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ABSTRACT
Introduction. This study aimed to evaluate the prognosis of patients with COVID-
19 and hypertension who were treated with angiotensin-converting enzyme inhibitor
(ACEI)/angiotensin receptor B (ARB) drugs and to identify key features affecting
patient prognosis using an unsupervised learning method.
Methods. A large-scale clinical dataset, including patient information, medical history,
and laboratory test results, was collected. Two hundred patients with COVID-19 and
hypertension were included. After cluster analysis, patients were divided into good
and poor prognosis groups. The unsupervised learning method was used to evaluate
clinical characteristics and prognosis, and patients were divided into different prognosis
groups. The improved wild dog optimization algorithm (IDOA) was used for feature
selection and cluster analysis, followed by the IDOA-k-means algorithm. The impact
of ACEI/ARB drugs on patient prognosis and key characteristics affecting patient
prognosis were also analysed.
Results. Key features related to prognosis included baseline information and laboratory
test results, while clinical symptoms and imaging results had low predictive power. The
top six important features were age, hypertension grade, MuLBSTA, ACEI/ARB, NT-
proBNP, and high-sensitivity troponin I. These features were consistent with the results
of the unsupervised prediction model. A visualization system was developed based on
these key features.
Conclusion. Using unsupervised learning and the improved k-means algorithm, this
study accurately analysed the prognosis of patients with COVID-19 and hypertension.
The use of ACEI/ARB drugs was found to be a protective factor for poor clinical prog-
nosis. Unsupervised learning methods can be used to differentiate patient populations
and assess treatment effects. This study identified important features affecting patient
prognosis and developed a visualization system with clinical significance for prognosis
assessment and treatment decision-making.
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COVID-19
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INTRODUCTION
The ongoing COVID-19 pandemic is posing an enormous challenge to the global healthcare
system. Older adults, those with preexisting respiratory or cardiovascular disease, and those
with diabetes and high blood pressure are at increased risk of serious complications and
death (Fang, Karakiulakis & Roth, 2020; Asselah et al., 2021). Available data suggest that
hypertension is one of the most common comorbidities in COVID-19 patients and is
associated with a more severe disease course and higher mortality (Schiffrin et al., 2020;
Gasmi et al., 2021). Among COVID-19 patients, those with high blood pressure may
experience more severe disease and a greater risk of death (Castiglione & Droppa, 2022).

However, data on hypertensive patients and their use of antihypertensive drugs are
very limited, and the efficacy and impact of drug therapy remain controversial (Gallo,
Calvez & Savoia, 2022). Since SARS-CoV-2 infects target cells via the receptor angiotensin-
converting enzyme 2 (ACE2), there is controversy as to whether angiotensin-converting
enzyme inhibitor (ACEI) and angiotensin II receptor blocker (ARB) may be associated
with hypertension and worse outcomes in patients with COVID-19 (Bhandari et al., 2016;
Zhao et al., 2021). Although certain adverse events, such as drug ineffectiveness, have been
reported for ACE class drugs, such as benazepril and captopril, it is important to consider
the possibility of adverse events in our patient sample (She et al., 2021). However, it is
worth noting that the specific ACEI/ARB drugs prescribed were not explicitly mentioned
(Majd et al., 2024). In fact, animal models and human studies have shown that ACEI/ARB
may increase lung ACE2 levels (Rico-Mesa, White & Anderson, 2020;Ma et al., 2021).

In view of the complex effects of ACEI/ARB drugs, the limited clinical trial data available
do not support the combination of COVID-19 with differential application of renin-
angiotensin-aldosterone system (RAS) inhibitors in hypertensive patients (Erdine et al.,
2006; Bozkurt, Kovacs & Harrington, 2020), and individualized treatment should be based
on the patient’s clinical manifestations and hemodynamic status (De Backer et al., 2022).
Recent research reports have shown a lower risk of death from COVID-19 infection in
patients treated with ACEI/ARB than in hypertensive patients not treated with ACEI/ARB
(Kumar et al., 2022). In addition, there is insufficient evidence that ACEI/ARB affect the
risk of COVID-19, and no deleterious effects of ACEI/ARB on hospitalization or in-hospital
death have been established (Cheng et al., 2009; Li et al., 2021). Hence, the appropriateness
of using ACEI/ARB antihypertensive drugs in patients with COVID-19 and hypertension
still requires further evaluation. The impact of their use on the progression of COVID-19
and whether they increase the risk of infection have attracted the attention of experts and
patients with cardiovascular disease at home and abroad (Ye & Liu, 2020; Kai & Kai, 2020;
Bauer et al., 2021).

In past studies, conclusions about the role and safety of ACEI/ARB in the treatment
of COVID-19 were inconsistent (Zhang et al., 2024). Some studies suggest that these
drugs may increase patients’ risk of SARS-CoV-2 infection and lead to worsening of the
disease (Trougakos et al., 2021; Angeli et al., 2022). However, it has also been suggested
that ACEI/ARB may play a role in protecting the lungs from viral attack by increasing
soluble ACE2 levels (Kumar & Al Khodor, 2020; Martínez-Gómez et al., 2022). To fully
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understand the efficacy and prognostic impact of ACEI/ARB in patients with COVID-19
and hypertension, this study used unsupervised learning methods to analyse and evaluate
large-scale clinical data.

Unsupervised learning is a machine learning method whose goal is to discover hidden
structures and patterns from data without the need for prespecified labels or target
variables (Huyan et al., 2022;Marcon et al., 2022).Unlike supervised learning, unsupervised
learning is not constrained by prelabelled data and can explore information in the dataset
more flexibly (Ma et al., 2022). Unsupervised learning can help us understand the effect
and impact of ACEI and ARB drugs in the treatment of COVID-19 complicated with
hypertension by allowing us to comprehensively consider the clinical characteristics,
treatment options and prognoses of patients (Ju et al., 2023). In this study, an unsupervised
learning method was applied to the clinical data of patients with COVID-19 and
hypertension to explore the effect and potential mechanism of ACEI and ARB drug
treatment. With this data-driven approach, we can evaluate treatment effects more
comprehensively and provide more accurate guidance for clinical practice. This approach
will facilitate the development of personalized treatment strategies to improve the prognosis
and survival of patients with COVID-19 and hypertension.

This study aimed to observe the clinical characteristics of patients with COVID-19
and hypertension during the course of treatment with ACEI/ARB drugs and the impact
of these drugs on the outcome of the disease to provide a basis for medical teams to
make decisions. This research will help to further understand the impact of high blood
pressure and antihypertensive drugs on COVID-19 and provide doctors withmore accurate
treatment options. The contributions and innovations of this study can be described as
follows: (1) In terms of the data, this study used large-scale clinical data covering the
characteristics of clinical symptoms, laboratory tests, and imaging examinations of patients
with COVID-19 and hypertension. By analysing these data, more comprehensive and
accurate information can be obtained to evaluate the effect and impact of ACEI/ARB
drug treatment. (2) Methodologically, this study used unsupervised learning methods
to discover similarities and differences between patients through techniques such as
clustering and dimensionality reduction algorithms and revealed the potential effects
and mechanisms of ACEI/ARB drug therapy. This data-driven approach can better mine
hidden information in the data and provide comprehensive assessment and guidance. (3)
In terms of application, we developed a visualization system for the prognostic assessment
of patients with COVID-19 and hypertension. Through unsupervised learning prognostic
assessment, the effect of ACEI/ARB drug treatment can be accurately evaluated with a low
threshold, and a scientific basis can be provided for formulating individualized treatment
strategies. This approach will help improve patient prognosis and survival and optimize
medical care.

METHODS
We utilized an unsupervised model to classify patient outcomes. Subsequently, key feature
difference analysis and feature importance ranking were performed on the good prognosis
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and poor prognosis groups and then verified via unsupervised analysis. To facilitate
prognostic assessment, we also developed a visualization system. The technical flowchart
of this study is shown in Fig. 1, which includes the data collection, feature extraction,
improved algorithm and simultaneous optimization, feature selection and cluster analysis,
and model training and evaluation steps.

Data collection and feature extraction
This study was approved by the Ethics Committee of Shanghai City JiadingDistrict Hospital
(2022-K10). Informed consent was obtained from all individual participants included in
the study. This was a single-center, retrospective study of patients with COVID-19 from
Tongjia Designated Hospital in Jiading District, Shanghai city. With the approval of the
Ethics Committee of Shanghai City Jiading District Central Hospital, informed consent
was waived. Patients with COVID-19 and hypertension were selected for the study. The
inclusion period ranged from April 7, 2022 to May 19, 2022. A total of 200 patients (96
males and 104 females) were included. The final follow-up date was June 21, 2021.

The inclusion criteria for patients were as follows: (1) refer to the ‘‘Diagnosis and
Treatment Plan for Novel Coronavirus Pneumonia (Trial Version 10)’’ (Nicola et al.,
2020) and ‘‘Guidelines for the Prevention and Treatment of Hypertension in China (2018
Edition)’’ (Théry et al., 2018). According to the relevant diagnostic criteria in the study, (2)
a comprehensive evaluation of the epidemiological history, clinical symptoms, laboratory
indicators and imaging findings of the patients was performed; the exclusion criteria were
as follows: (1) aged less than 18 years; (2) had SARS-CoV-2 asymptomatic infection; (3)
had advanced malignant tumors and needed radiotherapy and chemotherapy; (4) had
severe organ failure at admission; and (5) had complete organ failure.

We collected demographic information from two groups of patients, namely, clinical
symptoms, diagnosis and classification, auxiliary inspection and clinical outcome.

Improved algorithm and synchronous optimization
The swarm intelligence optimization algorithm can provide a good foundation for feature
selection and clustering analysis (Hanrahan, 2011; Li et al., 2022). The principle of the
improved wild dog optimization algorithm (IDOA) is briefly introduced as follows. The
name of our improved algorithm is IDOA-K-Means. First, the IDOA uses the cubic chaotic
mapping strategy to initialize the population, and the chaotic mapping can be expressed as

xn+1= ρxn(1−x2n). (1)

Here, xn corresponds to the numerical value of the nth dimension. To enhance the
traversal, we set the initial value to x0 =0.3 and the parameter ρ =2.593. In chaotic
mapping, the selection of parameter values needs to be determined based on specific
requirements and system characteristics. For cubic chaotic maps, the parameter ρ affects
the stability and periodicity of the system.When the parameter ρ is 2.593, the cubic chaotic
mapping has the best traversal performance, which means that the system can better
explore various points in the state space. The purpose of setting the initial value to 0.3 is to
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Figure 1 The technical flowchart of this study. (1) Data collection: First, we collected the required data
from appropriate sources, which may include demographic information, clinical indicators, laboratory
test results, and other content. (2) Feature extraction: Next, we process the collected data and extract fea-
tures related to the research purpose. (3) Improved algorithm and synchronous optimization: To improve
the initial point selection dependency of the traditional k-means algorithm, we introduce the swarm intel-
ligence algorithm and conduct synchronous optimization to achieve the task of feature filtering and initial
point optimization. (4) Feature selection and cluster analysis: After optimization, we further conducted
feature selection to identify features that had a significant impact on the prognosis. Next, we use the im-
proved k-means algorithm to cluster the data and divide the samples into different clusters. (5) Model
training and evaluation: Based on clustering analysis, we use the selected features to train the prediction
model and evaluate the model to evaluate its performance and predictive ability. The cases (80 cases) that
meet the inclusion criteria after screening of COVID-19 patients (200 cases) are called residual samples.
Residual samples refer to the leftover samples after the initial analysis or processing steps have been com-
pleted.

Full-size DOI: 10.7717/peerj.17340/fig-1

ensure that the values generated by cubic chaotic mapping fall between [0,1]. This initial
value selection takes into account the randomness of the initial state and the rationality
of the mapping results, allowing the algorithm to better explore potential solution spaces.
Through such an initialization method, the blindness of population initialization can be
overcome so that the population can better cover the search space.
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Second, the IDOA uses dimensionwise Gaussian variation for the optimal individual.
Specifically, for each dimension j, the optimal position is changed by Gaussian mutation,
which can be expressed as

Xbestnew(j)=w ∗Xbest (j)+ randn∗Xbest (j). (2)

In the process of dimensionwise Gaussian mutation, an inertia weight w is used to
balance the influence of the new solution and the old solution. Xbest represents the
best position before updating, and Xbestnew represents the new position after Gaussian
mutation.

Finally, the IDOA uses a greedy strategy to update the fitness; that is, it uses a greedy
strategy to retain the optimal solution, which can be expressed as

Xbest =

{
Xbestnew,if f (Xbestnew)< f (Xbest )
Xbest ,else

. (3)

This strategy aims to improve the ability of the optimal individual to jump out of the
local optimal solution, thereby enhancing the global search ability of the algorithm. This
means that if the fitness of the new solution is better, update the optimal solution to the
new solution; otherwise, keep the original solution unchanged. Through such a strategy,
the best solution can be obtained, and the performance of the algorithm can be improved.

Hence, by introducing dimensionwise Gaussian mutation and a greedy strategy, the
IDOA is beneficial for overcoming the local optimal problem of traditional optimization
algorithms and improving the global search ability of the algorithm. The core idea of
the IDOA is to increase the diversity of the population through the mutation strategy to
better search for the optimal solution. Using the 23 common test function to evaluate the
performance of the IDOA, as shown in Fig. 2, the results reveal that the IDOA is superior
to the control method in terms of convergence speed and the ability to obtain the global
optimal solution.

Feature selection and cluster analysis
After successfully constructing the IDOA, we use the global optimization ability of the
IDOA to complete the two key steps of feature selection and optimal clustering center
point optimization at the same time.

The Euclidean distance is used to calculate the clustering between the sample points and
the cluster center; that is, the sum of squared errors (SSE) is used as the objective function
for optimization, and the formula can be expressed as follows:

SSE =
k∑

i=1

∑
Xm∈Ci

‖Xm−Ci‖
2. (4)

Here, Ci represents the cluster center point, and Xm represents each sample data point.
The cluster center point is updated through each iteration, and the update rule calculates
the new center point coordinates according to the category to which the sample points
belong. The smaller the SSE is, the better the clustering effect, and the clustering center
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Figure 2 Performance analysis of the IDOA on 23 test functions. This figure shows the results of 23
common test functions used in the performance evaluation of the improved IDOA. The evaluation results
indicate that the IDOA outperforms the control method in terms of convergence speed and global optimal
solution acquisition ability. The convergence speed refers to the speed at which an algorithm reaches the
global optimal solution from its initial state, while the ability to obtain the global optimal solution indi-
cates whether the algorithm can find the optimal solution to the problem. The figure shows that the IDOA
algorithm converges faster and has better global optimal solution acquisition ability for most test func-
tions.

Full-size DOI: 10.7717/peerj.17340/fig-2

point is updated through each iteration Ci. The update rule can be expressed as follows:

Ci=
1
n

ni∑
m=1

Xm,i= 1,2...,k. (5)

Here, ni represents the number of data points in category i, and the cluster center point
is updated through each iteration of the above formula until the cluster center does not
change, indicating that the model converges effectively.

A flow chart of the synchronous optimization process is shown in Fig. 3. The initialization
process determines the feature screening and the encoding method of the center point; the
result of feature screening determines the dimension of the cluster center point; finally, the
selected features and center point are merged, and optimization is performed on this basis.
The detailed steps can be described as follows. First, in the initialization process, the feature
screening part adopts 0–1 encoding, indicating whether the feature is retained, and the
center point adopts real number encoding, indicating the coordinates of the center point.
Second, 0 means to remove features, and 1 means to keep features. The dimensions of the
center point are determined according to the number of features chosen. For example, three
features are reserved in the above figure, so the first three real numbers are selected as the
coordinates of the center point. Finally, the selected features and center point coordinates
are merged, and the objective function is added to the merged dataset for optimization.
Throughout the process, feature selection and central point optimization are carried out
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Figure 3 Schematic diagram of synchronous optimization. This process includes several key steps,
including initialization, feature filtering, dimensionality determination of clustering center points, and
merging and optimizing features and center points. From initialization to feature filtering, dimensionality
determination of clustering center points, and then to the merging and optimization of features and center
points, each step plays an important role, ultimately achieving optimization of clustering results.

Full-size DOI: 10.7717/peerj.17340/fig-3

simultaneously. By merging the datasets and inputting them into the objective function,
the optimal features and the best clustering central points can be obtained.

Model training and evaluation
To avoid the risk of overfitting and improve the stability of training, 50-fold cross-validation
was applied to the training set. Subsequently, we evaluated the performance of the final
model by selecting 80% of the total number of patients as the training set and the remaining
20% as the test set. Thismethod can effectively avoid overfitting of themodel on the training
set and obtain more accurate prediction results on the test set.

The data were analysed using IBM SPSS (26.0) with a significance level set at 5%. Count
data were compared using the t test (Liu & Wang, 2021), while categorical variables were
compared using the χ2 test (Aslam, 2021).

RESULTS
Feature selection and cluster analysis results
This section compares the traditional k-means algorithm with the IDOA-K-means
algorithm and provides a two-dimensional scatter plot and a comparison of the prognostic
performance of k-means clustering analysis to demonstrate the differences before and after
algorithm optimization.

First, in the cluster analysis, we screened out six characteristics that affected the
differences between groups, age, hypertension grade, MuLBSTA (Iijima et al., 2021a), use
of ACEI/ARB, NT-proBNP, and high-sensitivity troponin I. The MuLBSTA score (Iijima
et al., 2021b) is a valuable and effective early warning model that has been developed to
predict themortality rate of patients with viral pneumonia. These features includedmultiple
infiltrations, hypophocytosis, bacterial infection, smoking history, hyper tension, and age.
Afterwards, to better visualize the clustering results, we applied principal component
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Figure 4 Two-dimensional scatter plot after PCA dimensionality reduction.
Full-size DOI: 10.7717/peerj.17340/fig-4

analysis (PCA) to reduce the dimensionality of these 6 features. In this dimensionality-
reduced feature space, we draw a two-dimensional scatter plot, as shown in Fig. 4. The
results of the scatter plot revealed that the clustering effect was good, and there was clear
differentiation between the two groups of patients with good and poor prognoses. This
shows that the application of the IDOA-k-means algorithm to this dataset is successful and
that the algorithm can be used to classify patients effectively and identify distinguishing
features.

However, we also conducted a prognostic performance analysis on the two groups
processed by clustering analysis. The results before optimization are shown in Table 1,
and the results after optimization are shown in Table 2. The results before improvement
showed that k-means clustered the data into two categories, but there was no significant
difference in the prognosis between the two groups of patients, which was not sufficient.
The improvement results showed that the hospitalization days and nucleic acid conversion
time in group 2 were greater than those in group 1, while the nucleic acid positivity rate
(27.03%) in group 2 was greater than that in group 1. The differences in these indicators
were statistically significant (P < 0.05). In addition, we also observed that there were no
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Table 1 Cluster analysis comparing the prognostic performance of the two groups of patients (before
optimization).

Group Group 1 Group 2 t (χ2 ) P

No 53 31
The number of days in hospital (x± s, d) 10.79± 4.65 11.97± 5.54 −1.041 0.301
Nucleic acid negative time (x± s, d) 12.72± 4.84 11.35± 5.47 1.187 0.239
Nucleic acid Fuyang [n(%)] 5(9.43) 5(16.13) −0.836 0.361
Die [n(%)] 1(1.89) 1(3.23) −0.151 0.698

Notes.
(x± s) represents the mean and standard deviation, and d represents the number of days; this table represents the results be-
fore optimization.

Table 2 Difference analysis results of the baseline information of the two groups of patients.

Variable Good prognosis (n= 47) Poor prognosis (n= 37) t (χ2) P

Age (x± s, years old) 63.11± 13.72 74.78± 13.03 −3.959 <0.001
Gender[n(%)] (0.820) 0.365
male 25 (60.98) 16 (39.02)
female 22 (51.16) 21 (48.84) (12.189) <0.001
Use ACEI/ARB[n(%)]
yes 32 (74.42) 11 (25.58)
no 15 (36.59) 26 (63.41)
Hypertension grade [n(%)] (6.225) 0.044
Level 1 21 (75.00) 7 (25.00)
level 2 18 (47.37) 20 (52.63)
Level 3 8 (44.44) 10 (55.56)
Types of COVID-19[n(%)] (3.952) 0.047
light and normal 47 (58.02) 34 (41.98)
heavy 0 (0) 3 (100)
MuLBSTA (x± s, points) 5.64± 2.87 7.27± 3.45 −2.365 0.020

Notes.
(x±s) represents the mean and standard deviation, and d represents the number of days; this table represents the results after
optimization.

deaths in group 1, while there were 2 deaths in group 2. Based on these observations, we
classified group 1 as the good prognosis group and group 2 as the poor prognosis group.

Difference analysis of key characteristics between the two groups of
patients
This section analyses the differences in key characteristics of the two groups of patients
from the aspects of baseline information, clinical symptoms, laboratory tests, and imaging
examinations and then selects the key characteristics that affect the differences between the
two groups, as shown in Supplementary Material S1.

First, for the baseline data, we observed that there were significant differences between
the two groups in age, ACEI/ARB drug use, hypertension grade, new crown type and
MuLBSTA (P < 0.05). These features are closely related to patient prognosis. Moreover,
the clinical symptom indices exhibited minor discrepancies between the two patient groups
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and did not demonstrate statistical significance (P > 0.05). Hence, clinical symptom
indicators were not the key factors in predicting the prognosis of patients in this study.
Third, regarding the laboratory test indicators C-reactive protein (CRP), interleukin-6
(IL-6), lactate dehydrogenase, D-2 polymer, oxygenation index, procalcitonin (PCT),
aspartate aminotransferase (AST), creatinine, NT-proBNP, and hypersensitivity, there
were statistically significant differences in lymphocyte counts between patients in the two
groups. Additionally, there were significant differences in troponin I and cycle threshold of
COVID-19 nucleic acid detection (P < 0.05). These laboratory test results may be highly
important for predicting patient prognosis. Finally, in terms of imaging examination
indices, there was no significant difference in the results of X-ray examination between the
two groups (P > 0.05), which suggested that X-ray examination is useful for evaluating
patient prognosis.

Ranking and verification of feature importance
According to the results of the 17 features with statistical significance in the feature
difference analysis, we used the ReliefF algorithm (Zhang, Ding & Li, 2008; Liu, Chen &
Huang, 2023) to further rank the importance of these features, as shown in Fig. 5. In
the ranking of the importance of features, the top six features were age, hypertension
grade, MuLBSTA, use of ACEI/ARB, NT-proBNP, and high-sensitivity troponin I. The
importance ranking results of these features are consistent with the results of unsupervised
prediction model screening features, as demonstrated in the first part of the Results section
(‘‘Feature selection and cluster analysis results’’). This further verified the correlation
of these features with the prognosis of patients with new crowns. The ranking of the
importance of these features can provide a reference for clinicians to help them more
accurately assess the prognosis of patients and take corresponding treatment measures.

To verify the importance of these selected features, we combined the six features screened
out by the model into a multifactor logistic regression model, as shown in Table 3. To
address categorical variables, we turned them into dummy variables. The outcome variable
was defined as the occurrence or absence of an adverse clinical outcome, where 0 indicates
a good prognosis and 1 indicates a poor prognosis. After stepwise screening, we found that
age (OR = 1.055, P = 0.009) and ACEI use (OR = 0.302, P = 0.020) were two significant
independent variables.

Visualization system construction
The aforementioned studies have successfully identified key features that influence patient
outcomes. However, in clinical practice, the changes in these characteristics are intricate,
and it is difficult to intuitively determine the prognostic risk. Existing artificial intelligence
methods have high barriers to popularization and application, requiring clinicians to have
high programming skills and extensive literature knowledge, which makes them difficult
to promote and use in a large number of hospitals. To solve this problem, this article
innovatively constructs a practical visualization system that is built on the basis of selected
key features and has the advantages of intuition, convenience and practicability. During the
application of the visualization system, the user needs to input only the specific values of
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Figure 5 Ranking of feature importance. The 17 statistically significant characteristics in the feature
difference analysis: age, whether to use ACEI/ARB, hypertension classification, COVID-19 classification,
mulbsta score, lymphocytes, CRP, IL-6, lactate dehydrogenase, D-2 polymer, oxygenation, PCT, AST, cre-
atinine, NT proBNP, hypersensitive sarcocalcin I, gene O were numbered Q1-Q17 respectively, and the
importance of the features was sorted using the ReliefF algorithm.

Full-size DOI: 10.7717/peerj.17340/fig-5

the six key features in the ‘‘baseline information’’ column, and the system can automatically
calculate the prognosis level and provide targeted suggestions. Figure 6 shows an example of
an application for prognostic assessment. In the process of clinical diagnosis and treatment,
this system helps to quickly screen for prognostic risk and take timely targeted measures
to address high-risk patients. The construction of this system helps patients achieve timely
clinical intervention, thereby reducing the risk of adverse outcomes, which has important
practical significance and application value.

The code, software version, and parameters for ‘‘feature selection and clustering analysis’’
are available in GitHub: https://github.com/gelihua/IDOAKmeans. The difference analysis
of key characteristics between two groups of patients was conducted using SPSS 26.0.
Use MATLAB R2022a’s built-in Train Classification Models in Classification Learner App
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Table 3 Multivariate logistic regression (stepwise method) results.

Variable Regression
coefficients

standard
error

z Wald χ2 P OR 95%CI of OR

Age 0.053 0.020 2.627 6.901 0.009 1.055 1.014∼1.098
Using ACEI/ARB −1.196 0.512 −2.335 5.454 0.020 0.302 0.111∼0.825
Intercept −3.355 1.517 −2.211 4.887 0.027 0.035 0.002∼0.684

Notes.
CI of OR represents the confidence interval of the Ods ratio (OR) obtained using chi square test with binary variables.

Figure 6 Visualization system interface. (A) Example of a patient with a good prognosis; (B) example of
a patient with a poor prognosis.

Full-size DOI: 10.7717/peerj.17340/fig-6

for visualization of feature importance sorting and validation. The functional parameter
selection is FeatureSelection ReliefF.

The code, software version, and parameters of the ‘‘visualization system’’ can be found
on GitHub: https://github.com/gelihua/IDOAKmeans. This software is developed based on
MATLAB R2022a and utilizes the APP Designer function to design the original *. mlapp
file. On this basis, MATLAB’s built-in MATLAB Runtime compiler is used to compile
the *. mlapp file into a *. exe file that can be executed independently of the MATLAB
environment. As long as the software is pre installed on a computer with MATLAB
Runtime, it can be run, successfully reducing the running environment requirements
of the software and improving portability. (1) Hardware requirements: Processor main
frequency: 2Ghz and above; memory: 2GB or above. (2) Software requirements. System:
Windows 10 and above (64-bit system); operating environment: MATLAB R2022a and
above. MATLAB Runtime version 9.12 and above.

DISCUSSION
ACEI/ARB are two commonly used antihypertensive drugs that regulate the RAS for blood
pressure regulation. The receptor protein ACE2 of SARS-CoV-2 is also a component of the
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RAS. The use of ACEI/ARB increases ACE2 expression, which may increase the severity
of COVID-19 (Li et al., 2021). On the other hand, ACE2 itself has anti-inflammatory
effects, suggesting a potential protective role in the progression of COVID-19. In addition,
ACEI/ARB is beneficial for improving the prognosis of pneumonia patients, which in
turn effectively assists in the treatment of COVID-19. Some scholars express concerns
that the use of ACEI/ARB may increase the risk of COVID-19 viral infection and even
lead to the development of severe conditions (Xue et al., 2020; Ma et al., 2021). However,
other scholars hold the opposite view, stating that COVID-19 infection triggers the
downregulation of theRAS (Cheng et al., 2009;Kumar et al., 2022). This results in activation
of the RAS, which is one of the important mechanisms causing lung damage.

To resolve the above controversy, we explored the ability of unsupervised learning
to predict the prognosis of hypertensive patients with COVID-19 following ACEI/ARB
therapy. The key finding of this study was the improvement in outcomes observed in
hypertensive patients with COVID-19 treated with ACEI/ARB. This finding suggested a
potential protective role of ACEI/ARB in respiratory infections. Themechanism underlying
this protective effect is thought to involve the upregulation of the ACE2 receptor, which has
been shown to play a role in the entry of SARS-CoV-2 into host cells (Angeli et al., 2022).
By blocking ACE2 receptors, ACEI/ARB may reduce the viral load and prevent severe lung
injury (Martínez-Gómez et al., 2022; Kumar et al., 2022). In practical applications, doctors
and patients need to comprehensively consider individual conditions, disease severity, and
other relevant factors. Moreover, it is necessary to pay close attention to the latest research
results and professional guidelines to make more accurate decisions. During the epidemic,
regarding the use of ACEI drugs, the potential risks and benefits should be fully weighed
and fully discussed and communicated with doctors.

The indicators related to the clinical prognosis of patients included the length of
hospitalization, the duration of negative nucleic acid conversion, the duration of positive
nucleic acid recovery and the likelihood of death. However, there is no clear definition of
clinical prognosis using hospitalization time or nucleic acid negativity time. In addition,
due to the low incidence of nucleic acid positivity and death (11.9% [10/84] and 2.3%
[2/3], respectively), the sample size is limited, and it is difficult to perform accurate analysis
via traditional methods (Xue et al., 2020). To solve this problem, we adopt the strategy
of unsupervised learning and use the improved k-means algorithm to divide the samples
into two categories with the largest difference. By validating the clustering results, we
were able to more accurately analyse the factors affecting the prognostic outcome. Further
multivariate analysis revealed that, for patients with COVID-19 and hypertension, the use
of ACEI/ARB is a protective factor and can reduce the risk of adverse clinical outcomes.
These findings could guide clinicians in more accurately assessing the prognostic risk
of patients and formulating corresponding treatment plans. In addition, this method
based on unsupervised learning can not only be applied to patients with COVID-19 and
hypertension but also be extended to prognosis prediction research for other diseases. We
choose not to use traditional supervised machine learning methods because our research
problem has complex nonlinear relationships and a large number of features, which
traditional supervised learning methods may find difficult to capture. In contrast, we
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choose to use deep learning methods because they perform better in handling large-scale
datasets and complex pattern recognition. Through deep learning, we can better mine
hidden information and potential patterns in data, thereby achieving better predictive
performance.

The ranking results from supervised validation are consistent with our previous results
using unsupervised predictive models for feature screening, as shown in the first part
of the Results section titled ‘‘Feature selection and cluster analysis results’’. With this
unsupervised prediction model, we found that these features have a significant impact on
predicting patient prognosis. First, age is a very important feature that plays a key role in
predicting patient prognosis. The older the patient, the less favorable the prognosis may
be. Second, hypertension grade and the MuLBSTA score are also closely related to patient
prognosis. The higher the hypertension grade and the higher the MuLBSTA score are,
the worse the prognosis may be. In addition, the use of ACEI/ARB, NT-proBNP levels
and high-sensitivity troponin I levels is also an important feature for predicting patient
prognosis. The use of ACEI/ARB drugs may have a positive impact on patient prognosis,
and the levels of NT-proBNP and high-sensitivity troponin I may be related to cardiac
function and the inflammatory response and have certain predictive value for prognosis.

Overall, the ranking results of the importance of these features are consistent with
the results of the unsupervised prediction model screening features, further verifying the
relevance of these features to the prognosis of patients with new crowns. The ranking of
the importance of these features can provide a reference for clinicians to help them more
accurately assess the prognosis of patients and take corresponding treatment measures.
Hence, younger age and the use of ACEI/ARB drugs can help reduce the incidence of
adverse clinical outcomes. These results have important value for clinicians in predicting
the prognosis of patients and formulating treatment plans. In addition, the application
of unsupervised learning has broad potential in the medical field to help reveal the
underlying mechanisms of diseases, predict patient risks, and optimize treatment options.
By combining clinical data and machine learning techniques, we can better understand and
respond to global epidemics such as COVID-19 and provide patients with better treatment
recommendations.

However, it should be noted that there are several limitations in this study. First, there
may be selection bias due to the limited sample size. Second, there may be certain errors in
the collection and analysis of clinical data. Hence, future research needs to further expand
the sample size and incorporate more precise data collection and analysis methods to
improve the accuracy and reliability of the predictive model.

CONCLUSION
In summary, based on an unsupervised learning strategy and the improved k-means
algorithm, we successfully achieved an accurate analysis of the prognosis of patients with
COVID-19 and hypertension. The results of the study clearly indicated that the use of
ACEI/ARB drugs has a protective effect on the clinical prognosis of patients. With an
unsupervised learning approach, we are able to efficiently differentiate between different
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patient populations and evaluate the effects of drug treatments. In addition, we identified
important features that affect patient outcomes and developed targeted visualization
applications that provide clinicians with valuable tools. The results of this study have
important clinical significance for guiding the prognostic evaluation and drug treatment
decision-making of patients with COVID-19 and hypertension. Our research provides
physicians with more information and bases so that they can more accurately assess
patients’ prognostic risk and develop individualized treatment plans. According to the
specific characteristics and conditions of the patient, the doctor can better judge whether to
administer ACEI/ARB drug treatment and can monitor the patient’s response and adverse
reactions to adjust the treatment plan in a timely manner.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by the Shanghai Key Specialty Project of Clinical Pharmacy
(No.YXZDZK-01), the Nature Science Foundation of Jiading District, the Shanghai
(No.JDKW-2021-0043) and the Shanghai University of Medicine and Health Sciences
Clinical Research Centre for Metabolic Vascular Diseases Project (No.20MC2020004). The
funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Shanghai Key Specialty Project of Clinical Pharmacy: No. YXZDZK-01.
Nature Science Foundation of Jiading District, Shanghai: No. JDKW-2021-0043.
Shanghai University of Medicine and Health Sciences Clinical Research Centre for
Metabolic Vascular Diseases Project: No. 20MC2020004.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Liye Ge conceived and designed the experiments, performed the experiments, analyzed
the data, prepared figures and/or tables, authored or reviewed drafts of the article, and
approved the final draft.
• Yongjun Meng conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.
• WeinaMa conceived anddesigned the experiments, performed the experiments, analyzed
the data, prepared figures and/or tables, authored or reviewed drafts of the article, and
approved the final draft.
• JunyuMu conceived and designed the experiments, performed the experiments, analyzed
the data, prepared figures and/or tables, authored or reviewed drafts of the article, and
approved the final draft.

Ge et al. (2024), PeerJ, DOI 10.7717/peerj.17340 16/21

https://peerj.com
http://dx.doi.org/10.7717/peerj.17340


Data Availability
The following information was supplied regarding data availability:

The data and code is available at GtiHub and Zenodo:
- https://github.com/gelihua/IDOAKmeans.
- gelihua. (2023). gelihua/IDOAKmeans: V1.0.0 (master). Zenodo. https://doi.org/10.

5281/zenodo.10207627.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.17340#supplemental-information.

REFERENCES
Angeli F, Reboldi G, TrapassoM, ZappaM, Spanevello A, Verdecchia P. 2022.

COVID-19, vaccines and deficiency of ACE2 and other angiotensinases. Closing
the loop on the Spike effect. European Journal of Internal Medicine 103:23–28
DOI 10.1016/j.ejim.2022.06.015.

AslamM. 2021. Chi-square test under indeterminacy: an application using pulse count
data. BMCMedical Research Methodology 21:201 DOI 10.1186/s12874-021-01400-z.

Asselah T, Durantel D, Pasmant E, Lau G, Schinazi RF. 2021. COVID-19: dis-
covery, diagnostics and drug development. Journal of Hepatology 74:168–184
DOI 10.1016/j.jhep.2020.09.031.

Bauer A, Schreinlechner M, Sappler N, Dolejsi T, Tilg H, Aulinger BA,Weiss G,
Bellmann-Weiler R, Adolf C,Wolf D, Pirklbauer M, Graziadei I, Gänzer H,
Von Bary C, May AE,Wöll E, Von ScheidtW, Rassaf T, Duerschmied D, Brenner
C, Kääb S, Metzler B, Joannidis M, Kain H-U, Kaiser N, Schwinger R,Witzenbich-
ler B, Alber H, Straube F, Hartmann N, Achenbach S, Von Bergwelt-BaildonM,
Von Stülpnagel L, Schoenherr S, Forer L, Embacher-Aichhorn S, Mansmann U,
Rizas KD, Massberg S, BantkowiakM, Baur G, Baylacher M, BeaucampM, Berger
M, Besch L, Brunner S, Budweiser S, Bugger H, Coletti R, Dorwarth U, Egresits
J, Eiffener E, Faul C, Finkenstedt A, Gatos K, Gauchel N, Gindele F, GranderW,
Gunschl M, Hartig F, Hecht M, Heer T, Heger L, HentrichM, Horvath L, Keta
D, Kiechl S, Kirchmaier R, Klein A, KlemmM, Kolesnik E, König A, Kossmann
HC, Kropacek J, Lanser L, Lother A, Löw A, Mahabadi A-A, Malleier S, Mayer
G, Müller C, Müller-Wieland D, Nagel B, Neuwirt H, Olivier C, Raunegger T,
Reindl M, Reinstadler S, Riesinger L, Schäffner M, Schier J, Schock J, Schönherr
P, Schulz M, Schütz T, Schwarz J, Siebermair J, Siry M, Spaur A, SturmW,
Tessadri K, Theurl F, Theurl M, Thommes L, Tiller C, Toifl M, TotzeckM, Von
ZurMühlen H, Vonderlin N,Wakili R, Wendtner C,Wenner F, Wimmert-Roidl
D, Zabernigg A. 2021. Discontinuation versus continuation of renin-angiotensin-
system inhibitors in COVID-19 (ACEI-COVID): a prospective, parallel group,
randomised, controlled, open-label trial. The Lancet Respiratory Medicine 9:863–872
DOI 10.1016/S2213-2600(21)00214-9.

Ge et al. (2024), PeerJ, DOI 10.7717/peerj.17340 17/21

https://peerj.com
https://github.com/gelihua/IDOAKmeans
https://doi.org/10.5281/zenodo.10207627
https://doi.org/10.5281/zenodo.10207627
http://dx.doi.org/10.7717/peerj.17340#supplemental-information
http://dx.doi.org/10.7717/peerj.17340#supplemental-information
http://dx.doi.org/10.1016/j.ejim.2022.06.015
http://dx.doi.org/10.1186/s12874-021-01400-z
http://dx.doi.org/10.1016/j.jhep.2020.09.031
http://dx.doi.org/10.1016/S2213-2600(21)00214-9
http://dx.doi.org/10.7717/peerj.17340


Bhandari S, Ives N, Brettell EA, Valente M, Cockwell P, Topham PS, Cleland
JG, Khwaja A, El Nahas M. 2016.Multicentre randomized controlled trial of
angiotensin-converting enzyme inhibitor/angiotensin receptor blocker withdrawal
in advanced renal disease: the STOP-ACEi trial. Nephrology, Dialysis, Transplantation
31:255–261 DOI 10.1093/ndt/gfv346.

Bozkurt B, Kovacs R, Harrington B. 2020. Joint HFSA/ACC/AHA statement addresses
concerns re: using RAAS antagonists in COVID-19. Journal of Cardiac Failure
26:230–238 DOI 10.1016/j.cardfail.2020.04.013.

Castiglione L, DroppaM. 2022. Pulmonary hypertension and COVID-19. Hamostaseolo-
gie 42:230–238 DOI 10.1055/a-1661-0240.

Cheng J, ZhangW, Zhang XH, He Q, Tao XJ, Chen JH. 2009. ACEI/ARB therapy for IgA
nephropathy: a meta analysis of randomised controlled trials. International Journal of
Clinical Practice 63:880–888 DOI 10.1111/j.1742-1241.2009.02038.x.

De Backer D, Aissaoui N, Cecconi M, ChewMS, Denault A, Hajjar L, Hernandez G,
Messina A, Myatra SN, OstermannM, PinskyMR, Teboul J-L, Vignon P, Vincent
J-L, Monnet X. 2022.How can assessing hemodynamics help to assess volume
status? Intensive Care Medicine 48:1482–1494 DOI 10.1007/s00134-022-06808-9.

Erdine S, Ari O, Zanchetti A, Cifkova R, Fagard R, Kjeldsen S, Mancia G, Poulter
N, Rahn KH, Rodicio JL, Ruilope LM, Staessen J, van Zwieten P,Waeber B,
Williams B. 2006. ESH-ESC guidelines for the management of hypertension. Herz
31:331–338 DOI 10.1007/s00059-006-2829-3.

Fang L, Karakiulakis G, RothM. 2020. Are patients with hypertension and diabetes
mellitus at increased risk for COVID-19 infection? The Lancet Respiratory Medicine
8:e21 DOI 10.1016/S2213-2600(20)30116-8.

Gallo G, Calvez V, Savoia C. 2022.Hypertension and COVID-19: current evidence
and perspectives. High Blood Pressure & Cardiovascular Prevention 29:115–123
DOI 10.1007/s40292-022-00506-9.

Gasmi A, PeanaM, Pivina L, Srinath S, Gasmi Benahmed A, Semenova Y, Menzel
A, Dadar M, Bjørklund G. 2021. Interrelations between COVID-19 and other
disorders. Clinical Immunology 224:108651 DOI 10.1016/j.clim.2020.108651.

Hanrahan G. 2011. Swarm intelligence metaheuristics for enhanced data analysis and
optimization. The Analyst 136:3587–3594 DOI 10.1039/c1an15369b.

Huyan N, Quan D, Zhang X, Liang X, Chanussot J, Jiao L. 2022. Unsupervised outlier
detection using memory and contrastive learning. IEEE Transactions on Image
Processing 31:6440–6454 DOI 10.1109/TIP.2022.3211476.

Iijima Y, Okamoto T, Shirai T, Mitsumura T, Sakakibara R, Honda T, IshizukaM,
Tateishi T, TamaokaM, Aiboshi J, Otomo Y, Anzai T, Takahashi K, Miyazaki Y.
2021a.MuLBSTA score is a useful tool for predicting COVID-19 disease behavior.
Journal of Infection and Chemotherapy 27:284–290 DOI 10.1016/j.jiac.2020.10.013.

Iijima Y, Okamoto T, Shirai T, Mitsumura T, Sakakibara R, Honda T, IshizukaM,
Tateishi T, TamaokaM, Aiboshi J, Otomo Y, Anzai T, Takahashi K, Miyazaki Y.
2021b.MuLBSTA score is a useful tool for predicting COVID-19 disease behavior.
Journal of Infection and Chemotherapy 27:284–290 DOI 10.1016/j.jiac.2020.10.013.

Ge et al. (2024), PeerJ, DOI 10.7717/peerj.17340 18/21

https://peerj.com
http://dx.doi.org/10.1093/ndt/gfv346
http://dx.doi.org/10.1016/j.cardfail.2020.04.013
http://dx.doi.org/10.1055/a-1661-0240
http://dx.doi.org/10.1111/j.1742-1241.2009.02038.x
http://dx.doi.org/10.1007/s00134-022-06808-9
http://dx.doi.org/10.1007/s00059-006-2829-3
http://dx.doi.org/10.1016/S2213-2600(20)30116-8
http://dx.doi.org/10.1007/s40292-022-00506-9
http://dx.doi.org/10.1016/j.clim.2020.108651
http://dx.doi.org/10.1039/c1an15369b
http://dx.doi.org/10.1109/TIP.2022.3211476
http://dx.doi.org/10.1016/j.jiac.2020.10.013
http://dx.doi.org/10.1016/j.jiac.2020.10.013
http://dx.doi.org/10.7717/peerj.17340


JuW, Gu Y, Luo X,Wang Y, Yuan H, Zhong H, ZhangM. 2023. Unsupervised
graph-level representation learning with hierarchical contrasts. Neural Networks
158:359–368 DOI 10.1016/j.neunet.2022.11.019.

Kai H, Kai M. 2020. Interactions of coronaviruses with ACE2, angiotensin II, and RAS
inhibitors-lessons from available evidence and insights into COVID-19. Hypertension
Research 43:648–654 DOI 10.1038/s41440-020-0455-8.

KumarM, Al Khodor S. 2020. Pathophysiology and treatment strategies for COVID-19.
Journal of Translational Medicine 18:353 DOI 10.1186/s12967-020-02520-8.

Kumar S, NikraveshM, Chukwuemeka U, RandazzoM, Flores P, Choday P, Raja
A, Aseri M, Shivang S, Chaudhuri S, Barve P. 2022. Safety of ACEi and ARB in
COVID-19 management: a retrospective analysis. Clinical Cardiology 45:759–766
DOI 10.1002/clc.23836.

Li C, Sun J, Li L-W,Wu X, Palade V. 2022. An effective swarm intelligence optimization
algorithm for flexible ligand docking. IEEE/ACM Transactions on Computational
Biology and Bioinformatics 19:2672–2684 DOI 10.1109/TCBB.2021.3103777.

Li K, Zemmrich C, Bramlage P, Persson AB, Sacirovic M, Ritter O, Buschmann E,
Buschmann I, Hillmeister P. 2021. Effect of ACEI and ARB treatment on nitric
oxide-dependent endothelial function. VASA. Zeitschrift Fur Gefasskrankheiten
50:413–422 DOI 10.1024/0301-1526/a000971.

Liu K, Chen Q, Huang G-H. 2023. An efficient feature selection algorithm for gene
families using NMF and reliefF. Gene 14:421 DOI 10.3390/genes14020421.

Liu Q,Wang L. 2021. t-Test and ANOVA for data with ceiling and/or floor effects.
Behavior Research Methods 53:264–277 DOI 10.3758/s13428-020-01407-2.

MaH, Li C, Shi X, Yuan Y,Wang G. 2022. Deep unsupervised active learning on
learnable graphs. IEEE Transactions on Neural Networks and Learning Systems
35(2):2894–2900 DOI 10.1109/TNNLS.2022.3190420.

Ma J, Shi X, Yu J, Lv F, Wu J, Sheng X, Pan Q, Yang J, Cao H, Li L. 2021. Association
of ACEi/ARB use and clinical outcomes of COVID-19 patients with hypertension.
Frontiers in Cardiovascular Medicine 8:577398 DOI 10.3389/fcvm.2021.577398.

Majd Z, Mohan A, Fatima B, JohnsonML, Essien EJ, Abughosh SM. 2024. Trajectories
of adherence to ACEI/ARB medications following a motivational interviewing
intervention among Medicare Advantage beneficiaries in Texas. Patient Education
and Counseling 119:108073 DOI 10.1016/j.pec.2023.108073.

MarconM, Spezialetti R, Salti S, Silva L, Stefano LD. 2022. Unsupervised learning of
local equivariant descriptors for point clouds. IEEE Transactions on Pattern Analysis
and Machine Intelligence 44:9687–9702 DOI 10.1109/TPAMI.2021.3126713.

Martínez-Gómez LE, Herrera-López B, Martinez-Armenta C, Ortega-Peña S,
Camacho-ReaMDC, Suarez-Ahedo C, Vázquez-Cárdenas P, Vargas-Alarcón
G, Rojas-Velasco G, Fragoso JM, Vidal-Vázquez P, Ramírez-Hinojosa JP,
Rodríguez-Sánchez Y, Barrón-Díaz D, MorenoML, Martínez-Ruiz F de J, Zayago-
Angeles DM,Mata-MirandaMM, Vázquez-Zapién GJ, Martínez-Cuazitl A,
Barajas-Galicia E, Bustamante-Silva L, Zazueta-Arroyo D, Rodríguez-Pérez

Ge et al. (2024), PeerJ, DOI 10.7717/peerj.17340 19/21

https://peerj.com
http://dx.doi.org/10.1016/j.neunet.2022.11.019
http://dx.doi.org/10.1038/s41440-020-0455-8
http://dx.doi.org/10.1186/s12967-020-02520-8
http://dx.doi.org/10.1002/clc.23836
http://dx.doi.org/10.1109/TCBB.2021.3103777
http://dx.doi.org/10.1024/0301-1526/a000971
http://dx.doi.org/10.3390/genes14020421
http://dx.doi.org/10.3758/s13428-020-01407-2
http://dx.doi.org/10.1109/TNNLS.2022.3190420
http://dx.doi.org/10.3389/fcvm.2021.577398
http://dx.doi.org/10.1016/j.pec.2023.108073
http://dx.doi.org/10.1109/TPAMI.2021.3126713
http://dx.doi.org/10.7717/peerj.17340


JM, Hernández-González O, Coronado-Zarco R, Lucas-Tenorio V, Franco-
Cendejas R, López-Jácome LE, Vázquez-Juárez RC, Magaña JJ, Cruz-Ramos
M, Granados J, Hernández-Doño S, Delgado-Saldivar D, Ramos-Tavera L,
Coronado-Zarco I, Guajardo-Salinas G, Muñoz Valle JF, Pineda C, Martínez-
Nava GA, López-Reyes A. 2022. ACE and ACE2 gene variants are associated
with severe outcomes of COVID-19 in Men. Frontiers in Immunology 13:812940
DOI 10.3389/fimmu.2022.812940.

Nicola M, O’Neill N, Sohrabi C, KhanM, AghaM, Agha R. 2020. Evidence based
management guideline for the COVID-19 pandemic—review article. International
Journal of Surgery 77:206–216 DOI 10.1016/j.ijsu.2020.04.001.

Rico-Mesa JS, White A, Anderson AS. 2020. Outcomes in patients with COVID-19 infec-
tion taking ACEI/ARB. Current Cardiology Reports 22:31
DOI 10.1007/s11886-020-01291-4.

Schiffrin EL, Flack JM, Ito S, Muntner P,Webb RC. 2020.Hypertension and COVID-19.
American Journal of Hypertension 33:373–374 DOI 10.1093/ajh/hpaa057.

She J, Lou B, Liu H, Zhou B, Jiang GT, Luo Y,WuH,Wang C, Yuan Z. 2021. ARNI
versus ACEI/ARB in reducing cardiovascular outcomes after myocardial infarction.
ESC Heart Failure 8:4607–4616 DOI 10.1002/ehf2.13644.

Théry C,Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsitohaina R,
Antoniou A, Arab T, Archer F, Atkin-Smith GK, Ayre DC, Bach J-M, Bachurski
D, Baharvand H, Balaj L, Baldacchino S, Bauer NN, Baxter AA, BebawyM,
Beckham C, Bedina Zavec A, Benmoussa A, Berardi AC, Bergese P, Bielska E,
Blenkiron C, Bobis-Wozowicz S, Boilard E, BoireauW, Bongiovanni A, Borràs
FE, Bosch S, Boulanger CM, Breakefield X, Breglio AM, BrennanMÁ, Brigstock
DR, Brisson A, BroekmanML, Bromberg JF, Bryl-Górecka P, Buch S, Buck AH,
Burger D, Busatto S, Buschmann D, Bussolati B, Buzás EI, Byrd JB, Camussi
G, Carter DR, Caruso S, Chamley LW, Chang Y-T, Chen C, Chen S, Cheng L,
Chin AR, Clayton A, Clerici SP, Cocks A, Cocucci E, Coffey RJ, Cordeiro-da Silva
A, Couch Y, Coumans FA, Coyle B, Crescitelli R, CriadoMF, D’Souza-Schorey
C, Das S, Datta Chaudhuri A, de Candia P, De Santana EF, DeWever O, Del
Portillo HA, Demaret T, Deville S, Devitt A, Dhondt B, Di Vizio D, Dieterich
LC, Dolo V, Dominguez Rubio AP, Dominici M, DouradoMR, Driedonks TA,
Duarte FV, Duncan HM, Eichenberger RM, Ekström K, El Andaloussi S, Elie-
Caille C, Erdbrügger U, Falcón-Pérez JM, Fatima F, Fish JE, Flores-Bellver M,
Försönits A, Frelet-Barrand A, Fricke F, Fuhrmann G, Gabrielsson S, Gámez-
Valero A, Gardiner C, Gärtner K, Gaudin R, Gho YS, Giebel B, Gilbert C, Gimona
M, Giusti I, Goberdhan DC, Görgens A, Gorski SM, Greening DW, Gross JC,
Gualerzi A, Gupta GN, Gustafson D, Handberg A, Haraszti RA, Harrison P,
Hegyesi H, Hendrix A, Hill AF, Hochberg FH, Hoffmann KF, Holder B, Holthofer
H, Hosseinkhani B, Hu G, Huang Y, Huber V, Hunt S, Ibrahim AG-E, Ikezu T, Inal
JM, Isin M, Ivanova A, Jackson HK, Jacobsen S, Jay SM, JayachandranM, Jenster
G, Jiang L, Johnson SM, Jones JC, Jong A, Jovanovic-Talisman T, Jung S, Kalluri R,
Kano S-I, Kaur S, Kawamura Y, Keller ET, Khamari D, Khomyakova E, Khvorova

Ge et al. (2024), PeerJ, DOI 10.7717/peerj.17340 20/21

https://peerj.com
http://dx.doi.org/10.3389/fimmu.2022.812940
http://dx.doi.org/10.1016/j.ijsu.2020.04.001
http://dx.doi.org/10.1007/s11886-020-01291-4
http://dx.doi.org/10.1093/ajh/hpaa057
http://dx.doi.org/10.1002/ehf2.13644
http://dx.doi.org/10.7717/peerj.17340


A, Kierulf P, Kim KP, Kislinger T, KlingebornM, Klinke DJ, KornekM, Kosanović
MM, Kovács ÁF, Krämer-Albers E-M, Krasemann S, Krause M, Kurochkin IV,
Kusuma GD, Kuypers S, Laitinen S, Langevin SM, Languino LR, Lannigan J, Lässer
C, Laurent LC, Lavieu G, Lázaro-Ibáñez E, Le Lay S, Lee M-S, Lee YXF, Lemos
DS, Lenassi M, Leszczynska A, Li IT, Liao K, Libregts SF, Ligeti E, Lim R, Lim SK,
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