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Abstract

This study addresses significant limitations of previous works based on the Brixia and COVIDGR datasets,
which primarily provided qualitative lung injury scores and focused mainly on detecting mild and moderate
cases. To bridge these critical gaps, we developed a unified and comprehensive analytical framework that
accurately assesses COVID-19-induced lung injuries across four levels: Normal, Mild, Moderate, and Severe.
This approach’s core is a meticulously curated, balanced dataset comprising 9,294 high-quality chest X-
ray images. Notably, this dataset has been made widely available to the research community, fostering
collaborative efforts and enhancing the precision of lung injury classification at all severity levels. To
validate the framework’s effectiveness, we conducted an in-depth evaluation using advanced deep learning
models, including VGG16, RegNet, DenseNet, MobileNet, EfficientNet, and Vision Transformer (ViT), on this
dataset. The top-performing model was further enhanced by optimizing additional fully connected layers
and adjusting weights, achieving an outstanding sensitivity of 94.38%. These results affirm the accuracy and
reliability of the proposed solution and demonstrate its potential for broad application in clinical practice. Our
study represents a significant step forward in developing Al-powered diagnostic tools, contributing to the
timely and precise diagnosis of COVID-19 cases. Furthermore, our dataset and methodological framework
hold the potential to serve as a foundation for future research, paving the way for advancements in the
detection and classification of respiratory diseases with higher accuracy and efficiency.
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1. Introduction challenging. In 2020, the exponential spread of COVID-
19 compelled the World Health Organization (WHO) to
declare it a global pandemic. This marked a significant
shift in healthcare management procedures, requiring

COVID-19 is an infectious disease caused by the
novel coronavirus strain known as SARS-CoV-2. The
flrSt human cases of COYID—19 were first reported nations to implement new regulations to address the
in December 2019 [1]. .Slr.lce then, it has. eruptefi situation, including the deployment of infection control
and spr.ead at an astonishing rate worldw@e. This systems [2],[3]. COVID-19 has caused millions of
pandemic n,Ot only poses a threat to human lives but confirmed cases and hundreds of thousands of deaths
also exerts immense pressure on healthcare systems, oo globe. The latest data from WHO [4] as

impacting every facet 9f daily li.fe,'the economy, and September 2023 reveals approximately 760 million
society at large. The rapid transmission of the virushas /e " O 0 ~OVID-19 worldwide, with over
made controlling and containing its spread extremely ¢ g 1ijion fatalities. In the face of a pandemic that

threatens both humanity and society, we all must
come together and support one another. The efforts of
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1 INTRODUCTION
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Figure 1. Al-Assisted Workflow for Diagnosing COVID-19-Induced Lung Damage.

healthcare professionals and medical experts, coupled
with the use of technology and science to combat the
disease, play a pivotal role in controlling and ultimately
defeating COVID-19.

Most COVID-19 symptoms can manifest in various
forms, ranging from fever, dry cough, and shortness
of breath to loss of smell and taste. However, the
most common and critical symptom of this virus is
lung infection. In the field of COVID-19 diagnosis and
monitoring, chest X-rays and CT scans are the most
widely examined imaging methods [5]. To determine
the status of a COVID-19 infection, doctors often
must manually interpret these images. They must
identify specific image patterns to confirm pneumonia
caused by COVID-19. Manual interpretation can be
time-consuming and labor-intensive, especially when
dealing with a large volume of images. This presents
a challenge in promptly and effectively tracking the
patients’ conditions. Furthermore, the diagnostic and
treatment costs for COVID-19 are steadily increasing,
placing a significant economic and financial burden on
nations.

A survey conducted by X-ray doctors in Australia has
revealed that mobile X-ray services, general X-ray scans,
and CT scans are experiencing increased demand,
adding to the strain on healthcare professionals
and imaging diagnosticians [6]. This overload poses
difficulties in patient care, prognosis, and disease
control. In the context of limited healthcare facilities
such as specialized care units and the shortage
of mechanical ventilators for COVID-19 treatment,
patient classification based on the severity of the
disease becomes exceedingly crucial. The classification
of COVID-19 patients into four severity levels: Normal,
Mild, Moderate, and Severe, using X-ray images plays
an essential and irreplaceable role in diagnosis and

treatment. This not only helps identify the seriousness
of the patient’s condition but also determines whether
they should be treated in the hospital or can isolate
themselves at home. This plays a vital role in preventing
the spread of the virus and ensuring that the healthcare
system does not become overwhelmed.

In the healthcare field, Machine Learning (ML) is
widely used because of the computer’s ability to assist
experts in performing specific tasks [7], [8], [9]. For
most ML models, collecting X-ray or chest CT data
from patients is essential since this data is the primary
input for training and building models. Furthermore,
establishing a large and diverse database is imperative
to ensure an adequate amount of data during the
training of high-performing machine learning models.
This becomes particularly critical when we aim to
develop models that can generalize across various
situations and disease severity levels. Thus, these
models provide robust decision support tools for the
medical and healthcare sectors.

This study provides key advancements in the auto-
mated diagnosis and severity assessment of COVID-19-
induced lung damage using chest X-ray images. The
workflow illustrated in Figure 1 demonstrates the inte-
gration of Al-driven analysis in diagnosing COVID-19-
induced lung damage, highlighting the sequential steps
from patient chest X-ray imaging to Al-based severity
classification and medical decision-making for hospi-
talization or home treatment. Our main contributions
are as follows:

* Development of a Novel and Balanced Dataset:
We constructed a comprehensive dataset of 9,294
high-quality chest X-ray images categorized
into four severity levels: Normal, Mild,
Moderate, and Severe. This dataset addresses
limitations in existing datasets and is publicly
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available (https://github.com/trinhttv/
predicting-covid-19) to facilitate further
research on COVID-19 diagnosis and severity
classification.

¢ Evaluation of Multiple Deep Learning Models:
We benchmarked the performance of six state-of-
the-art deep learning architectures (VGG16, Reg-
Net, DenseNet, MobileNet, EfficientNet, and ViT)
on the newly developed dataset. This systematic
comparison identified the most effective model for
severity classification, demonstrating its applica-
bility in real-world scenarios.

* Proposal of an Enhanced Classification Model:
Building on the best-performing architecture, we
proposed an optimized model with additional
fully connected layers and weight adjustments.
This enhanced model achieved high sensitivity
(94.43%) and demonstrated its potential as
a reliable decision-support tool in healthcare
applications.

* Comprehensive Validation and Reliability
Assessment: To ensure the generalizability of
our approach, we conducted extensive cross-
validation experiments. These evaluations
provide solid evidence of the consistency of the
proposed model and its ability to accurately
classify the severity of COVID-19 lung damage.

* Facilitation of Resource-Limited Healthcare Set-
tings: By introducing an automated framework
for severity assessment, this study addresses the
challenges posed by limited healthcare resources,
particularly in managing COVID-19 cases. The
proposed solution enables faster, cost-effective
diagnosis and efficient patient management, alle-
viating the burden on overstrained medical facili-
ties.

The rest of the paper is organized as follows:
Section 2 will evaluate related works on the topic.
Section 3 introduces the datasets and scoring systems
for evaluating lung damage levels. The detailed
methodology will be presented in Section 4. Section 5
presents experimental results and discusses the study.
The conclusion and feature work of the paper will be
presented in Section 6.

2. Related works

While there have been numerous studies on using
deep learning for detecting and diagnosing COVID-19,
most of them have focused on disease detection rather
than assessing severity [10], [11],[12],[13],[14],[15],[16].
These studies have demonstrated the potential of
employing CNN models for diagnosing COVID-19 from

X-ray and CT chest images to identify cases of COVID-
19 early or to prioritize COVID-19 testing when testing
resources are limited [16].

Deep learning methods for COVID-19 detection
have garnered significant attention; however, given
the current state of disease control, evaluating the
extent of lung damage caused by COVID-19 is crucial
for devising appropriate treatment plans, monitoring
the patient’s condition, and assessing the risk of
other diseases for the patient. Currently, the number
of studies related to this topic is still limited and
insufficient to draw accurate and comprehensive
conclusions regarding the reliability and practical
applicability of these methods in healthcare practice.
In deep learning-based studies of COVID-19, some
research has classified the severity of the disease into
two groups: severe and non-severe.

Kelei He and colleagues proposed an automated
method to classify COVID-19 patients into severe and
non-severe groups with an accuracy of 98.5% [17].
Signoroni [18] developed the BS-Net model to predict
the extent of lung damage in X-ray images, achieving
higher accuracy and consistency compared to other
methods. Jocelyn Zhu [19] utilized deep convolutional
neural networks to classify the severity of COVID-
19 lung disease from chest X-ray images. The results
indicated that the MobileNet model achieved high
accuracy in classifying chest X-ray images of COVID-19
patients into different severity groups.

Zhenyu Tangand and colleagues [20] employed chest
CT images to assess severity and COVID-19-related
characteristics. They developed a model based on 63
quantitative features from CT images, achieving an
accuracy of 87.%. Another study [21], the authors
developed a method to support COVID-19 diagnosis
based on CT images, with an overall accuracy of
82%. Both methods can be valuable in assisting with
the diagnosis and treatment of COVID-19 patients.
In a study [22], Emrah Irmak presented a machine
learning model to classify COVID-19 patients into
four different severity levels based on X-ray images.
The model achieved an average accuracy of 95.52%
on a dataset of 3260 X-ray images evaluated by two
radiologists. However, this dataset is not publicly
available and needs validation on other datasets. This
study proposes a useful approach to support the
diagnosis and treatment of COVID-19 patients.

Recently, Zaid Albataineh and colleagues [23]
introduced a severity classification system for COVID-
19 into three stages: mild, moderate, and severe,
based on CT images. This system utilizes segmentation
methods and feature extraction from CT images for
classification. The results show that the proposed
model achieves high accuracy, ranging from 98.24% to
99.9%, depending on the stage of COVID-19 infection.
Physician scoring is the standard approach for assessing
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3 DATASET AND SCORES

the severity of COVID-19 lung disease. However,
studies have pointed out the limitations of this method,
as it relies on either prognostic scoring of lung damage
from CT or X-ray images of COVID-19 patients to
predict the severity. This leads to time-consuming
annotation for injuries, making the severity scoring
method less e cient.

E ciently, our study classi es lung damage into four
stages: no damage, mild damage, moderate damage,
and severe damage using advanced machine learning
models. This method saves time and assists clinical
physicians in dealing with severe cases of COVID-
19 lung disease quickly and e ectively. Furthermore,
we used chest X-ray images as a common, relatively
inexpensive, rapid, and accessible diagnostic method in
our study. Although it has lower sensitivity compared
to CT scans, chest X-ray images are still considered a
primary imaging option for assessing the severity of
COVID-19 and monitoring patients in many healthcare
facilities. This will help improve access and diagnostic
e ciency for COVID-19 patients while supporting cost
and resource optimization in healthcare.

3. Dataset and scores

During the process of searching for appropriate
datasets for classifying the severity of COVID-19 lung
damage using CXR images, collecting, and utilizing
suitable data sources may encounter di culties due
to variations in their availability and accessibility. In
our study, we used Brixia [24] and COVIDGR [25]
as two main datasets for classifying the severity of
COVID-19 lung damage into di  erent levels using CXR
images. The Brixia dataset provides Brixia scores along
with corresponding images, while COVIDGR includes
severity labels based on the modi ed RALE index for
quantifying COVID-19.

The scoring system used to evaluate the degree of
lung damage is an important tool in diagnosing and
monitoring respiratory diseases, including COVID-19.
The Brixia and RALE scores are used to assess the
extent of lung damage in hospitalized patients with
COVID-19. In the early months of the pandemic,
studies utilized pre-existing scoring systems such as
the Radiographic Assessment of Lung Edema (RALE)
to assess the severity of CXR. Therefore, the use of
Brixia and RALE scores is an e ective way to evaluate
the extent of lung damage in hospitalized COVID-19
patients [26], [27], [28].

3.1. The Brixia dataset and Brixia score

The dataset was collected from two hospitals in the
city of Brescia, Northern lItaly, including 4,695 CXR
images of COVID-19 patients. The data was collected
using both CR and DX methods, with either AP or
PA projection used. All the images in this dataset are

Figure 2. Samples in the Brixia dataset.

provided in the form of anonymized DICOM les and
annotated with Brixia scores for the severity of lung
injury and relevant metadata in CSV les. The use of
two di erent hospitals in the data collection process
increases the diversity of the dataset and improves
the accuracy of the classication results. Figure 2
illustrates the distribution of samples in the Brixia
dataset.

The Brixia dataset utilizes the Brixia scoring system
to assess the extent of lung damage in COVID-19
patients using CXR images. This system was developed
by researchers in Brescia, Italy. Scores are assigned to
each imaging parameter, including white spot density,
lung edema, airway cavities, pleural density, and
pleural density. The total score of these parameters is
calculated to evaluate the severity of COVID-19 lung
disease. The Brixia severity scoring system [29] divides
the lungs into 6 zones, 3 zones for each lung when
observed in anteroposterior (AP) or posteroanterior
(PA) view as shown in Figure 3(a). Speci cally:

» Upper zones (A and D): located above the inferior
border of the aortic arch.

» Middle zones (B and E): located below the inferior
border of the aortic arch and above the inferior
border of the right lower pulmonary vein (i.e.,
right hemidiaphragm).

« Lower zones (C and F): located below the inferior
border of the right lower pulmonary vein (i.e.,
lung bases).

When anatomical landmarks cannot be accurately
identi ed for technical reasons (such as X-rays taken at
the bedside of critically ill patients), each lung can be
divided into three equal zones.

In assessing the health status of COVID-19 patients,
using a consistent scoring system to evaluate the
characteristics and extent of lung abnormalities is
crucial. Accordingly, six scores are used to assess the
characteristics and extent of lung abnormalities, with
scores ranging from 0 to 3 assigned to each zone,
including:
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3.2 The COVIDGR dataset and RALE score

Figure 4. Samples in the COVIDGR dataset.

also includes images that do not show symptoms but
are positive according to the RT-PCR test, represented
as the severity level of normal PCR+, along with

Figure 3.Classi cation method of lungs based on the Brigiher severity levels, including mild, moderate, and
scoring system: (a) de nition of zones for each lung; (Bepre. The close collaboration of X-ray experts in the

examples of scoring for each lung zone.

* 0 points: no lung abnormality
« 1 point: interstitial in Itrate

2 points: interstitial in ltrate and alveolar consol-
idation (predominantly interstitial)

« 3 points: interstitial in ltrate and alveolar consol-
idation (predominantly alveolar)

Other lung injuries, such as pleural e usion or
abdominal aortic aneurysm, are not included in the
scoring system.

From these six scores, a global score can be
synthesized to fall within the range of [0,18]. The global
score provides information about the patient's health
status, helping healthcare experts make more e ective
diagnostic and treatment decisions. Examples of scores
assigned to di erent cases are presented in Figure 3(b-
d). Specically, Figure 2b illustrates a case with a
global score of 3, indicating primarily peripheral lung
involvement. Figure 2c depicts a case with a global score
of 10, indicating dispersed and evenly distributed lung
abnormalities, with a concentration in the lower region,
scoring 2 and 3. Finally, Figure 2d describes a case with
a global score of 15, indicating evenly distributed lung
abnormalities between scores 2 and 3.

3.2. The COVIDGR dataset and RALE score

COVIDGR is an X-ray image dataset developed by X-
ray experts in Spain to support the diagnosis of COVID-
19. This dataset includes X-ray images that are positive
for COVID-19 corresponding to patients with positive

RT-PCR test results and an error margin of less than
24 compared to the X-ray. In addition, the dataset

construction of this dataset ensures the reliability of
classi cation results.

The dataset consists of a total of 852 CXR images,
divided into two parts: 426 positive X-ray images
and 426 negative X-ray images. Among the positive
cases include all severity levels assessed by the RALE
score, including 76 images of Normal severity of
PCR+, 100 images of Mild severity, 171 images of
Moderate severity, and 79 images of Severe severity.
Figure 4 shows the distribution of sample counts in the
COVIDGR dataset.

The RALE score is a tool used to assess the severity of
abnormalities in the lungs on CXR. It's also a scoring
system used to evaluate the extent of lung injury
for COVID-19 patients in the COVIDGR dataset. The
RALE score has been shown to be highly accurate in
diagnosing acute respiratory distress syndrome (ARDS)
[30], and initial changes in the RALE score can indicate
the prognosis of patients on mechanical ventilation.
This system is based on the density of white spots on the
X-ray image to assess the severity of lung congestion. As
the RALE score increases, it may indicate the presence
of respiratory mechanical issues and the concentration
of abnormal biological substances in the lungs.

This method divides the lungs into 4 regions by
drawing a horizontal line starting from the rst branch
of the left lung and a vertical line through the center
of the vertebrae. Then, each region is assigned a
concentration score ranging from 0 to 4, based on the
degree of lung opacity (0: none, 1: minimal <25%, 2:
mild 25-50%, 3: moderate 50-75%, 4: severe>75%), and
a thickness score of lung opacity (1: hazy, 2: moderate,
3: dense). The RALE score for each lung region is
calculated by multiplying the concentration score and
the thickness score, and then assigning a score to that
region (from 0 to 12). The total RALE score for the
entire lungs is calculated by summing the scores of
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4 PROPOSED METHODS

Figure 7.Schematic diagram of a basic convolutional neural

network (CNN) architecture.

4. Proposed methods

Figure 5.The calculation of the Radiographic Assessment of

Lung Edema (RALE) score in CXR.

4.1. System architecture

Classi cation is one of the important applications
of Convolutional Neural Networks (CNNs) in the
eld of deep learning. With the advancement of
technology, image classication has become more
accurate through the use of deep learning algorithms
such as CNNs. This makes image classi cation easier
for researchers and experts in various elds, including
healthcare, technology, science, and the arts. CNN is
a popular convolutional neural network architecture
used for image and sound analysis. It operates
by combining convolutional layers, pooling layers,
and fully connected layers to create an accurate
classi cation model. Figure 7 details some of the basic
components of the CNN architecture.

When it comes to applying new technologies for
analyzing large-scale data, deep learning demonstrates
its power by requiring less e ort in data cleaning

Figure 6.An example of how to calculate the severity scor@5h/€ss human intervention. Therefore, systematically
a CXR in patients with COVID-19 is presented as follows (fgAbZing problems and applying appropriate CNN

lung score + left lung scor
1,B)2+1=3;(C)1+3=4;,(D)4+3=T7.

all regions (from 0 to 48). Figure 5 illustrates the
calculation of scores for each region and the nal total
lung score.

To assess the severity of lung involvement in patients
with COVID-19, a study [31] has proposed using the
RALE score and adjusting it accordingly. The new score
is calculated by assigning values from 0-4 to each lung
based on the degree of imaging characteristics such
as consolidation and ground-glass opacities in four
guadrants of each lung. The cumulative scores of all
lungs will generate a nal severity score. Based on this
score, experts can determine the severity of infection in
four di erent stages: normal (0), mild (1-2), moderate
(3-5), and severe (6-8). An example of how to calculate
the severity score on a CXR in COVID-19 patients is
illustrated in Figure 6.

e = total score used): (A) 1 + omodels to improve performance is a good approach,

especially for classifying the severity of lung damage
caused by COVID-19.

Figure 8 details our approach to applying deep
learning to the classication problem. To achieve
this, we employed an e cient combination of neural
networks. Additionally, we demonstrate an end-to-
end approach to ensure accurate and comprehensive
results. After inputting the images into the network,
we perform normalization and use data augmentation
techniques to increase the size of the two datasets.
We preprocess the images through ve neural network
models e ciently to leverage the knowledge learned
from large data and rapidly build and re ne models
for specic tasks. This step allows the networks to
extract data features and minimize loss functions
automatically. Finally, each input image is classied
into one of four classes: NORMAL-PCR+, MILD,
MODERATE, and SEVERE.
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