania in the images, clippings of size
96 x 96 pixels presented a better framing of the parasite. Additionally, smaller clippings
do not accommodate certain parasites with large areas.

Based on the expert’s annotations, Leishmania parasites can have different area sizes
within the same image, and there may be overlapping amastigotes, resulting in intersections
of parasite areas. Thus, when generating each clipping in the images, it is analyzed whether
the edge of the clipping window is cutting any Leishmania. If this occurs, it is checked
whether the amastigote area inside the clipping is smaller than the minimum area («) for
removing the parasite. After analyzing the generated clippings, removing the Leishmania
annotations in the binary masks, which have an area smaller than 50% inside the clipping,
is acceptable.

Applying a fixed step size generates many negative class clippings and few positive
class clippings, in a ratio of 1 positive clipping to 96 negative clippings. Therefore, a
dynamic step size was adjusted based on the presence or absence of Leishmania within the
clipping. If any amastigotes are found, the step is reduced by 8 x to generate more positive
clippings. Otherwise, steps of 96 pixels are used to generate fewer negative clippings. It is
worth noting that the algorithm traverses the entire original image, and there are no regions
without generated clippings. The orientation of the clippings is parallel to the image, which
allows complete coverage of the field of view.

All hyper-parameters of the clipping function are predefined, such as clipping dimen-
sions, steps between clippings, and minimum area for Leishmania removal. In addition,
tests were performed with some color models, including RGB, LAB, and LUV. After several
tests, Table 1 summarizes the hyper-parameters used to generate the clippings.

Table 1. Hyper-parameters used for cropping the images and masks.

Hyper-Parameter Value Tested Options

[96 x 96,128 x 128,
256 x 256,512 x 512]
Step between clippings with the presence of amastigotes 12 pixels [8, 12, 16, 32]

Dimensions of the clippings 96 x 96

Step between clippings with absence of amastigotes 96 pixels  [96, 128, 256]
Minimum area of Leishmania inside the clipping («) 50% [40%, 50%]
Color model for the clippings RGB [LUV, LAB, RGB]

After running the clipping algorithm on the positive dataset, using the parameters
from Table 1, 54,481 clippings were generated, 47,633 from the negative class, and 6848
from the positive class. These clippings show greater emphasis on the Leishmania parasites
compared to the original image’s analysis. Figure 5 illustrates an example of a clipping
generated by this approach.
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Figure 5. Example of a clipping with the presence of amastigote. Clipping of the image on the (left);

clipping of the mask in the (center); intersection of the images on the (right).

3.3. Division of Clippings into Training, Validation and Testing

When training a deep learning network, using different datasets such as training,
validation, and testing is essential. The training set trains the detection model, allowing it to
learn from labeled examples and adjust its internal parameters. The validation set evaluates
performance during training, adjusting hyperparameters and preventing overfitting. The
test set, in turn, is reserved for evaluating the final model after training, providing an
objective measure of its generalizability and readiness for use in a production environment.
This split between the training, validation, and testing sets is key to correctly assessing the
model’s performance and reliability against new data.

When there is the presence of amastigotes inside the clipping, the step between the
clippings is reduced to 12 pixels to create more images of the same region. This displacement
is considered small, and samples of the same image in the training and testing set can
influence the accuracy of the segmentation model.

For this, the generated clippings were grouped according to the original image to
prevent clippings from the same image from being present in the training dataset and in
the test set. This work used 70% of the data for training, 10% for validation, and 20% for
testing. Table 2 presents the division of clippings in the datasets. The accuracy of the split
image percentage is not exact, as some images generate more clipping than others.

Table 2. Division of clippings in the training, validation and testing databases.

Total Positive Negative
Training (70%) 43,897 5802 38,095
Validation (10%) 3700 335 3365
Test (20%) 6884 711 6173
Total 54,481 6848 47,633

3.4. Data Augmentation and Sample Balancing

After dividing the clippings, the classes are unbalanced, with the majority negative
class. The imbalance of classes can hinder the learning of deep learning models. A strategy
to overcome this problem is using data augmentation, which consists of creating synthetic
images, or modified copies, based on real samples [40].

A challenge in adopting data augmentation is the definition of which techniques to
employ among the variety of existing possibilities. A strategy to follow is to define which
techniques best fit the problem and which hyper-parameter ranges are acceptable to avoid
unwanted distortions in the images [40].

An alternative for the problem in question is randomly reducing the number of
negative class images (undersample). However, in order to avoid losing samples of the
negative class and to balance the data, an increase was applied to the data of the positive
class (oversampling), using random operations of mirroring and rotations in addition to
variations in brightness and contrast in the images.

In this work, data augmentation was performed on the positive class of training data,
and validation samples were balanced. No technique was applied to the test set to obtain a
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realistic evaluation of the model. Data augmentation was implemented with the help of
the Albumentations library, proposed by Buslaev et al. (2020) [41].

In order not to interfere with the synthetic samples of the positive class, a probability
of 10% was used to perform variations in brightness and/or contrast in the images. Thus,
in only 10% of data enhancement operations, there is an increase or decrease in brightness
and/or contrast, with variations of up to 20%. In addition, other data enhancement
techniques that modify the values of the pixels in the image, such as saturation, noise,
and equalization, among others, were not applied due to the creation of synthetic images
of the positive class of the disease. Table 3 presents the new division of clippings in the
balanced datasets.

Table 3. Balancing clippings in training, validation, and testing databases.

Total Positive Negative Technique Used
Training (70%) 76,190 38,095 38,095 Oversample in the positive class
Validation (10%) 670 335 335 Undersample in the negative class
Test (20%) 6884 711 6173 Not applied
Total 83,744 39,141 44,603 -

3.5. Model for Segmentation of Amastigotes

The proposed segmentation model performs the segmentation of amastigotes in blade
field images. The U-Net [33] architecture was applied for the segmentation of parasites, as
it is widely used in medical image segmentation [17,42,43]. This architecture seeks to auto-
matically identify the pixels of interest in the image based on the binary masks containing
the specialist’s notes. In this case, the pixels of interest contain Leishmania parasites.

This architecture was used to perform training with images and their corresponding
binary masks. The balanced dataset was used to train the segmentation model, as described
in Table 3. Table 4 presents the hyper-parameters used by the model.

Table 4. Hyper-parameters used by the segmentation model of U-Net.

Best Value Values of
of Hyper-Parameter Tested Hyper-Parameters

[96 x 96,128 x 128,

Hyper-Parameter

Input dimensions 96 x 96 256 x 256, 512 x 512]
Dropout 0.1 [0.1,0.2]
Activation function in the output layer Sigmoid -
Optimizer Adam -
Total training epochs 100 -
Initial learning rate 0.001 [0.001, 0.0001, 0.00001]
Minimum learning rate 0.000001 [0.00001, 0.000001]
Learning rate reduction factor 0.1 -
Patience to reduce learning rate 5 epochs [3, 5]
Patience to stop learning 10 epochs [10, 12]
Initial filters of the model 64 [32, 64]
Loss function Dice loss []?1ce loss,

Binary Crossentropy]
Batch Size 6 [6,16, 32]

Within the scope of this study, the U-Net network is used to predict the presence of
parasites, particularly in identifying the area of amastigotes in an image. This network
can locate and distinguish edges and classify each pixel of the image, allowing precise
segmentation of amastigotes. The U-Net is composed of two main parts: the contraction
path, also known as the encoder, which captures the general characteristics of the original
image, and the symmetrical expansion path, also called the decoder, which allows the
precise location of the amastigotes by through the use of transposed convolutions [33].
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Based on the U-Net architecture, our segmentation model uses four blocks of convolu-
tional layers and maximum pooling in the paths of contraction and expansion of the image.
Each block applies two consecutive 3 x 3 convolutions and the ReLU activation function
between each convolution, followed by a 2 x 2 maximum pooling operation. At the end of
each block of reduction or increase in the dimensionality of the images, a 10% dropout is
applied to avoid overfitting the model. In total, the network has 23 convolutional layers.

Our segmentation methodology, model training, uses an initial learning rate 0.0001.
This rate can be reduced based on the loss assessment in the validation dataset. During
training, if the model does not show a decrease in the loss of validation for five consecutive
epochs, the learning rate is reduced based on a decay factor. Additionally, even after this
interference, if there is no reduction in the loss of validation for ten consecutive epochs,
the model stops learning. It is worth noting that the model with the lowest loss on the
validation set is saved to disk for further evaluation on the test set.

4. Results and Discussions

As previously explained, the available image base has amastigote markings. In this
way, it was possible to carry out the segmentation experiments. The clippings generated
from the 78 positive images for VL were used in this experiment. These clippings were
divided into 70% for training, 10% for validation, and 20% for testing, as described in
Table 3.

Due to the size of the amastigotes about the original size of the slide field images, the
images were divided into clippings to use the U-Net methodology. Cutouts of size 96 x 96
were performed, with a dynamic step that varied based on the presence or absence of the
amastigote. The segmentation evaluation stage uses metrics from the literature, such as the
Jaccard index (IoU), Dice, Accuracy, Precision, Sensitivity, Specificity, and area under the
ROC curve (AUC) [44]. Table 5 presents the results of the main segmentation experiments.

Table 5. Main results of segmentation experiments.

. . U-Net DA .

Dimensions Filters Brightness Color Dice IoU Acc Prec Sen Spe AUC
512 x 512 32 - RGB 0.631 0461 0.999 0.663 0.601 0.999 0.800
256 x 256 32 - RGB 0.726 0569 0993 0.849 0.634 0.998 0.816
256 x 256 64 - RGB 0.742 0.589 0.993 0.851 0.657 0.998 0.828
128 x 128 32 - RGB 0726 0.661 0991 0.864 0.644 0.998 0.821
128 x 128 32 - LUV 0674 0.608 0.991 0.853 0.704 0.998 0.850
128 x 128 64 - RGB 0762 0.694 0991 0.860 0.665 0.998 0.832
128 x 128 64 - LUV 0772 0.706 0.991 0.862 0.657 0.998 0.828
128 x 128 64 - LAB 0749 0598 0991 0.856 0.665 0.998 0.831
128 x 128 64 0.1 RGB 0.782 0.715 0.992 0.821 0.738 0.997 0.867
128 x 128 64 0.2 RGB 0.734 0.670 0.990 0.859 0.609 0.998 0.803

96 x 96 32 0.1 LUV 0645 0591 0989 0.797 0.757 0.995 0.876
96 x 96 32 0.1 RGB 0.703 0.650 0.988 0.826 0.748 0.995 0.871
96 < 96 64 0.1 RGB 0.804 0.752 0991 0.815 0.722 0996 0.859

U-Net filters: number of initial filters of the U-Net architecture; DA Brightness: brightness variation and/or contrast
in data augmentation; Acc: Accuracy; Prec: Precision; Sen: Sensitivity; Spe: Specificity; (-) Untested values; The bold
highlight represents the best result.

The experiments were carried out based on the U-Net architecture. The results ob-
tained for the best segmentation model were a Dice of 0.804, IoU of 0.752, and AUC of
0.859. Also, False Positive Rate (FPR) = 0.004 and False Negative Rate (FNR) = 0.278. Dice,
IoU, and AUC targeting metrics assess targeting quality. The Dice coefficient measures the
overlap between the targeted and true regions, with higher values indicating more accurate
segmentation. The IoU calculates the proportion of the intersection over the union between
the segmented and true regions, being a measure of similarity between them. The AUC is a
metric used in classification tasks and represents the area under the ROC curve, assessing



Appl. Sci. 2023,13, 8076

11 of 17

the ability to discriminate between classes in segmentation. The FPR metric indicates the
background regions incorrectly segmented as amastigotes, and the FNR measure indicates
the regions containing amastigotes and incorrectly identified as image backgrounds.

Among the experiments carried out, it was noticeable that some hyperparameters are
more sensitive than others. They are the size of input clippings; the number of initial filters
of the U-Net architecture; and the variation of brightness and/or contrast in the increase of
data; the color spaces of images.

Figure 6 illustrates learning the U-Net model. Model training was stopped at the 27th
epoch of learning, as there was no reduction in validation loss for ten consecutive epochs.

0325 —
—— Training loss

Validation loss

—»— Best model performance
0.300

0275
0250
9 0.225
0.200
0175

0:150

-,

-~
0125 \\U\M

D 5 10 15 0 5
Epochs

Figure 6. Learning Curves of the U-Net Architecture. The marking (x) in red highlights the time
when the model obtained the lowest validation error.

4.1. Comparison of Segmentation Results with State-of-the-Art Works

Table 6 compares the results of the proposed segmentation method with state-of-the-
art works. The proposed method presented relevant results in all scenarios. It is worth
noting that the state of the art provides a limited set of metrics for comparing results.

4.2. Visual Results of the Segmentation

Despite the segmentation model presenting encouraging results, some images in the
test set were segmented incorrectly. Figure 7 illustrates some images verified by the U-
Net network. In Figure 7, the first column presents clippings of the original images, the
second column the segmentation masks made by the specialists, and the third column is
the result of the segmentation carried out with the U-Net network. The red line highlights
the expert notes.
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Table 6. Performance of the proposed detection method compared to the state of the art.

Method Number Dice IoU Acc Prec Sen Spe AUC
of Images
Nogueira (2011) [18] 794 - - 0.943 - - - -
Nogueira and Teofilo (2012) [22] 794 - - 0.943 - - - -
Nogueira and Tedfilo (2012) [23] 794 - - 0.949 - - - -
Neves (2013) [25] 10 - - - 0.868 0.871 - -
Neves (2014) [12] 44 - - - 0.815 0.876 - -
Ouertani (2014) [29] 40 - - 0.304 0.855 0.266 - -
Ouertani (2016) [30] 40 - - 0.700 - - - -
Gorriz (2018) [17] 45 0.777 - - 0.757 0.823 - -
Salazar (2019) [35] 45 0.850 - - - - - -
Coelho (2020) [38] - - - 0.950 - - - -
78
Proposed method 39,141 (PC) 0.804 0.752 0991 0.815 0.722 0.996 0.859

44,603 (NC)
Acc: Accuracy; Prec: Precision; Sen: Sensitivity; Spe: Specificity; PC: Positive clippings; NC: Negative clippings.

(a) positive image with correctly segmented amastigotes.

(b) positive image with unsegmented region.

| . .

(c) negative image with region erroneously identified as parasite.

Figure 7. Cont.
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(d) negative image correctly interpreted by the model.

Figure 7. Results for amastigotes segmentation. Original clipping on the (left); Ground truth in the
(center); Predicted label on the (right).

Based on Figure 7, the image Figure 7a was correctly segmented, identifying the
cluster of amastigotes in the image. The image Figure 7b shows a Leishmania annotated
by the expert and located under the edge of the clipping, but the segmentation model did
not recognize its region. Image Figure 7c has no parasites noted in the clipping, but a
region was erroneously segmented. The image Figure 7d was correctly interpreted by the
segmentation model, as it did not detect amastigotes in the image.

During the generation of clippings in a 96 x 96 pixel window, there were some
situations in which the amastigote was located under the edge of the clipping and had an
area smaller than 50% inside the clipping. For these cases, the Leishmania annotation was
excluded from the clipping mask. This exclusion was necessary to prevent small “pieces”
of Leishmania from being read by U-Net, and with that, the false positives generated by the
segmentation model were reduced. Due to this pre-processing, the segmentation model
recognized some amastigotes with large area sizes, as illustrated in Figure 8.

Figure 8. Examples of false positives recognized by the model. Original clipping on the (left); Ground
truth in the (center); Predicted label on the (right).

After empirical analysis of the segmentation results, the amastigotes recognized by
U-Net present a better outline of the parasite region when compared to the specialist’s
manual marking. This is because the U-Net has texture and edge markers with higher
precision. The parasites were marked in the images using the LabelMe tool, proposed
by Russel et al. (2008) [45]. This tool has polygon-based markings, making it difficult
to annotate the regions of the parasites. Figure 9 illustrates some examples of imprecise
annotations by the tool.
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Figure 9. Example of images with imprecise annotations of the parasites region. Original clipping on
the (left); Ground truth in the (center); Predicted label on the (right).

Analyzing the results obtained by the proposed methodology, it is possible to list the
following main limitations of this work: (1) It detects only human visceral leishmaniasis
parasites; (2) The noise in the images can cause an erroneous detection; (3) The used dataset
contains few VL image samples.

5. Conclusions

The proposed segmentation method demonstrated its efficiency in identifying image
parasites, presenting a series of significant advantages. Firstly, the results obtained were
promising, allowing a precise segmentation of parasites in medical images. This enables a
rapid diagnosis of the disease, facilitating adequate treatment and reducing patient risks.

This research shows that the detection method can screen patients with VL using image
analysis, especially considering that manual annotation of medical images is laborious and
error-prone. The proposed method can automate this process.

This detection method based on image segmentation can help healthcare professionals
diagnose patients and identify VL parasites, as it reduces manual workload and minimizes
errors associated with manual annotation. However, it is important to emphasize that a
challenge faced by this method is the need for more human VL images available for training
and validation. Obtaining a broader and more diverse dataset is essential to improve and
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validate the method, ensuring its viability in real environments and providing a solid
foundation for successful clinical implementation.

Implementing this technique has the potential to optimize technicians’ time and signifi-
cantly expedite the diagnostic process. By relying on the machine’s findings, laboratory per-
sonnel can confirm the diagnosis more efficiently, eliminating most of the time-consuming
manual inspection of slides to identify parasites. This streamlined approach would result in
faster diagnoses, ultimately saving valuable time for laboratory personnel and improving
overall efficiency in the diagnostic workflow.

Our approach was tailored based on the unique image dataset of confirmed visceral
leishmaniasis cases, allowing us to optimize the methodology for this particular disease.
However, we acknowledge that there is potential for future testing of the methodology
with other diseases.

Finally, as future work, we intend to add a post-processing task in parasite segmen-
tation to remove false positives; create a minimum viable product to present to clinical
analysis laboratories. Furthermore, we intend to use a larger dataset to verify the efficiency
of DL in detecting VL parasites in humans.
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