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ABSTRACT

The evaluation of lung tissue can be done by several ap-
proaches. While structural integrity is critical for accu-
rate diagnosis of different pathologies, scientific research
uses specific tools to facilitate evaluation based on the
characteristics of the study, the needs of the researcher,
and available resources. Most software tools lack versatil-
ity and are perceived as black boxes, requiring extensive
knowledge of the subject and software functionality to ful-
ly utilize their capabilities. Additionally, these specialized
tools, often from the private sector, are costly and require
specific inputs. Thus, conducting quantitative analysis of
morphological features in a qualitative manner requires
substantial expertise or extensive training time to ensure
accurate evaluations. Therefore, the proposed software for
alveolar area quantification, developed using histological
images of lung tissue stained with hematoxylin-eosin, aims
to provide a user-friendly interface for the end user, en-
abling quick and simple analyses that can be executed on
devices with limited resources. The images were obtained
from different groups exposed to different concentrations
of lead (5, 10, 15 mg/kg) administered intraperitoneally.
This approach seeks to bridge the gap between the need
for precise structural analysis and the accessibility of ef-
fective tools, enhancing the efficiency and accuracy of lung
tissue evaluation in research requirements.
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RESUMEN

La evaluacion del tejido pulmonar puede
abordarse de diversas maneras. Si bien la in-
tegridad estructural es fundamental para un
diagnostico preciso de diferentes patologias,
la investigacidn cientifica requiere herramien-
tas especificas que faciliten la evaluacién segtn
las caracteristicas del estudio, las necesidades
del investigador y los recursos disponibles. La
mayoria de las herramientas de software care-
cen de versatilidad y son percibidas como "cajas
negras"”, ya que exigen un conocimiento exten-
so tanto del tema como del funcionamiento del
software para aprovechar completamente sus ca-
pacidades. Ademas, estas herramientas especial-
izadas, a menudo provenientes del sector priva-
do, son costosas y requieren insumos especificos.
Por todo esto, realizar andlisis cuantitativos de
caracteristicas morfoldgicas de manera cualita-
tiva requiere una experiencia considerable o un
tiempo extenso de capacitacion para garantizar
evaluaciones precisas. Por lo tanto, el software
propuesto para la cuantificacién del area alveolar,
desarrollado utilizando imagenes histolégicas de
tejido pulmonar tefiidas con hematoxilina-eosi-
na, tiene como objetivo proporcionar una inter-
faz facil de usar para el usuario final, permitiendo
analisis rapidos y simples que pueden ejecutarse
en dispositivos con recursos limitados. Las ima-
genes fueron obtenidas de diferentes grupos ex-
puestos a diversas concentraciones de plomo (5,
10, 15 mg/kg) administradas por via intraperi-
toneal. Este enfoque busca cerrar la brecha entre
la necesidad de andlisis estructurales precisos y
la accesibilidad a herramientas efectivas, mejo-
rando la eficiencia y precision de la evaluacion
del tejido pulmonar en los contextos de investi-
gacion.

Palabras clave: Exposicién crdnica a plomo, Fi-
brosis pulmonar, Procesamiento digital de ima-
gen y Segmentacion.
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INTRODUCTION

Lead (Pb) is a significant anthropogenic toxic
pollutant historically utilized in products such
as gasoline, household goods, toys, paints, and
ceramics (Hoover et al,, 2023). Its extensive use
was largely due to its favorable properties, in-
cluding durability, malleability, and resistance
to corrosion. However, the severe health conse-
quences associated with Pb exposure prompted
regulatory actions to restrict its use starting in
the late 1970s. These restrictions have reduced
exposure in some populations, yet Pb remains
a global critical public health concern. This is
largely attributed to its persistence in the envi-
ronment and its ability to exert toxic effects even
at low exposure levels (Charkiewicz & Back-
strand, 2020).

One of the unique and concerning char-
acteristics of Pb is its capacity to bioaccumu-
late within the human body. Unlike many other
contaminants that are metabolized and excret-
ed, Pb is predominantly stored in bones, where
90-95% of the body's Pb burden is sequestered.
This bone-bound Pb can be gradually released
into the bloodstream over time, especially
during periods of increased bone turnover such
as pregnancy, lactation, or aging, thereby main-
taining elevated blood Pb levels long after exter-
nal exposure has ceased (Yu et al., 2023)

Geochemically, Pb is the second most tox-
ic metal after arsenic (As) and constitutes ap-
proximately 0.002% of Earth’s crust (Tarragd
& Brown, 2017). Human exposure to Pb occurs
primarily through environmental and occupa-
tional pathways. Key sources include Pb salts
and oxides present in atmospheric dust, emis-
sions from automobile exhausts, residues in old
paints, and contamination of food and water
supplies (Kumar et al,, 2020). These pathways
highlight the widespread nature of Pb contami-
nation, affecting populations across diverse re-
gions and socioeconomic statuses.
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The health impacts of Pb exposure are
both acute and chronic, affecting multiple organ
systems. Chronic exposure is particularly con-
cerning as it has been strongly associated with
a range of long-term health issues. For instance,
it can impair cognitive function, leading to devel-
opmental delays and reduced IQ in children (X.
Wang et al,, 2018a). It also contributes to car-
diovascular diseases, such as hypertension and
heart disease, and is a known carcinogen linked
to respiratory neoplasms, particularly in lung tis-
sue (Ding et al,, 2023). Elevated blood Pb levels
during early development can disrupt postnatal
growth (Jiang et al., 2022), deregulate the neu-
roendocrine system (Dos Santos et al.,, 2022),
and impair auditory function, reducing hearing
capacity in infants and children (Xu et al., 2020).

In adults, Pb exposure poses serious risks
to the central nervous system, leading to neu-
rological disorders, and can also impair renal
function, contributing to chronic kidney disease
(Kothapalli, 2021); (Jing et al., 2020). Further-
more, Pb exposure during pregnancy is partic-
ularly detrimental. Maternal Pb can cross the
placental barrier, adversely affecting fetal devel-
opment and growth, particularly during the early
stages of gestation (X. Wang et al., 2018b). These
wide-ranging and persistent effects underscore
the critical need for ongoing efforts to mitigate
Pb exposure and address its public health impli-
cations. Some approaches for determining mor-
phological damage through pixel counting within
texture ranges have been implemented with ex-
cellent results (D. Wang et al., 2020).

Oxidative stress plays a critical role in cel-
lular damage, particularly following exposure to
heavy metals such as lead (Pb). This stress dis-
rupts macromolecules, including lipids, proteins,
and DNA, triggering pathways involved in cell
survival and programmed cell death. Pb expo-
sure has been linked to neurological disorders,
developmental abnormalities, and cardiovascu-
lar diseases due to its ability to generate reactive

oxygen species (ROS) that overwhelm antioxi-
dant defenses, leading to sustained molecular
damage (Paithankar et al., 2021).

Key signaling pathways mediate cellu-
lar responses to Pb-induced oxidative stress.
The NF-kB pathway modulates inflammation
(L. Wang et al., 2021). While the NRF2 pathway
regulates antioxidant defenses Pb exposure also
affects the JAK-STAT pathway, which influences
immune function and apoptosis (Li et al.,, 2023).
and the JNK pathway, which is associated with
stress-induced cell death (Fang et al.,, 2021). Ad-
ditionally, Pb induces hypoxia-like responses via
the HIF pathway (Aschner et al., 2023).Together,
these pathways form a complex network, high-
lighting the multifaceted nature of cellular re-
sponses to oxidative stress and environmental
insults like heavy metal exposure.

Lead (Pb) exposure has been shown to
induce significant histopathological alterations
in various organs, including the liver and lungs.
While studies have extensively documented
Pb-induced hepatic damage—ranging from vas-
cular disruption to necrosis (Kou et al., 2020),
the pulmonary effects of Pb exposure remain a
critical area of investigation. The lungs, as a pri-
mary interface for gas exchange, are highly sus-
ceptible to oxidative stress and inflammatory
responses triggered by Pb accumulation. Such
exposure may lead to vascular congestion, alve-
olar damage, and pneumonic lesions, ultimately
compromising respiratory function.

Histological analysis of lung tissue pro-
vides a crucial tool for identifying structural
alterations associated with Pb toxicity. By quan-
tifying pneumonic areas and assessing cellu-
lar damage, this study aims to contribute to a
deeper understanding of Pb-induced pulmonary
pathology, complementing findings from other
organ systems and highlighting the systemic na-
ture of heavy metal toxicity.

|, 2025-1/ Revista Médica de la Universidad Veracruzana

9



Articulo Original

J

Digital Image Processing for the Quantification of Pneumonic Area in the Lungs of Chronically Lead-Exposed

Wistar Albino Rats in an Intergenerational Model

The lung, essential for gas exchange, depends on the integrity of its
pulmonary alveolar architecture to maintain proper function. Inflammatory
conditions like pneumonia, which can be persistent and fatal, significantly
compromise lung performance (West et al., 2021), while limited research ex-
ists on the direct role of lead (Pb) exposure in triggering pneumonia, studies
suggest that Pb disrupts immune system balance, favoring the production
of pro-inflammatory cytokines that contribute to tissue damage (Dietert &
Piepenbrink, 2006). Evidence from animal studies reinforces these findings.
Mice exposed to Pb inhalation for six months exhibited reduced lung com-
pliance, with pathological changes progressing from emphysema to fibrosis.
Notably, their blood Pb levels mirrored those of humans occupationally ex-
posed to heavy metals. Histological analysis further confirmed inflammation
and significant collagen deposition, underscoring the profound impact of Pb
on lung health (Lee & Lee, 2024).

Accurate assessment of such pathological changes often requires
manual adjustments of thresholds by experienced analysts, a process that
is both time-consuming and skill-dependent (Hiibner et al., 2008). To ad-
dress this challenge, the proposed software seeks to streamline preliminary
quantitative analysis by semi-automating image processing tasks. Its prima-
ry objective is to determine potential differences in alveolar areas analyzed
across experimental groups, enabling more precise comparisons. This inno-
vative tool, described in detail below, aims to reduce the time and expertise
required to obtain reliable results, making lung tissue evaluation more ac-
cessible and efficient.

MATERIALS AND METHODS

This section details the murine model used for obtaining tissue sam-
ples and photographs to observe the pulmonary area, followed by digital im-
age processing methods for quantification.

2.1 Murine model methodology

An intergenerational murine model was generated to emulate and
represent the levels of chronic lead exposure that humans may be subjected
to. The project was approved by the Research Committee (COFEPRIS-19CI
32056045) and the Bioethics Committee (CEI-UAO/UAZ0002-R/2022).

Male Wistar albino rats were exposed during gestation and the first
three months after weaning to different lead doses. A weekly intraperitone-
al dose of Pb(NO,), was administered at 5, 10, and 15 mg/kg, respectively.
The control group was administered a saline solution with NaNO, to rule

10 Vol.2025-1/ Revista Médica de la Universidad Veracruzana
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out any alterations induced by the nitrates themselves. All study specimens
were housed in cages with ad libitum access to food and water in a reversed
12-hour light/dark cycle at a temperature of 25 °C until sacrifice.

2.2 Image acquisition

Rats were sacrificed by exsanguination via axillary cut. Subsequent-
ly, dissection was carried out for organ identification and extraction of the
right lung, in accordance to NOM-062-Z00-1999. After completing the his-
tological technique and paraffin embedding, 4 pm sections of the embedded
lung tissue were made and placed on albuminized slides for subsequent he-
matoxylin-eosin staining. The tissues were photographed using an inverted
microscope, model Axio Vert A1 (Carl Zeiss) with an Olympus C-5060 Wide
Zoom digital camera (5.1 megapixels).

Several photos of the slides of the lung tissue of the rats subjected to
the different treatments were analyzed with software designed in collabo-
ration with the Academic Unit of Electronic Engineering of the Autonomous
University of Zacatecas.

This program can process the images to determine if there is a de-
crease or increase in the alveolar spaces. The software can transform the im-
ages obtained from the microscope into binarized images as shown in Figure
4, to subsequently provide pixels number values, as shown in Table 1.

2.3 Image preprocessing

The images obtained as described above were converted from Tag Im-
age File Format (TIFF) to Joint Photographic Experts Group (JPEG) format.
Subsequently, the color palette is changed to grayscale.

2.4 Image binarization

Binarization is a digital image processing technique that converts a
grayscale image into a binary image with black and white pixels colors, com-
monly with values: 0 (black) or 1 (white). This process is important in order
to segment regions of interest (ROI) and facilitates the subsequent quantifi-
cation and analysis of image features.

The procedure for image binarization is described in the following
steps:

1. 2025-1/ Revista Médica de la Universidad Veracruzana 11
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1. Thresholding: After the color palette change to grayscale, a thresh-
old value T is selected as cutoff point between pixels that will be classified as
black or white. This value can be manually defined or automatically calculat-
ed using algorithms or given a specific task to be done.

2. Binary Value Assignment: Each pixel in the grayscale image is
compared with the threshold T. If the pixel intensity I (x, ) is greater than or
equal to T, the pixel is assigned a value of 1 (white). Otherwise, it is assigned
a value of 0 (black), as is presented in equation 1.

B(xy)={1ifl(xy)2TOifl (xy)<T

where B (x, y) represents the binary value of the pixel at position (x, y).

In this scenario, binarization allows the identification of edges, and detect
areas within the image.

2.5 Quantification of Area

For each binarized image, the number of black and white pixels is ob-
tained. Each number 1 in the image matrix is used to determine the number
of white pixels, and in order to determine the number of black pixels, the
complement of the image is obtained with the equation 2.

Number of black pixels = Total number of pixels - Number of white pixels

Similarly, the area of the pixels is calculated based on the size of the
binarized image. This is expressed as presented in equation 3.

Area of white pixels = Number of white pixels x pixel area

Where: Pixel area is determined by the physical dimensions of the image and
the resolution at which the image was captured.

Quantification
characteristics
.CSV file

~_ _

Grayscale Binarization

Fig. 1. Flowchart describing the image processing steps and the generated files.
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2.6 Edge extraction

In this study, edge extraction was performed using the Canny edge detec-
tion method, which is widely known for its effectiveness in detecting bound-
aries while reducing noise. The Canny method involves several key stages to
detect edges with high precision. The steps followed for its implementation
in Python are outlined as follows:

1. Gaussian Smoothing: A Gaussian filter was applied to smooth the
image and reduce noise. This step helps to prevent false edges that may
arise due to small variations in pixel intensity. The amount of smoothing is
controlled by the kernel size (usually 3x3, 5x5, etc.) and the standard devi-
ation (sigma).

2. Gradient Calculation: The Canny algorithm calculates the gradient
magnitude and direction to identify areas of high intensity change. This is
done using the Sobel operator, which estimates the first derivatives in both
the horizontal and vertical directions (x and y gradients). The gradients rep-
resent the rate of change in intensity, which highlights the edges.

3. Non-Maximum Suppression: After the gradient is calculated,
non-maximum suppression is applied to thin out the edges, retaining only
the most significant ones. This step reduces the number of spurious edges
and provides a cleaner result.

4. Edge Tracking by Hysteresis: In this step, two thresholds (high
and low) are used to identify strong and weak edges. Strong edges are di-
rectly accepted as part of the boundary, while weak edges are only included
if they are connected to strong edges. This step ensures that the edges de-
tected are continuous and relevant.

The Canny edge detection was implemented in Python using OpenCV's
cv2.Canny() function, which allows for setting the low and high thresholds,
as well as other parameters to fine-tune the edge detection process.

2.6.1 Extracted morphological metrics
After edge detection, the contours were extracted from the binary im-
age to measure several morphological properties. These properties provide

valuable insights into the shape and structure of the regions of interest. The
following metrics were computed:

1. 2025-1/ Revista Médica de la Universidad Veracruzana 13
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Average Length (Perimeter): The average length of the contours is the
mean perimeter of the detected objects. It can be calculated using the follow-
ing formula:

Where: n is the number of contours and length of contour,is the perim-
eter of the i-th contour.

Average Area: The area of each contour is calculated using the formula

for polygon area. The average area is then obtained by averaging the areas of
all contours.

Where area of contour, is the area of the i-th contour.

Average Circularity: Circularity measures how close the contour is to a
perfect circle. It is calculated using the formula:

Where A is the area of the contour and P is the perimeter of the contour.
A circularity value of 1 indicates a perfect circle.

Average Solidity: Solidity is the ratio of the area of the contour to the
area of the convex hull of the contour. It is calculated as:

Where A is the area of the contour, and A, ,is the area of the convex hull

(the smallest convex shape that encloses the contour).

Average Aspect Ratio: The aspect ratio measures the elongation of the
contour and is defined as the ratio of the width to the height of the bounding
box that encloses the contour:

Where W is the width and H is the height of the bounding box.

14 Vol.2025-1/ Revista Médica de la Universidad Veracruzana
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Number of Contours: The total number of contours detected in the image
is simply the count of the contours that were extracted from the binary edge-de-
tected image.

These steps and equations allow to quantify and analyze the morphological
properties of the structures detected in the histological images, aiding in a de-
tailed understanding of their characteristics.

2.7 Development of the User Application with Tkinter

For the development of the user application, the Tkinter library is em-
ployed. Tkinter is the standard Python interface to the Tk GUI toolkit, and it pro-
vides a fast and easy way to create GUI applications. Tkinter is included with the
standard Python distribution, making it readily accessible for Python developers.

Tkinter is utilized to design and implement the graphical user interface
(GUI) of the application. The following features are integrated into the applica-
tion using Tkinter:

e Window Management: The creation of the main application window and
additional dialog boxes for user interaction.

e Widgets: The implementation of various widgets such as buttons, labels,
text boxes, and menus to facilitate user input and control.

® Event Handling: The integration of event-driven programming to handle
user actions like button clicks and menu selections, ensuring a responsive user
experience.

® File Handling: The incorporation of file dialogs to enable users to open,
save, and manage image files within the application.

The combination of these features provides a robust and user-friendly in-
terface, allowing users to efficiently process and analyze the acquired images.

2.8 Development Methodology: Iterative and Incremental Approach

The development of the user application follows the Iterative and Incre-
mental approach. This methodology is based on the repetition of a series of itera-
tions to allows a continuous feedback and improvements from the final user. The
main steps of this methodology as applied in this proposal is described below:

@ Initial Development: An initial development of the application is carried
on, focusing on the core functions required in the project and for the final user.

|, 2025-1/ Revista Médica de la Universidad Veracruzana
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@ User Feedback: The initial version is presented to the end-user, who
test the application and provides feedback on its functionality, usability, and
any areas needing improvement.

® Refinement: Based on the user’s feedback, the developers make the
necessary changes to improve the application functionality. This includes
fixing any issues, adding new features, and improving the user usability.

@ [teration: The new and refined version is then presented again to the
final user for further feedback. This process is repeated iteratively until the
application meets the user’s requirements and expectations.

By employing this iterative and incremental approach, the developers
ensure that the final application is user-friendly, efficient, and achieve the
specific needs of the final user, allowing an early detection and resolution of
issues, leading to a more robust and reliable application.

Hematoxylin-eosin staining was performed on slides to identify pneu-
monic areas, revealing a dose-dependent relationship. The acquired TIFF
images were converted to JPEG format using Python version 3.1 and librar-
ies matplotlib, numpy, and cv2 for digital image processing (DIP). The user
interface allows selection of folders containing original images for the de-
scribed process (Figure 2). It also facilitates selection of folders containing
binarized images for quantifying black areas (Figure 3).

Vol. 2025-1/ Revista Médica de la Universidad Veracruzana
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Fig. 2 Users select
the folder containing
original images.
Results are displayed
on-screen upon the

process finish.

Fig. 3. The interface enables
users to select the folder
with binarized images. Upon
completion, results are

displayed on-screen.
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Fig. 4. Comparison of
Different Generated

Images.
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Grayscale conversion applied thresholds (0.2989, 0.5870, 0.1140) pro-
ducing an image with observable changes for the user. Binarization followed,
setting values below the threshold to 0 and above to 255, with thresholds
manually adjusted by experts. Representative images are shown in Figure 4
demonstrating the final binarized images stored in JPEG for subsequent area
quantification.

The final output is a CSV file containing image file names, counts and
areas of black and white pixels. The tests were performed using seven original
images with 1384 x 1032 resolution.

The Canny edge detection method was applied to extract the contours
of structures in the histological images. The process began with converting
the image to grayscale and applying Gaussian smoothing to reduce noise. The
gradient magnitude and direction were calculated using the Sobel operator,
followed by non-maximum suppression to thin out the edges. Finally, edge
tracking by hysteresis was performed to connect weak edges to strong ones,
ensuring continuous contours. The extracted contours were then analyzed for
various morphological metrics, including average length, area, circularity, so-
lidity, aspect ratio, and the number of contours. The resulting contours pro-
vide critical information for understanding the morphological characteristics
of the tissue structures, as illustrated in the following image (Figure 5).

Fig. 5. Binarized histological image (left) and the result of edge detection using the Canny
method (right). The binarized image highlights the regions of interest, while the Canny edge
detection algorithm effectively identifies the contours of the tissue structures, providing clear

boundaries for further morphological analysis.

18  Vol.2025-1/ Revista Médica de la Universidad Veracruzana
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RESULTS

These results show a statistically significant increase in pneumonic areas in
groups treated with lead compared to the negative control group (5mg/kg
p<0.05, 10mg/kg p<0.01, 15mg/kg p<0.001) (Table 1). There is also a statis-
tically significant increase (p<0.05) in the group treated with 15mg/kg body
weight of Pb(NO,), compared to the NaNO, control group. Also we noted a
statistically significant increase in the group of 15mg/kg of body weight of
Pb(NO,), compared to the group of 10mg/kg of body weight of Pb(NO,),.

Fig. 6. Bar graphs showing the average pixel count of black pixels (left) and white
pixels (right) in the histological images. The graphs illustrate the differences in pixel
distribution across the experimental groups and the control group, highlighting vari-
ations in tissue characteristics (* Control vs Pb 5 mg/kg, m Control vs Pb 10 mg/kg, A
Control vs Pb 15mg/kg, @ Pb 5 mg/kg vs Pb 10 mg/kg, ¢ Pb 5 mg/kg vs 15 mg/kg and
Pb and ¢ 10 mg/kg vs Pb 15 mg/kg).

1. 2025-1/ Revista Médica de la Universidad Veracruzana 19
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Table 1. ANOVA results for the different groups regarding the quantity of white pix-
els and the area of black pixels. Significant differences were observed between the
groups, with a p-value < 0.05, indicating statistical significance in both metrics.

Group Number of black pixels Area of white pixels %

F-Value P-value F-Value P-Value
Control vs Pb 5mg/kg 4.8699 0.0343 4.8699 0.0343
Control vs Pb 10mg/kg 6.2019 0.0179 6.2019 0.0179
Control vs Pb 15mg/kg 13.6331 0.0008 20.3207 0.8254
Pb 5mg/kg vs Pb 10mg/kg | 0.022 0.8827 0.022 0.8827
Pb 5mg/kg vs Pb 15mg/kg | 1.3484 0.2538 2.9639 0.0945
Pb 10mg/kg vs Pb 15mg/kg | 2.094 0.1573 4.352 0.0447

The analysis of morphological features revealed significant differences
between the experimental groups (p <0.05) see (Table 2, Table 3, Table
4). These differences can be attributed to alterations induced by apoptotic
processes, inflammation, and fibrosis. The observed variations in tissue
structure align with the pathological changes associated with these cellular
processes, suggesting that exposure to lead may activate mechanisms that
disrupt cellular homeostasis and promote tissue damage.

Table 2. ANOVA results for the different groups comparing the average lengths and
areas of extracted edges. Significant differences were observed between the control
group and the treatment groups, with a p-value < 0.05, indicating statistical signifi-
cance in edge length.

Although significant differences are observed in the average length
metric between the groups, it is interesting to note that there are no signif-
icant differences between groups with different lead concentrations, such
as Pb 5 mg/kg, compared to the other experimental groups, Pb 10 mg/kg
and Pb 15 mg/kg. However, a significant difference is observed between the
control group and the Pb 5 mg/kg and Pb 10 mg/kg groups. Additionally,
regarding the analyzed average area metric, no significant differences are
observed between any of the groups (table 2).

20 Vol.2025-1/ Revista Médica de la Universidad Veracruzana
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Fig. 7. Bar graphs depicting the average lengths and areas of the detected edges in the
histological images. The graphs highlight differences in pixel distribution between the
experimental groups and the control group, emphasizing variations in tissue charac-
teristics (* Control vs Pb 5 mg/kg, m Control vs Pb 10 mg/kg, A Control vs Pb 15 mg/
kg, ® Pb 5 mg/kg vs Pb 10 mg/kg, Pb 5 mg/kg vs 15 mg/kg and Pb and ¢ 10 mg/kg

vs Pb 15 mg/kg).

Table 3. ANOVA results for the different groups comparing the average circularity and
solidity of extracted edges. Significant differences were observed between the control
group and the treatment groups, with a p-value < 0.05, indicating statistical signifi-
cance in both metrics.

Moreover, regarding the average circularity metric, significant differenc-
es are observed in the comparisons between the control group and the Pb
5 mg/kg and Pb 10 mg/kg groups, as well as between the Pb 10 mg/kg and
Pb 15 mg/kg groups. No significant differences are observed in the remaining
comparisons. Meanwhile, in the average solidity metric, significant differences
are observed between the control group and the Pb 5 mg/kg, Pb 10 mg/kg and
Pb 15 mg/kg groups, and between the Pb 10 mg/kg and Pb 15 mg/kg groups
(Table 3).
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Fig. 8. Bar graphs showing the average circularity and solidity of the analyzed tis-
sues. Significant differences were observed in both morphological characteristics
across the groups (* Control vs Pb 5 mg/kg, m Control vs Pb 10 mg/kg, A Control vs
Pb 15 mg/kg, ¢ Pb 5 mg/kg vs Pb 10 mg/kg, Pb 5 mg/kgvs 15 mg/kg and Pb and
0 10 mg/kg vs Pb 15mg/kg).

Table 4. ANOVA results for the diverse groups comparing the average aspect ratio
and number of contours of extracted edges. Significant differences were observed
between the control group and the treatment groups, with a p-value < 0.05, indicat-
ing statistical significance in both metrics.

Group Average circularities Average Solidity
F-Statistic P-Value F-Statistic P-Value
Control vs Pb 5mg/kg 15.7160415 | 0.00266762 19.4320763 0.00131815
| Control vs Pb 10mg/kg | 454321066 | 0.00051949 | 46.9040987 | 0.00047669
Control vs Pb 15mg/kg 449078845 | 0.08760011 | 7.9278519 0.03729941

| Pb 5mg/kg vs Pb10mg/kg 1.20E-06 | 099915429 | 0.05529784 | 0.81999604
| Pb 5mg/kgvs Pb15mg/kg | 2.49573621 | 0.15816577 | 1.96059705 | 0.20417988

Pb 10mg/kg vs Pb 15mg/kg | 108.037305 | 0.00190031 | 42.4591114 | 0.00734285

The values obtained in the comparisons of the aspect ratio metric
show significant differences between the control group and the Pb 5 mg/kg
and Pb 10 mg/kg groups. Additionally, significant differences are observed
among the experimental groups, specifically between Pb 5 mg/kg vs. Pb 10
mg/kg and Pb 10 mg/kg vs. Pb 15 mg/kg. Meanwhile, in the average number
of contours metric, significant differences are observed only in the compar-
isons between the control group and the Pb 10 mg/kg and Pb 15 mg/kg
groups. (Table 4).
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Fig. 9. On the left, bar graphs display comparisons between the groups for the "as-
pect ratio" metric, on the right, the graphs show the number of detected contours.
Significant differences are evident in both metrics, with the control group differing
notably from the experimental groups (* Control vs Pb 5 mg/kg, m Control vs Pb
10mg/kg, A Control vs Pb 15 mg/kg, ¢ Pb 5 mg/kg vs Pb 10 mg/kg, Pb 5 mg/kg
vs 15 mg/kg and Pb and ¢ 10 mg/kg vs Pb 15 mg/kg).

DISCUSSIONS AND CONCLUSIONS

The results show lung damage on the lead treated individuals. When
these images were processed in the software created by Gerardo Neftali Ri-
vera Rojas from the Master's Degree in Information Processing Sciences at
the Autonomous University of Zacatecas, a statistically significant increase
in pneumonic areas was observed in male Wistar rats treated with lead ni-
trate at doses of 5 mg/kg, 10 mg/kg, and 15 mg/kg compared to the control
group (Figure 4). Additionally, previous studies on Wistar rats exposed to
approximately 500 mg/L per day for one and two weeks reported an in-
creased number of lymphocytes in the treated groups compared to controls,
further highlighting the immune response to lead exposure (Adeyomoye
& Adewumi, 2019). The increase in lymphocytes may be associated with
pro-inflammatory processes, linked to the thickening of the alveolar tissue.

Some structural alterations were found in these images, including
disorganization of the alveoli and thickened interalveolar septa. These
findings may indicate that the lung tissue had undergone fibrosis, which
coincides with our results (ONARLIOGLU et al., 1999). In Masson's trichome
stain you can see black nuclei, reddish muscle and cytoplasm, and blue or
green collagen, responsible for maintaining the adequate elasticity that
allows the lung to carry out its mechanical activity, therefore, when these
fibers disappear, it indicates a process of pulmonary fibrosis (Carrera &
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Hernan, 2013). Image processing and basic quantification of alveolar tissue
allow inference of potential morphological changes, aiding professionals in
assessing structural damage.

This study addresses morphological characteristics that may be as-
sociated with lung tissue damage due to chronic lead exposure in Wistar
rats. Metrics such as tissue area, contour count, solidity, length, aspect ratio,
and circularity could serve as quantifiable indicators of damage, not only
through the increase in alveolar tissue thickness. This initial approach paves
the way for the quantifiable analysis of lung damage using microscopic im-
ages. These processes, taking a few minutes on many current devices, could
benefit scientists involved in this specific research. Additionally, quantifica-
tion of regions of interest such as nuclei, collagen accumulations, or texture
differences features reported by (Ségard et al., 2024) will be considered for
future improvements to the software presented.
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Further considerations:

The authors believe that a larger sample of subjects would be helpful for
improving the sensitivity of results.
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