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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has spread worldwide
since the beginning of 2020 [1]. Its infections are mostly asymptomatic or mild, but some
patients may develop COVID-19 (coronavirus disease 2019) with a severe or critical course
leading to pneumonia, acute respiratory distress syndrome, and multi-organ failure. Apart
from the virus-related damage to the lungs, pathomechanism of the disease seems to
be linked to thromboembolism and inflammation accompanied by overproduction of
proinflammatory cytokines [2]. Since developing new therapeutic molecules, dedicated
strictly to targeting a particular virus is time-consuming [3], scientists and physicians
have started to test and repurpose old medications in clinical practice [4]. Despite the
introduction of antiviral drugs and immunomodulators, after two and a half years of
pandemics, there is still a lack of optimal therapy. A major issue is also insufficient
knowledge on predictors of the severe or deadly course of the disease, which could also help
to switch from one therapeutic option to another. Due to many gaps in the management
of COVID-19, there is a need for accumulating new data, particularly from real-world
experience which could be applicable to practice guidelines. The objective of this Special
Issue of the Journal of Clinical Medicine was to provide an update on the management
for the diagnostic workup and therapy of SARS-CoV-2 infection. The issue includes
fourteen original articles covering problems related to the diagnosis, clinic, and treatment
of COVID-19, with an emphasis on predictors of severity of the disease.

2. Clinical Picture

The study based on the SARSTer database analyzed the data of 5199 COVID-19
patients hospitalized in 30 Polish centers in periods of dominance of various SARS-CoV-2
variants [5]. It showed some shifts in SARS-CoV-2 pathogenicity between March 2020
and July 2021 in the Polish cohort of hospitalized patients. A share of patients presenting
respiratory, systemic, and gastrointestinal symptoms was higher in the later phase of
a pandemic than in the first three months. Interestingly there was no shift in the age
of admitted patients and patients who died throughout the studied period. No gender
difference in fatality rate was seen, although the age of males who died was significantly
lower. It is also plausible that other factors had influenced the shift in disease severity and
outcome throughout the considered period as a separate analysis of the SARSTer database
has shown the relationship between patients’ exposure to increased levels of air pollution
and inflammation, need for oxygen therapy, and odds of death due to COVID-19 [6].
Data in the pediatric population from the initial period of the pandemic are presented in
the study by Pokorska-Śpiewak et al. [7]. The authors showed that the characteristics of
pediatric patients infected with SARS-CoV-2 and the clinical presentation of COVID-19
are age-related. Younger children were more frequently infected by close relatives, and
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they more often suffered from pneumonia and gastrointestinal symptoms and require
hospitalization. The results of these two studies can be considered as a reference for further
analyses conducted under the dominance of new SARS-CoV-2 variants [5,7].

Based on data from 455 patients with previously diagnosed kidney failure, Zarębska-
Michaluk et al. [8] showed that this population was characterized by significantly older age
and a more severe clinical course of COVID-19. The age, baseline SpO2, need for oxygen
therapy, neutrophil and platelet count, estimated glomerular filtration rate, C-reactive
protein concentration, and some comorbidities were the independent predictors of 28-day
mortality in this population. This analysis clearly showed that underlying kidney disease
in patients with COVID-19 should be considered one of the leading factors associated with
a higher risk of severe clinical presentation and mortality.

Moniz et al. [9] presented a case series of five patients coinfected with cytomegalovirus
(CMV) admitted to the intensive care unit due to respiratory failure related to COVID-19.
The authors speculate that the reason for the reactivation was the immunosuppression
possibly associated with COVID-19. However, they emphasize the importance of multi-
ple confounding factors usually associated with immunosuppression, such as the clinical
profile of older patients with multiple comorbidities, the critical illness itself, or immuno-
suppressive treatments should also be considered.

3. Diagnostics

The article by Seynaeve Y. et al. [10] published in June 2021 documents research on
the usefulness of antigen tests in the diagnosis of COVID-19. It was a time of confusion
related to the appearance of a large number of such tests, often of poor quality, which
undermined the credibility of this diagnostic method. Thanks to such works, only antigen
tests with diagnostic effectiveness similar to the RT-PCR technique remained in use, and
the speed and convenience caused a real revolution in diagnostic and epidemiological
procedures. Of course, the RT-PCR technique remains the standard for the diagnosis, but
technical difficulties often require supporting the diagnosis with other methods. The work
of Principe et al. [11] proved that the genetic test should be combined with pulmonary CT
scans, clinical pictures, and some inflammatory blood tests, to increase the accuracy of the
diagnosis of COVID-19.

Since the beginning of the COVID-19 pandemic, medical imaging has been assigned
a key role in the diagnosis of the disease. However, a question arose if and to which
extent automated tools could be included in clinical diagnosis. Artificial intelligence, has
started to play an increasing role in medicine, including COVID-19. Jemioło et al. [12]
investigated the methodological quality of the reviews on artificial intelligence techniques
to diagnose COVID-19 in medical images. Unfortunately, the authors found that most of
the reviews included less than 10% of available studies, which makes it difficult to collect
and organize knowledge.

4. Predictors of the Outcome

A significant part of the publications included in the Special Issue were works devoted
to the search for predictors of the clinical course of COVID-19. Tamayo-Velasco et al. [13]
investigated the role of inflammatory cytokines using the 45-plex Human XL Cytokine
Luminex Performance Panel and found that three of them may be predictive. High levels of
hepatocyte growth factor and interleukin-1α accompanied with low levels of interleukin-27
at admission can predict clinical outcomes. Of course, the predictive value depends on
the availability of the methodology in laboratories. Therefore, in another work, Ramos-
Lopez et al. [14] focused on simple indicators of liver and proinflammatory features as
determinants of COVID-19 morbidity and fatal outcomes. They found the predictive
values of ROC curves for FIB-4, aminotransferases (AST/ALT) ratio, C-reactive protein,
Charlson Comorbidity Index, neutrophils, and platelets concerning intensive care and death
outcomes. In turn, Pastrovic et al. [15] showed that patients with more severe liver injury
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more frequently experienced higher rates of intensive care unit admission, mechanical
ventilation, and mortality.

Due to the fact that SARS-CoV-2 uses angiotensin-converting enzyme 2 (ACE-2) as a
receptor enabling human infection, research has been undertaken on a possible relationship
between angiotensin 1 receptor (AT1R) levels in the serum and the course of the disease.
However, Janc et al. [16] did not show the effect of AT1R on the severity of symptoms
associated with COVID-19 among healthcare professionals and any prognostic significance.
On the other hand, San-Cristobal et al. [17], based on the analysis of clinical and biochemical
variables obtained in the first 72 h of hospitalization from 1039 COVID-19 patients, specified
three clusters with different clinical severity outcomes. These clusters displayed mortality
from below 2% (cluster A), through around 15% (B) to as much as 40% (C) in patients with
multi-organ lesions and significantly altered inflammatory and immune responses.

5. Treatment

The pathogenesis of COVID-19 includes, in addition to direct viral effect and coagu-
lopathy, an overproduction of proinflammatory cytokines termed a cytokine storm, which
is responsible for organ damage and is considered a major reason for death due to COVID-
19. Tocilizumab, an antagonist of the interleukine-6 receptor, has emerged as a promising
therapeutic choice, especially for the severe form of the disease. A systematic review and
meta-analysis by Maraolo et al. [18] confirmed this view, pointing to the need for further
studies to consolidate these findings and to identify the populations that benefit most from
treatment with tocilizumab. Such a population was indicated in another study published in
this Special Issue. Tocilizumab was found to be a therapeutic option to significantly reduce
mortality and speed up clinical improvement in patients with a baseline concentration of
interleukin-6 over 100 pg/mL, particularly if they need oxygen supplementation due to
SpO2 values below 90% [19].

6. Conclusions

This editorial highlights the key findings of the research published in this Special Issue
of the Journal of Clinical Medicine. We strongly encourage you to read particular papers
for a detailed understanding of the reported results. The articles were published between
April 2021 and May 2022; therefore, reading them, you must be aware of how quickly
our knowledge of COVID-19 has changed. Nevertheless, most of the information in these
publications is still valid and influences the management of patients
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5. Flisiak, R.; Rzymski, P.; Zarębska-Michaluk, D.; Rogalska, M.; Rorat, M.; Czupryna, P.; Lorenc, B.; Ciechanowski, P.; Kozielewicz,

D.; Piekarska, A.; et al. Demographic and Clinical Overview of Hospitalized COVID-19 Patients during the First 17 Months of the
Pandemic in Poland. J. Clin. Med. 2021, 11, 117. [CrossRef] [PubMed]

3



J. Clin. Med. 2022, 11, 4472
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Abstract: The use of routine laboratory biomarkers plays a key role in decision making in the
clinical practice of COVID-19, allowing the development of clinical screening tools for personalized
treatments. This study performed a short-term longitudinal cluster from patients with COVID-19
based on biochemical measurements for the first 72 h after hospitalization. Clinical and biochemical
variables from 1039 confirmed COVID-19 patients framed on the “COVID Data Save Lives” were
grouped in 24-h blocks to perform a longitudinal k-means clustering algorithm to the trajectories. The
final solution of the three clusters showed a strong association with different clinical severity outcomes
(OR for death: Cluster A reference, Cluster B 12.83 CI: 6.11–30.54, and Cluster C 14.29 CI: 6.66–34.43;
OR for ventilation: Cluster-B 2.22 CI: 1.64–3.01, and Cluster-C 1.71 CI: 1.08–2.76), improving the AUC
of the models in terms of age, sex, oxygen concentration, and the Charlson Comorbidities Index
(0.810 vs. 0.871 with p < 0.001 and 0.749 vs. 0.807 with p < 0.001, respectively). Patient diagnoses and
prognoses remarkably diverged between the three clusters obtained, evidencing that data-driven
technologies devised for the screening, analysis, prediction, and tracking of patients play a key role
in the application of individualized management of the COVID-19 pandemics.

Keywords: COVID-19; Charlson Comorbidities Index; cluster analysis; longitudinal cluster; individ-
ualized management

1. Introduction

The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) appeared
around December 2019 in Wuhan (China) and has been spreading all around the globe
thenceforth [1,2]. The World Health Organization (WHO) declared the disease (COVID-19)
caused by SARS-CoV-2 as a pandemic in March 2020, based on the incidence growths due
to the high contagiousness and high levels of lethality presented [3]. The major challenge
for clinicians and practitioners has been the wide clinical presentation form of the disease
and requiring the decision of intensive care unit (ICU) admission, together with the use of
mechanical ventilation. Patients with COVID-19 could present as asymptomatic or with
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milder symptoms (including fever, sore throat, dry cough, dyspnea, myalgia, headache,
or diarrhea) or with more severe symptoms, such as chest pain, hypoxemia, pneumonia,
and other complications [4]. Since the appearance of this pandemic, several authors have
tried to stratify the patients depending on the symptoms, oxygen saturation, or the chest
computed tomography in order to predict the severity of the patients, aiming to facilitate
decision making in the clinical practice [5].

COVID-19 infection displays a mean incubation period between 6 and 7 days from the
initial infection, followed by a viremic phase from the 8th day to the 10th day. However, the
delay between symptom onset and hospitalization could vary from 2.6 to 9.7 days, depend-
ing on the country and the age of patients [6]. The delay of detection and hospitalization has
a large impact on the concurrent inflammatory stage, and, thus, on the prognosis and the
fatality of the disease [7]. These manifestations are accompanied by microvascular damages
caused by the cytokine “storm” [8], and often, the pathophysiological COVID-19 condition
is also associated with bacterial infections [9] and with body metabolic impairments [10,11],
where prescribed anti-inflammatory medications also may play a role [12].

With all of this, the use of routine laboratory biomarkers is the key monitoring tool
to predict the prognosis of the disease. There are several studies that have focused their
research on a limited number of these markers or have uniquely performed cross-sectional
analyses at the baseline and their relationship with the prognosis of these patients [13,14].
Thus, the identification of patients that are more likely to develop severe illness after
diagnosis is a critical checkpoint in order to decrease mortality rates, as well as to avoid the
collapse of medical care within the hospitals [15]. Therefore, taking into account the time
evolution of comorbidities and potential organ injuries throughout the course of severe
COVID-19 is crucial in the precise clinical management of patients, influencing treatment
approaches and recovery rates [16] where inflammation has a very strong role [17], as well
as immunity and hematological alterations [18] and liver dysfunctions [19]. All of this
emphasizes the need for a clustered clinical management of this disease and one that would
lead to achieve more personalized and effective interventions [20].

In this regard, understanding the short-term longitudinal variation and the specific
profiles of these biomarkers based on the severity of disease progression would allow the
development of stratification tools [21] to characterize distinctive phenotypes concerning
patients with COVID-19 that predict their potential prognosis [22]. In this regard, the use
of data science methods to identify underlying patterns or profiles present in patients
with COVID-19 could shed light on the mechanisms that occur and would allow for the
prescription of personalized treatments through the determination of clusters of patients
attending objectively measured variables [5]. Based on this background, the present study
aimed to explore data from patients admitted to all HM private hospitals in the Madrid
region during the first pandemic peak reported in Spain, in order to find clusters of
patients based on the biochemical measurements for the first 72 h of attendance and further
implication in their prognosis.

2. Materials and Methods

2.1. Patients Database

The data used for the present analysis were framed on the “COVID Data Save Lives”
(COVIDDSL) initiative carried out by the HM Hospitales. This initiative made freely avail-
able an anonymous dataset containing the information from the Electronic Health Record
(EHR) system of the HM Hospitales (information available at https://www.hmhospitales.
com/coronavirus/covid-data-save-lives/english-version (accessed on 20 July 2020)). The
anonymized information contains the records of 2310 patients that were admitted with a
diagnosis of COVID-19 between 26 December 2019 and 10 June 2020. Multicenter longitu-
dinal information from this EHR comprise different datasets corresponding to the main
clinical characteristics of different domains. Each patient was identified by an anonymized
unique admission code. The datasets include information about the COVID-19 treatment
process, including complete information on admission and diagnoses, treatments, ICU
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admissions, diagnostic imaging tests, laboratory results, drug administration, and cause of
discharge or death). This study was conducted according to the guidelines of the Declara-
tion of Helsinki and approved by the Ethics Committee of the HM hospitals consortium
(CEI HM Hospitales Ref No. 20.05.1627-GHM).

2.2. Data Collection and Definitions

The data sets were preprocessed considering only adult patients with confirmed
COVID-19. Both clinical and biochemical variables were selected and grouped in blocks of
24 h to 72 h from the patients’ admission to the hospital. In those patients that presented
more than one measure per day, the median value was used to avoid the potential effect
of extreme values for these variables. Additionally, patients were categorized according
to the cause of discharge or admission to the ICU and the administration of mechanical
ventilation. Reported death and mechanical ventilation variables were used to test the
prognostic value of the current exploratory analysis.

Data included for the exploratory analysis were patient’s age, sex, clinical history of
previous diseases, vital signs and tests performed throughout the hospitalization, and the
medications administered until the discharge. The vital sign variables included for the
analysis were oxygen saturation (%), body temperature (◦C), heart rate (beats/min), and
systolic and diastolic blood pressure (mmHg). The following parameters were selected
from the different tests collected: white cell proportions including leukocytes (1000/μL),
basophil (%), eosinophils (%), lymphocyte (%), monocyte (%), and neutrophils (%); red cell
markers including red cell distribution width (RDW, in %), hemoglobin (g/dL), hematocrit
(%), mean corpuscular hemoglobin (pg/cell), mean corpuscular hemoglobin concentration
(g/dL), and mean corpuscular volume (fL); platelets and prothrombin markers such as
mean platelet volume (%), platelet count (1000/μL), the international normalized ratio
(INR), prothrombin activity (%), and prothrombin time (seconds); metabolic markers and
electrolytes including glucose (mg/dL), Gamma-glutamil transferase (GGT, in IU/L), as-
partate aminotransferase (AST, in IU/L), alanine aminotransferase (ALT, in IU/L), sodium
(mmol/L), and potassium (mmol/L); and finally, inflammatory and catabolic markers such
as C-Reactive Protein (CRP, in mg/L), D-Dimer (ng/mL), lactate dehydrogenase (IU/L),
creatinine (mg/dL), and urea (mg/dL).

Additionally, International Statistical Classification of Disease and Related Health
Problems (ICD-10) coding tables with clinical records of diseases and procedures, as well as
medications classified by ATC5/ATC7, for each patient and time point were also condensed
in categories and activity of medications, respectively. The coded information was used
to carried out complementary descriptive analysis. Additionally, clinical variables were
encoded following the criteria of the Charlson comorbidity index (CCI) categories [23] to
adjust the logistic regression models and measure the effect in the models of concomitant
diseases as a potential confounder in the prognosis of these patients.

2.3. Statistical Analysis

Patients with less than 50% of missing values for the selected variables during the first
4 blocks of 24 h were selected to conduct the present analysis. Patients were categorized,
by the median number of comorbidities at the baseline (by CCI), patients with 3 or less
comorbidities and those with more than 3 comorbidities at the baseline, to carry out
the descriptive analysis, including means and standard deviations (SD) for quantitative
variables and absolute value with percentages for categorical variables. Student’s t tests for
continuous variables and chi-squared tests for categorical variables were used to assess
differences between patients from both comorbidity groups.

The longitudinal unsupervised clustering was performed by using the Kml3d library,
which provided a longitudinal implementation of the widely used k-means algorithms [24].
The technique used for this study was an unsupervised non-parametric cluster analysis
that classifies the trajectories of the patients by simultaneously providing the 33 routine
biochemical parameters from the first 72 h after the admission of the patients. This tech-
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nique implements a path expectation-maximization algorithm by alternating different
initialization methods to obtain the most stable solution for the clusters, and it can feature
groups of patients associated with specific disease risks. Clustering approaches are not
ultimately predictive, but they are descriptive and contribute to identify patterns concern-
ing hidden structural data, which do not demand a formal hypothesis. Indeed, clustering
analysis can feature groups of patients associated with specific disease risks. Clustering
permits targeting patients in a cost-effective feasible nature and relevant clinical impact.
Cluster analysis has been used to characterize risk factors associated with diseases [25]
and may require further regression analysis to predict other related variables [26]. This
library was used to specifically cluster patients based on the joint trajectories of the selected
clinical and biochemical variables throughout the 24-h time periods during the first 72 h of
hospitalization. A range of 2 to 10 clusters was assayed to fit the most adequate solution
for the model, based on the lowest Bayesian information criterion (BIC) and the clinical
relevance of clustering solutions (measured by the severity of outcomes related to the
cluster using logistic regression), resulting in a final best solution of 3 clusters. Principal
component analysis was conducted to visualize the categorization of the patients. The rela-
tive importance of the variables and the time periods was estimated through variable/time
permutation to gain a better understanding of the most important variables and times in
the clusters obtained. ANOVA analysis was carried out to compare clinical characteristics
among clusters, and a Tukey post hoc analysis was applied to compare individual groups.

A multivariable logistic regression model was used afterwards to estimate the gain
upon inclusion of the clusters previously obtained as independent variables for the predic-
tion of two outcome variables, namely death and administration of mechanical ventilation
during hospitalization. Three different models were developed to evaluate the effect of
the inclusion of the cluster assignment, in addition to the main factors that impacted the
COVID prognosis. Model 1 used age-independent CCI, sex, and age as predictor variables;
model 2 was additionally adjusted by temperature and oxygen saturation at admission;
and the final model 3 was additionally adjusted by the cluster assignments. Area under the
curve (AUC) from receiver operating characteristic curves (ROC) was estimated to evaluate
the predictive value of each model. All the statistical analyses were performed using R sta-
tistical software version 4.0.1 (R Project for Statistical Computing) within RStudio statistical
software version 1.4 (Rstudio Team. Rstudio: Integrated Development Environment for R.
Boston, MA, USA).

3. Results

3.1. Study Sample Description

The cleaned dataset (Table 1) contained 1039 confirmed COVID-19 patients, 60% male
and 40% female, with a global age mean of 68.5 years. The mean days of hospitalization
were 10.1, with 5.4% of the patients admitted to ICU and 62.6% receiving mechanical
ventilation during the hospitalization. The main cause of medical discharge was home
referral (78.5% of patients), while the referral to other centers corresponded to 6.2% of the
hospitalization, and death represented 11.5% of the patients. The patients presented an
average CCI of 3.6 at hospitalization. As expected, when the patients were categorized by
CCI with a cut-off of 3 points (Table 1), those above the cutoff were older and evidenced
worse health status concerning hospitalization features and higher death, and they suffered
more comorbidities including cardiovascular events, liver diseases, diabetes, and cancer;
however, a significant association with sex was observed.
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Table 1. Baseline and outcome characteristics of COVID-19 patients from DATA SAVE LIVES
categorized by the Charlson comorbidity index.

Overall ≤3 Points >3 Points p

n 1039 533 506

Age 68.5 (15.5) 58.0 (11.9) 79.5 (10.3) <0.001
Sex (male (%)) 626 (60.3) 328 (61.5) 298 (58.9) 0.419
Hospitalization (days) 10.1 (8.6) 8.9 (7.7) 11.3 (9.3) <0.001
ICU stay (yes (%)) 56 (5.4) 29 (5.4) 27 (5.3) 1
Mechanical ventilation (yes (%)) 650 (62.6) 295 (55.3) 355 (70.2) <0.001
Cause of discharge (%) <0.001

Voluntary discharge 1 (0.1) 0 (0.0) 1 (0.2)
Home 816 (78.5) 476 (89.3) 340 (67.2)
Death 120 (11.5) 15 (2.8) 105 (20.8)
Health center transfer 31 (3.0) 3 (0.6) 28 (5.5)
Hospital transfer 33 (3.2) 19 (3.6) 14 (2.8)
Not registered 38 (3.7) 20 (3.8) 18 (3.6)

CCI 3.58 (2.53) 1.58 (1.11) 5.68 (1.81) <0.001
Myocardial infarction (yes (%)) 79 (7.6) 3 (0.6) 76 (15.0) <0.001
Congestive heart failure (yes (%)) 54 (5.2) 1 (0.2) 53 (10.5) <0.001
Peripheral vascular disease (yes (%)) 32 (3.1) 0 (0.0) 32 (6.3) <0.001
Cerebrovascular accident (yes (%)) 22 (2.1) 1 (0.2) 21 (4.2) <0.001
Dementia (yes (%)) 42 (4.0) 1 (0.2) 41 (8.1) <0.001
COPD (yes (%)) 131 (12.6) 30 (5.6) 101 (20.0) <0.001
Connective tissue disease (yes (%)) 13 (1.3) 4 (0.8) 9 (1.8) 0.226
Peptic ulcer disease (yes (%)) 2 (0.2) 0 (0.0) 2 (0.4) 0.456
Liver disease (yes (%)) 35 (3.4) 2 (0.4) 33 (6.5) <0.001
Diabetes mellitus (yes (%)) 194 (18.7) 36 (6.8) 158 (31.2) <0.001
Hemiplegia (yes (%)) 2 (0.2) 1 (0.2) 1 (0.2) 1
Moderate to severe CKD (yes (%)) 153 (14.7) 4 (0.8) 149 (29.4) <0.001
Solid tumor (yes (%)) 44 (4.2) 1 (0.2) 43 (8.5) <0.001
Lymphoma (yes (%)) 16 (1.5) 0 (0.0) 16 (3.2) <0.001
Leukemia (yes (%)) 8 (0.8) 0 (0.0) 8 (1.6) 0.01
AIDS (yes (%)) 2 (0.2) 0 (0.0) 2 (0.4) 0.456

p-value: t-test for continuous variables and chi-square for categorical variables. ICU: intensive care unit; CCI:
Charlson comorbidity index; COPD: chronic obstructive pulmonary disease; CKD: chronic kidney disease; AIDS:
acquired immune deficiency syndrome.

3.2. Patient Clusterization

The cluster analysis was developed to categorize the sample based on the longitudinal
evolution of multiple vital signs and laboratory tests (see Section 2). The best clustering
was obtained with three clusters. Supplementary Figure S1b displays a PCA with all these
variables, colored by the three clusters obtained. We can see the good separation of the
patients achieved by this longitudinal clustering. In addition, in order to interpret the
clustering, we estimated the relative importance of the different variables and times by
permutation-based feature/time importance analyses. The resulting ranked importance
of variables and times are displayed in Supplementary Figure S1c, where it can be seen
that monocytes, GGT, neutrophils, prothrombin time, and urea were the most remarkable
variable contributors to the clustering, and the first 24 h is the most important time of all.

In addition, in Table 2, we analyzed the association of these clusters with different
baseline and outcome variables, in order have an idea of the clinical profiles of the three
clusters. In this way, Cluster A encompassed patients with lower hospitalization, ICU stay,
and clinical complication rates, displaying a death rate of only 1.6%; Cluster B showed an
intermediate prevalence of chronic diseases with a fatality incidence of 14.4%; and Cluster
C showed the eldest group of patients, with a mortality rate of 37.4% and a higher clinical
morbidity prevalence.

9



J. Clin. Med. 2022, 11, 3327

Table 2. Baseline and outcome characteristics of COVID-19 patients from DATA SAVE LIVES
categorized by cluster.

Stratified by Cluster

A B C p

n 496 403 147
Age 66.1 (15.8) 66.1 (13.7) 83.1 (9.9) <0.001
Sex (male (%)) 252 (50.8) 287 (71.2) 92 (62.6) <0.001
Hospitalization (days) 7.6 (5.6) 13.7 (11.9) 10.1 (7.9) <0.001
ICU stay (yes (%)) 0.10 (1.57) 1.36 (5.08) 0.17 (1.51) <0.001
Mechanical ventilation (yes (%)) 258 (52.0) 287 (71.2) 112 (76.2) <0.001
Cause of discharge (%) <0.001

Voluntary discharge 0 (0.0) 1 (0.2) 0 (0.0)
Home 433 (87.3) 313 (77.7) 75 (51.0)
Death 8 (1.6) 58 (14.4) 55 (37.4)
Health center transfer 18 (3.6) 3 (0.7) 10 (6.8)
Hospital transfer 14 (2.8) 16 (4.0) 3 (2.0)
Not registered 23 (4.6) 12 (3.0) 4 (2.7)

CCI 3.2 (2.4) 3.1 (2.2) 6.2 (2.2) <0.001
Myocardial infarction (yes (%)) 40 (8.1) 17 (4.3) 22 (15.1) <0.001
Congestive heart failure (yes (%)) 19 (3.8) 11 (2.8) 24 (16.4) <0.001
Peripheral vascular disease (yes (%)) 18 (3.6) 3 (0.8) 11 (7.5) <0.001
Cerebrovascular accident (yes (%)) 8 (1.6) 5 (1.3) 9 (6.2) 0.001
Dementia (yes (%)) 23 (4.6) 8 (2.0) 11 (7.5) 0.01
COPD (yes (%)) 67 (13.5) 35 (8.8) 29 (19.9) 0.002
Connective tissue disease (yes (%)) 8 (1.6) 1 (0.3) 4 (2.7) 0.041
Peptic ulcer disease (yes (%)) 1 (0.2) 0 (0.0) 1 (0.7) 0.271
Liver disease (yes (%)) 17 (3.4) 16 (4.0) 2 (1.4) 0.314
Diabetes mellitus (yes (%)) 89 (18.0) 59 (14.8) 46 (31.5) <0.001
Hemiplegia (yes (%)) 1 (0.2) 1 (0.3) 0 (0.0) 0.837
Moderate to severe CKD (yes (%)) 44 (8.9) 46 (11.6) 63 (43.2) <0.001
Solid tumor (yes (%)) 12 (2.4) 15 (3.8) 17 (11.6) <0.001
Lymphoma (yes (%)) 8 (1.6) 5 (1.3) 3 (2.1) 0.784
Leukemia (yes (%)) 4 (0.8) 2 (0.5) 2 (1.4) 0.586
AIDS (yes (%)) 0 (0.0) 2 (0.5) 0 (0.0) 0.199

p-value: ANOVA for continuous variables and chi-square for categorical variables. ICU: intensive care unit; CCI:
Charlson comorbidity index; COPD: chronic obstructive pulmonary disease; CKD: chronic kidney disease; AIDS:
acquired immune deficiency syndrome.

Additionally, clinical variables evolved during the initial 72 h after hospital admission
according to different cluster profiles, as can be seen in Figure 1, where the time evolution of
these variables is displayed for the three classes, color coded in reference to recommended
values (above, within, below). In general, Cluster C presented the most altered medical
variables in comparison with the other two clusters, while Cluster B showed a mildly
severe inflammatory condition. More specifically, the patients in Cluster B showed the
lowest eosinophil levels and the highest levels of GGT, AST, ALT, C-reactive protein, and
lactate dehydrogenase during the 72 h compared to the other clusters. Meanwhile, Cluster
C presented the lowest lymphocyte levels and prothrombin activity, as well as the most
elevated levels for prothrombin time, INR, glucose, D-dimer, creatinine, and urea (Figure 1).

Vital signs (Supplementary Figure S2) indicated that, while Cluster A presented less
unhealthy symptoms, Cluster B and C displayed significantly worse clinical outcomes
maintained throughout all time points (0–72 h). When white blood cell count was observed
(Supplementary Figure S3), Cluster A involved fewer biological abnormalities. Specifically,
lower levels of eosinophils were detected in the three clusters at all-time points, while only
Cluster B and Cluster C had lymphocyte counts below the laboratory references. Curiously,
Cluster A presented high levels of monocyte count. Those cluster differences were present
across the 72-h measured course (Figure 1 and Supplementary Figure S3). Red blood cell
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levels, despite some significant cluster differences, were not different to normalized values
(Figure 1 and Supplementary Figure S4).

Figure 1. Heatmap plot of adequacy to reference values for clinical variables included in the cluster
analysis. White means that the mean value for the cluster was within the recommended values;
meanwhile, blue and orange intensity represent the deviation from the recommended values below
and above, respectively.

Regarding blotting (prothrombin activity and time besides international normalized
ratio) and hepatic related enzymes (ALT, AST, and GGT), Cluster C had altered high levels
of those indications, while the other two cluster were closer to reference normality (Figure 1
and Supplementary Figures S5 and S6). Finally, inflammation (C-reactive protein) and
thrombosis (D-Dimer) examinations, as well as lactate dehydrogenase, were impaired in all
the clusters, with a greater severity in Cluster B and C compared to Cluster A, while renal
functionality assessed by creatinine and urea were only altered in Cluster C (Figure 1 and
Supplementary Figure S7).

3.3. Logistic Regression Models to Predict Severe Outcomes

Finally, a logistic regression model was fitted to discern the capacity of the modeled
clusters to predict the disease fatality (Table 3, Figure 2). The first model, including the
age-independent CCI, sex, and age as predictors, showed only age and sex with significant
p-values and an AUROC of 0801. A second model, which added oxygen saturation and
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temperature (the former significant but not the latter) to the previous one, had a negligible
increase of AUROC to 0.81. However, the inclusion of the cluster variable in the third
model (green line in Figure 2) resulted in a large boost of the AUROC, up to 0.87. The third
model presented the highest value of AUC, showing the better capacity of death prediction
(p-value obtained by parametric bootstrapping for differences between Model 1 vs. Model 3
and Model 2 vs. Model 3, <0.001 and <0.001, respectively).

Table 3. Logistic regression model for the risk of death.

OR (95% CI) p AUC

Model 1 0.801

Age-independent CCI 1.09 (0.97–1.21) 0.126
Sex (male) 2.66 (1.69–4.25) 0.000
Age 1.09 (1.07–1.11) 0.000

Model 2 0.810

Age-independent CCI 1.10 (0.98–1.23) 0.087
Oxygen saturation 0.94 (0.9–0.98) 0.007
Temperature 1.12 (0.82–1.54) 0.469
Sex (male) 2.55 (1.63–4.09) 0.000
Age 1.09 (1.07–1.11) 0.000

Model 3 0.871

Cluster (Cluster B) 12.83 (6.11–30.54) 0.000
Cluster (Cluster C) 14.29 (6.66–34.43) 0.000
Age-independent CCI 1.05 (0.93–1.18) 0.431
Oxygen saturation 0.96 (0.92–1) 0.071
Temperature 0.81 (0.58–1.13) 0.231
Sex (male) 2.12 (1.31–3.52) 0.003
Age 1.08 (1.06–1.11) 0.000

OR: Odds Ratio; CI: Confidence interval; AUC: area under the curve; CCI: Charlson comorbidity index.

Figure 2. ROC curve of logistic regression for the three models.
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A similar analysis was performed to predict the risk of mechanical ventilation us-
ing these models (Table 4). The obtained results were similar, with a better predictive
capacity in Model 3 compared to the other two models (Figure 3), confirming the utility
of patients’ clusterization (p-value obtained by parametric bootstrapping for differences
between Model 1 vs. Model 3 and Model 2 vs. Model 3 = 0.023 and <0.001, respectively).

Table 4. Logistic regression model for the risk of mechanical ventilation.

OR (95% CI) p AUC

Model 1 0.775

Age-independent CCI 1.18 (1.08–1.29) 0.000
Sex (male) 1.17 (0.9–1.53) 0.246
Age 1.02 (1.01–1.03) 0.000

Model 2 0.749

Age-independent CCI 1.20 (1.1–1.32) 0.000
Oxygen saturation 1.01 (0.98–1.05) 0.467
Temperature 1.49 (1.22–1.83) 0.000
Sex (male) 1.16 (0.88–1.51) 0.291
Age 1.02 (1.01–1.03) 0.000

Model 3 0.807

Cluster (Cluster B) 2.22 (1.64–3.01) 0.000
Cluster (Cluster C) 1.71 (1.08–2.76) 0.024
Age-independent CCI 1.21 (1.1–1.33) 0.000
Oxygen saturation 1.02 (0.99–1.06) 0.205
Temperature 1.28 (1.04–1.59) 0.021
Sex (male) 1.00 (0.75–1.32) 0.980
Age 1.02 (1.01–1.03) 0.000

AUC: area under the curve; CCI: Charlson comorbidity index.

Figure 3. ROC curve of logistic regression for the three models.
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4. Discussion

Coronavirus disease has affected all nations and territories, while several investiga-
tions are now being conducted to seek personalized clinical prescriptions and provide
epidemiological surveillance to control this pandemic [15,27]. Indeed, research concern-
ing the early symptomatic identification and assessing specific traits involving clinical
manifestations, medical outcomes, and epidemiological estimates with machine learning
models offers huge opportunities for precision medicine despite some limitations and
challenges [28]. In this context, the COVID-19 disease presents a unique prospect to under-
stand whether there are distinct phenotypes of COVID-19 outcomes, whose knowledge
will provide important benefits not only for the personalized management of infected
patients, but also for optimizing health care systems and for devising public health poli-
cies [29] by considering phenotypical plus family and clinical history backgrounds, as well
as individual lifestyle factors [30].

The implementation of multivariate statistical and bioinformatic instruments to pro-
vide valid information for clinical purposes includes hierarchical cluster analysis, principal
component analysis, random forest, discriminant analysis, support vector machine algo-
rithms, and neural network-based deep learning methods, with value on disease charac-
terization, diagnosis, and treatment [20]. In this context, a longitudinal cluster analysis
was implemented on the “COVID Data Save Lives” (COVIDDSL) dataset to unhidden
statistically significant clinical variables and the internal structure, as performed elsewhere
with COVID-19 infected patients [31].

In our clinical setting, regarding a group of Spanish public/private hospitals, applying
longitudinal cluster analyses enabled three distinctive COVID-19 medical phenotypes to
emerge: Cluster A characterized by including patients’ mild inflammatory symptoms and
low death occurrence (1.6%), Cluster B featuring important immune-inflammatory distress
and specific liver dysfunctions with a rate of 14.4% mortality, while Cluster C encompassed
specific coagulation disorders and renal alterations, in addition to inflammatory and im-
munocompetence abnormalities with a fatality prevalence of 37.4% of the patients. Thus,
survival times across clusters notably differed in the three groups of patients, which is key
for ameliorating disease management and outcomes by considering individualized patient
profiling, predictive personalized models, and precision cost-effective risks, alleviating
procedures as previously described in the palliative treatment of liver tumors using un-
supervised artificial intelligence [32]. Moreover, the age and number of comorbidities, as
associated with increased risk of mortality in patients with COVID-19, need to be accounted
for [33], as delineated in the three A, B, and C clusters.

In this scenario, analyses concerning longitudinal COVID-19 disease trajectories were
able to recognize vulnerable population clusters that would particularly benefit from spe-
cific health resources and provide insights for public health targets in order to manage the
COVID-19 infectious pandemic. Thus, tuberculosis and HIV/AIDS, hepatitis, cardiomy-
opathies, and diabetes were consistently associated with an increased risk to be found in a
more vulnerable cluster [34]. Furthermore, a comprehensive measurement of dysfunction
severity of six organ systems based on the Sequential Organ Failure Assessment (SOFA)
score revealed that cardiovascular, central nervous system, coagulation, liver, renal, and res-
piration pathobiology were able to identify distinct strata of COVID-19 patients, as defined
by the baseline post-intubation SOFA. This includes findings suggestive of inflammation
as a mechanism involving differential COVID-19 disease severity outcomes, as well as a
heterogeneous physiopathological lung illness [29], which is in accordance with some of
our findings, given that inflammatory responses, clothing, hepatic/renal alterations, and
impaired immunocompetence were markers involved in cluster discrimination

Another study developed with machine learning tools and based on a decision tree
model to anticipate COVID-19 outcomes from a list of 132,939 recovered COVID-19 subjects
evidenced that mortality prevalence was specifically clustered among males, older cases,
and hospital admission history as predictors of case fatality [35]. In addition, a database
study encompassing hospitalized COVID-19 patients over 24 and 48 h in the Mount
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Sinai Health System predicted intubation, intensive care unit transfer, and mortality and
was able to identify important features, such as pulse oximetry with clinical importance
in the outcome [36]. Results from the current analyses confirm trends during the 72-h
outcomes among the three clusters, with some differential responses concerning PCR,
hemoglobin, and coagulation indicators, while the fitted logistic regression model for
the risk of mechanical ventilation and death considered both variables independently
influenced by cluster allocation.

Another analysis devised to generate an accurate diagnosis model of COVID-19 based
on routine tests and clinical symptoms by applying machine learning to COVID-19 data
found several associations between clinical variables, such as having idiosyncratic levels
of circulating lymphocytes and neutrophils, suggesting that COVID-19 patients could be
clustered into several phenotype subtypes based on immune cells, gender, and declared
symptoms, which could overcome the influence of a low testing capacity or the concurrent
impact of other bacterial or viral infections [37]. Indeed, our cluster model demonstrated
discrimination abilities associated with lymphocyte, monocyte, and eosinophil counts
among then and during the 72 h after hospitalization.

Noteworthy, anemia and iron deficiency may play a role in the Coronavirus disease,
as shown in a systematic review and associated meta-analyses, where hemoglobin levels
were lower with older age but higher in subjects with diabetes, hypertension, and overall
comorbidities and those admitted to intensive care [38], which is independently categorized
by Cluster C in our model

The severe proinflammatory state commonly reported in COVID-19 patients has been
associated with the activation of coagulation pathways and thrombosis [39], as well as by
a characteristic coagulopathy and procoagulant endothelial phenotype [40]. The current
clustered model for COVID-19 patients classified prothrombin activity and time, specif-
ically in Cluster C, and also demonstrated some stratification competences in Dimer-D
measurements, but not in increased platelet consumption. Interestingly, thrombocytopenia
is relatively uncommon in COVID-19, being estimated that the dysregulated immune
system responses as coordinated by inflammatory cytokines, lymphocyte cell death, and
endothelial damage are involved [41]. Thus, patients with COVID-19 may suffer coagula-
tion and thrombotic abnormalities, stimulating a hypercoagulable condition and increasing
thromboembolic incidence [42].

Associations between blood biomarkers such as the neutrophil-to-lymphocyte ratio
with the severity of COVID-19 lesions have been established, as well as with other specific
and unspecific proinflammatory markers, such as CRP and other measures commonly
analyzed for COVID-19, such as hemoglobin, D-dimers, and eosinophils counts [18],
which should orientate the clinician for infected patients’ management being eased by the
existence of algorithms and cluster categorization. Further statistical analyses indicated
that inflammatory CRP and D-dimer levels were increased and can assist as early indicators
of severe COVID-19 cerebrovascular problems [27].

In these circumstances, exacerbated innate and adaptive immune responses are cru-
cial in foreseeing the development and progression of NAFLD in COVID-19 patients [19].
A specific implication of severe COVID-19 in NAFLD patients putatively mediated by
immunocompetence status is highlighted in the B cluster, where transaminases and liver
health markers showed abnormal values and may drive personalized medicine approaches,
as prompted by the allocation to a cluster with related measurements uncovering thera-
peutic targets. In a previous report, patients concerning this COVID-DATA-SAFE-LIFES
cohort were categorized following conventional criteria to explain disease severity and
deaths, which verified that liver and proinflammatory features are important determinants
of COVID-19 morbidity and mortality in order to ameliorate the understanding of mor-
bid manifestations of COVID-19, besides to help the therapy decision-making protocols
under a personalized medicine scope [11]. Indeed, the liver health and coagulation axis
appears as a relevant surrogate for elucidating some COVID-19 outcomes linked to sys-
temic inflammation [43], as well as thrombotic and fibrinolytic disturbances [44], which
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were deciphered in the currently emerged three clusters, including some markers of global
health such as lactate dehydrogenase or creatinine/urea measurements [45], as particularly
discriminated in Cluster C. Interestingly, hemoglobin and prothrombin values evidenced
divergent patterns after the following 72-h period, which represent a worth for a cluster
monitor. Indeed, our results provide a tool in the early management of COVID-19 patients,
in contrast to other related papers in COVID where it has been taken into account with car-
diac biomarkers [46] or other more complex techniques, such as imaging-based prognosis
or gene/protein expression [47,48].

This research had some limitations and strengths. Thus, as a multipurpose cohort,
the aims and hypotheses were assigned after the database was closed, and this was partly
overcome by the large number of collected clinical determinations and the relatively
high sample size. In addition, the initial uncertainties about the clinical management
guidelines and concurrent morbid conditions/medications in COVID-19 patients may have
an impact on data interpretation, although we provided information about pharmacological
treatments (Supplementary Table S2) and several diseases at admission.

The identification of subgroups of COVID-19 patients through the longwise cluster
analysis performed in this study allowed the identification of latent profiles of COVID-
19 patients to shed light on the most appropriate treatment focused on objective routine
blood markers commonly used in clinical practice, unlike other articles that only study a
single marker follow-up [27], cross-sectional analyses [14], composite index [29], or non-
objective markers [13]. Moreover, a model using machine learning was able to predict
case fatality in the elderly population, with a large history of hospital admission, which
increases the rate of COVID-19 death [35]. Novel aspects of this analysis concerned the
discrimination of patients by clustering routine determinations and being able to forecast
death rates and associated comorbidities in the first 72 h. Previous studies have focused on
exploring the value of these bioinformatic tools for coronavirus diagnosis and treatment [20],
including image processing [49]. These results have been reinforced in systematic and
metanalysis, which described clinical subgroups, while other researchers using result-
driven technologies implemented the screening, analyses, and predictors of data tracking
to confirm death cases [50]. Furthermore, the longitudinal follow up for 72 h allowed
the confirmation of trends and alignments, giving support to the interest of multiple
clinical analytical measurements at entrance. Actually, healthcare provision necessitates
the backing of innovative skills and strategies, including artificial intelligence (AI), Big
Data, and machine learning approaches to combat and project actions against new diseases
such as COVID and other complex syndromes. Identifying the pool of cases and predicting
where this viral infection and associated comorbidities will move in future interventions
require collecting clinical information and bioinformatically analyzing available preceding
data [50].

5. Conclusions

Summing up the current cohort, by applying a longwise cluster analysis of the first
72 h enabled to materialize three discriminated COVID-19 clinical clustered phenotypes:
Cluster A, featuring patients mainly displaying mild inflammatory abnormalities and
a low fatal occurrence below 2%; Cluster B, involving specific immune-inflammatory
and explicit liver dysfunctions, with a mortality incidence around 15%; and Cluster C
exhibiting hemoglobin, prothrombin, and renal impairments, together with importantly
altered inflammatory and immune responses, resulting in about 40% of deaths in this
group. Indeed, patient diagnoses and prognoses remarkably diverged in the three clusters,
which is relevant for considering predictive patient alignment, tailored precision clinical
prescriptions, personalized cost-effective engagements, and alleviating epidemiological
measures, as pioneers reported in diverse communicable and non-communicable diseases
using artificial intelligence and machine learning instruments. Actually, medical-driven
technologies devised for the proper screening, analysis, prediction, and tracking of SARS-
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CoV-2 infected patients are partaking significant developments and applications for the
precision and individualized management of the COVID-19 pandemics.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11123327/s1, Supplementary Table S1: Reference values for
clinical variables included in the cluster analysis; Supplementary Table S2: Drug use by cluster and
time (drugs with overall frequency n > 100); Supplementary Figure S1: A Principal component plot
of the 2 main components from the cluster analysis; Supplementary Figure S2: Vital signs within the
first 72 h of patients categorized by cluster; Supplementary Figure S3: White cells proportions within
the first 72 h of patients categorized by cluster; Supplementary Figure S4: Red cells markers within
the first 72 h of patients categorized by cluster; Supplementary Figure S5: Platelets and prothrombin
markers within the first 72 h of patients categorized by cluster; Supplementary Figure S6: Metabolic
markers and electrolytes within the first 72 h of patients categorized by cluster; Supplementary
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Abstract: COVID-19 modified the healthcare system. Nasal-pharyngeal swab (NPS), with real-time
reverse transcriptase-polymerase (PCR), is the gold standard for the diagnosis; however, there are
difficulties related to the procedure that may postpone it. The study aims to evaluate whether
other elements than the PCR-NPS are reliable and confirm the diagnosis of COVID-19. This is a
cross-sectional study on data from the Lung Unit of Pavia (confirmed) and at the Emergency Unit
of Palermo (suspected). COVID-19 was confirmed by positive NPS, suspected tested negative. We
compared clinical, laboratory and radiological variables and performed Logistic regression to estimate
which variables increased the risk of COVID-19. The derived ROC-AUCcurve, assessed the accuracy
of the model to distinguish between COVID-19 suspected and confirmed. We selected 50 confirmed
and 103 suspected cases. High Reactive C-Protein (OR: 1.02; CI95%: 0.11–1.02), suggestive CT-images
(OR: 11.43; CI95%: 3.01–43.3), dyspnea (OR: 10.48; CI95%: 2.08–52.7) and respiratory failure (OR: 5.84;
CI95%: 1.73–19.75) increased the risk of COVID-19, whereas pleural effusion decreased the risk (OR:
0.15; CI95%: 0.04–0.63). ROC confirmed the discriminative role of these variables between suspected
and confirmed COVID-19 (AUC 0.91). Clinical, laboratory and imaging features predict the diagnosis
of COVID-19, independently from the NPS result.

Keywords: COVID-19; PCR test; COVID-19 diagnosis

1. Introduction

In December 2019, a new Coronavirus, named SARS-CoV-2, was isolated in the
respiratory tract cells of humans [1]. On 11 March 2020, the WHO declared the first
SARS-CoV-2 outbreak in China as an international public health emergency [2], starting
the beginning of the COVID-19 pandemic. COVID-19 infection causes mild or moderate
symptoms such as cough, fever, asthenia and sometimes headache and gastrointestinal
symptoms, such as vomiting and diarrhea [3]. However, a great proportion of individuals
also experienced respiratory symptoms such as dyspnea and respiratory failure suggestive
of severe pneumonia that led to access to the Intensive Care Unit or death.

The virus has been isolated in biological respiratory fluids, both through oronasal
swabs and bronchoalveolar lavage [4]. The analysis of the nasal-pharyngeal swab (NPS),
which uses the real-time reverse transcriptase-polymerase chain reaction (RT-PCR), is
considered the gold standard for the diagnosis of COVID-19. The sensitivity and specificity
of the RT-PCR technique have been discussed in several studies; Dramé et al. [5], showed
that the sensitivity of NPS was under 40% and suggested performing NPSs repeatedly over
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time, in correlation with patients’ symptoms and other diagnostic tests to avoid missing
diagnosis. Conversely, Xiang et al. considered the SARS-CoV-2 antibody tests IgM and
IgG as a better diagnostic investigation than the swab [6]. However, during the pandemic,
NPS appeared to be the simplest and fastest technique, despite the limitations that could be
linked to non-optimal management of the sample or the difficulties related to the procedure.
As a matter of fact, NPS can give false-positive and false-negative results. This could
be the consequence of various factors, such as cross-contamination with other viruses,
unsuitable laboratories and inexperienced operators, but also the viral load, which depends
on the days of illness that have passed [7]. Moreover, a systematic review by Rodriguez
et al. pointed out the need to perform repeated tests in subjects with a strong suspicion
of infection, considering that 54% of COVID-19 positive patients showed a false negative
result on the first test with the RT-PCR method [8].

During the COVID-19 pandemic, Italy was one of the most affected countries and the
positivity rate and the management of screening tests were heterogeneous among regions,
especially during the first outbreak [9,10]. The management of a suspected patient i.e., those
who, in addition to typical symptoms, reported a close contact with a positive COVID-19
patient or who were living or traveled through areas at a greater risk of infection (defined
as a “red zone”), represented the area of uncertainty leading to the lack of a unified policy
to face the emergency [9]. As an example, patients with respiratory symptoms and features
of COVID-19 disease that accessed the hospital were transferred to the so-called “grey
areas”, in which they received prompt assistance while waiting for the NPS results [11].
This system was established to avoid the spread of COVID-19 in non-COVID-19 units.

Even though the vaccination campaign curbed the spread of SARS-CoV-2 infection,
the COVID-19 pandemic steadily continues, and it is arduous to make a prevision about its
end. Although the severity of the disease and the number of hospital admissions could
potentially be reduced by promoting vaccination strategies, the management of the hospital
admissions of COVID-19 patients is still unclear and needs to be further implemented in the
long term. An early diagnosis, isolation systems and quarantine of suspected patients are
fundamental to controlling the spread of the infection [12]. The introduction in the decision-
making of the clinical, radiological and laboratory features to increase the risk of COVID-19
could facilitate the diagnosis and reduce the permanence in the “grey areas”. Assuming that
the negative result of the RT-PCR NPS cannot completely rule out COVID-19 diagnosis, we
aimed to investigate whether clinical, laboratory and imaging characteristics can improve
the reliability of the NPS in differentiating suspected from ascertained COVID-19 cases.

2. Materials and Methods

2.1. Study Population

This is a retrospective, cross-sectional, multicenter study. The population was divided
in confirmed and suspected COVID-19 cases. In the first group, the disease was confirmed
by the positivity of NPS from the upper respiratory tract by RT-PCR. In the second group,
patients with clinical, radiological and laboratory features suggestive of SARS-CoV-2
infection and negative NPS were included. Data were collected from March to May 2020.
Suspected COVID-19 cases were selected from medical records of the Emergency Care
Unit of the University Hospital of Palermo, Italy, whereas confirmed COVID-19 cases were
retrieved from medical records of the Lung Unit of the Fondazione IRCCS Policlinico San
Matteo, University of Pavia, Italy. The study obtained the approval of the Ethical Board of
both institutions.

2.2. Data Collection

Demographic characteristics, respiratory signs and symptoms at admissions, such
as fever, dyspnea and cough, clinical laboratory tests with complete blood count and
serum biochemical tests (lactic dehydrogenase (LDH), D-dimer and C-reactive protein
(CPR)) were extracted from medical electronic records at the time of the admission to the
Emergency Care Unit for suspected COVID-19 cases and at the time of the admission to the
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Lung Unit for COVID-19-confirmed cases. Chest computed tomographic (CT) scans were
carried out for all the patients and were considered suggestive of SARS-CoV-2 infection if
they reported the following characteristics: evidence of focal unilateral or diffuse bilateral
ground-glass opacities with or without co-existed consolidations [13,14]. Respiratory failure
was classified according to blood gas abnormalities [15]. In both units, a PCR-NPS test
was performed on all the patients at the moment of the admission. Suspected cases were
considered negative for SARS-CoV-2 infection after at least two negative PCR-NPS tests
within 48–72 h as well as their consequent admission to a non-COVID Unit.

2.3. Statistical Analysis

Clinical, laboratory and radiological variables were summarized using means and
Standard Deviations (SD). Normality was assessed by visual inspection of histograms and
q-q plots. Continuous baseline variables judged to follow a non-normal distribution were
summarized using medians and interquartile ranges. A comparison of those characteris-
tics was performed using Chi-squared or t-test for categorical and continuous variables,
respectively. A logistic regression model was performed after the selection of the variables
considered statistically different (with a p-value <0.05) between the two groups to evaluate
which exploratory variables were considered to increase or reduce the risk of SARS-CoV-2
diagnosis. The Wald test was used to assess the accuracy of the logistic regression classi-
fication. Afterward, a prediction model was performed and, according to the predicted
classification, the confusion matrix of the dataset was generated to calculate the sensitivity
and specificity of the overall predictive values. From the results of the prediction model,
we constructed a receiver operating characteristic (ROC) curve and calculated the area
under the curve (AUC) to assess the overall accuracy. A p-value < 0.05 was considered sta-
tistically significant. The analysis was performed using R studio version 1.1.463 (R Studio
Inc., Boston, MA, USA) and R version 3.5.1 (The R Foundation for Statistical Computing,
Vienna, Austria).

3. Results

We included a total of 153 subjects: 50 belonged to the group of confirmed COVID-19
cases and 103 to the suspected COVID-19 cases. A summary of the general characteristics
and the comparison between groups is presented in Table 1. Significant differences were
found between suspected and confirmed COVID-19 patients in terms of smoking history,
physiological parameters and symptoms, such as the presence/absence of fever, dyspnea,
respiratory failure, as well as radiological findings (presence/absence of pleural effusion,
CT scan suggestive of SARS-CoV-2 infection) and laboratory exams (CPR, Lymphocytes
(%), LDH).

A total of four logistic regression models were performed: the first model included all
symptoms and physiological features that resulted in significantly different between the
two groups (Supplementary Table S1). In this model, the presence of dyspnea (OR 12.59;
CI95%: 1.7–93; p-value: 0.013) and the evidence of respiratory failure (OR 8.42; CI95%:
1.32–53.62; p-value: 0.024) increased the risk of diagnosis of COVID-19. The second model
(Supplementary Table S2), which included only radiological findings, showed that the
presence of a CT scan indicative of SARS-CoV-2 infection increased the risk of COVID-
19 diagnosis (OR 3.73; CI95%: 1.68–8.28; p-value: 0.001), while the presence of pleural
effusion reduced the risk (OR 0.24; CI95%: 0.09–0.63; p-value: 0.002). In the third model
(Supplementary Table S3), which collected laboratory findings, we demonstrated that only
CPR could be considered as a potential risk factor for COVID-19 diagnosis (OR 1.02; CI95%:
0.11–1.03; p-value: <0.001). A fourth logistic regression model was performed bringing the
above-mentioned variables together as it is shown in Table 2.
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Table 1. General characteristics and comparison of the two study groups. CT: Computed Tomography;
CPR: C-Reactive Protein; LDH: lactic dehydrogenase. Comorbidities are defined as any chronic
disease or medical condition.

COVID-19 Confirmed COVID-19 Suspected p-Value

N 50 103

Age (mean (SD)) 67.02 (10.98) 66.68 (17.52) 0.900

Sex = M/F n (%) 33/17 (66.0/34.0) 57/46 (55.3/44.7) 0.279

Smoking n (%) <0.001

Never 18 (47.4) 33 (63.5)
Former 1 (2.6) 12 (23.1)
Active 19 (50.0) 7 (13.5)

Comorbidities = N/Y n (%) 12/38 (24.0/76.0) 18/85 (17.5/82.5) 0.462

Fever = N/Y n (%) 4/46 (8.0/92.0) 70/33 (68.0/32.0) <0.001

Temperature (◦C) (mean (SD)) 37.36 (0.82) 36.69 (0.90) <0.001

Dyspnea = N/Y n (%) 7/43 (14.0/86.0) 41/62 (39.8/60.2) 0.002

Cough = N/Y n (%) 27/23 (54.0/46.0) 69/34 (67.0/33.0) 0.167

CT positive = N/Y n (%) 11/39 (22.0/78.0) 57/46 (55.3/44.7) <0.001

Pleural effusion = N/Y n (%) 44/6 (88.0/12.0) 61/42 (59.2/40.8) 0.001

D-dimer (ng/mL) (median [IQR]) 558.50 [503.50, 1010.25] 1360.00 [770.00, 3285.50] 0.375

Lymphocytes (%) (median [IQR]) 10.30 [5.10, 14.20] 13.70 [8.00, 22.55] 0.006

CPR (mg/L) (median [IQR]) 136.70 [76.15, 203.10] 21.82 [3.56, 67.16] <0.001

LDH (mu/mL) (median [IQR]) 436.00 [356.50, 523.75] 257.00 [208.25, 373.50] <0.001

Respiratory Failure = N/Y n (%) 20/30 (40.0/60.0) 70/33 (68.0/32.0) 0.002

Table 2. Logistic regression model. OR: Odd ratio; CI(95%): Confidence interval at 95%. CPR:
C-Reactive Protein; CT: Chest-Tomography.

OR CI(95%) p-Value

CPR 1.02 0.11, 1.02 <0.001
CT positive 11.43 3.01, 43.3 <0.001

Pleural effusion 0.15 0.04, 0.63 0.009
Dyspnea 10.48 2.08, 52.7 0.004

Respiratory Failure 5.84 1.73, 19.75 0.002

Those characteristics were able to discriminate between COVID-19-confirmed and
COVID-19-suspected cases with a sensitivity of 0.60, specificity of 0.90 and high accuracy,
represented with an ROC-AUC curve of 0.91 (Figure 1).
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Figure 1. ROC-AUC report the high accuracy of the model in distinguishing the diagnosis of COVID-
19 between the two groups.

4. Discussion

In this study, we were able to prove that a composite measure that includes increased
blood levels of Reactive C-Protein, the evidence of suggestive CT-scan alterations and the
presence of dyspnea and respiratory failure in addition to the NPS are highly predictive of
SARS-CoV-2 infection. The current gold standard to make a diagnosis of active COVID-19
infection should remain the positive detection of viral RNA in respiratory specimens. The
use of RT-PCR assay to detect SARS-CoV-2 RNA from the nasopharyngeal tract should
remain the preferred initial diagnostic test, although it should be implemented with other
evaluations to avoid uncertainties [16]. It has been proven that negative test results do
not necessarily rule out the possibility of COVID-19 infection and other complementary
measurements, such as bronchoalveolar lavage, should be performed in case of high
suspicion of disease [17–22]. In such a manner, the diagnostic confirmation of COVID-19
infection can require some days, causing difficulties in terms of management of hospital
beds and patients’ follow-up in dedicated units. Suspected SARS-CoV-2 patients generally
can stand for days in the “grey areas” of the Emergency Care Unit, receiving assistance
while they are waiting for the test results. Therefore, there is the need to implement
complementary tools for the decision-making process to accelerate the diagnosis of COVID-
19 and facilitate the management of suspected COVID-19 patients. To our knowledge,
this is the first study that evaluated, in the real-life scenario of two Italian regions with
high and low COVID-19 prevalence, the importance of clinical, radiological and laboratory
parameters to implement the diagnosis of COVID-19 and accelerate the decision-making.

As previously demonstrated, CT scan plays a fundamental role in the diagnosis and
management of subjects with COVID-19 disease, and it can also be essential in detecting
the disease at an early stage [23,24]. In line with these findings, we were also able to
demonstrate that imaging could help to detect SARS-CoV-2-infected patients. Specifically,
we found that a positive chest CT scan can increase the risk of the presence of SARS-CoV-2
infection, whereas the presence of pleural effusion reduces it. A recent study highlighted
the high diagnostic sensitivity of chest CT at certain stages after viral infection [23]. In a
study by Xie et al., it was found that all patients presented characteristic CT features of
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COVID-19 at an early stage, which was confirmed by a positive RT-PCR assay during the
isolation period [25]. Similar results were obtained by Ai et al. in a study that evaluated the
consistency of chest CT scans in the diagnosis of COVID-19 [26]. CT imaging features of
COVID-19 can differ at various disease stages [27,28]. The most frequent CT abnormalities
observed in patients with COVID-19 are ground-glass opacities (GGO), usually with
multiple and bilateral focal lesions in the posterior and peripheral lung segments, “crazy
paving” pattern and less commonly at early stages, pure consolidations [27,29–32]. In
the current study, we were also able to demonstrate that the presence of pleural effusion
is indicative of a lower risk of COVID-19 diagnosis. This is in line with the study of
Woon et al. [33], who showed that the reported incidence of pleural effusions in COVID-
19 pneumonia is low (7.3%). Pleural effusions may occur several days after the onset
of symptoms, more likely resembling advanced stages of COVID-19 pneumonia [33].
Therefore, pleural effusion in COVID-19 patients could more likely be considered a more
severe radiological evolution of COVID-19 pneumonia [14,34–36]. Surely, a chest CT-scan
alone is not sufficient to exclude or confirm the diagnosis of COVID-19. Indeed, chest
CT-scans should be combined with other relevant clinical information. We proved that
patients that reported dyspnea with respiratory failure had an increased risk to be infected
by SARS-CoV-2. This is of great importance, given that SARS-CoV-2 infection may result in
hypoxemia [37] and the occurrence of respiratory failure increases mortality [38].

In addition to the radiological and clinical findings, we explored other markers able
to support the RT-PCR NPS and accelerate the diagnosis of SARS-CoV-2 infection. In this
regard, our analysis indicated that increased serum levels of C-reactive protein (CPR) could
enhance the risk of SARS-CoV-2 diagnosis. As shown in other studies, the levels of CRP
would optimally be rechecked on days 3, 5 and 7 after admission [3,39].

5. Conclusions

In conclusion, our findings suggest that NPS tests should be combined with chest
CT-scans, clinical symptoms and blood CPR evaluation, to increase the accuracy of the
diagnosis of COVID-19 in suspected patients with respiratory symptoms.
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Abstract: SARS-CoV-2 is a virus that causes severe respiratory distress syndrome. The pathophys-
iology of COVID-19 is related to the renin–angiotensin system (RAS). SARS-CoV-2, a vector of
COVID-19, uses angiotensin-converting enzyme 2 (ACE-2), which is highly expressed in human
lung tissue, nasal cavity, and oral mucosa, to gain access into human cells. After entering the cell,
SARS-CoV-2 inhibits ACE-2, thus favouring the ACE/Ang II/angiotensin II type 1 receptor (AT1R)
axis, which plays a role in the development of acute lung injury (ALI). This study aimed to analyse
the influence of angiotensin 1 receptor (AT1R) levels in the serum on the course of the severity of
symptoms in healthcare professionals who had a SARS-CoV-2 infection. This prospective observa-
tional study was conducted on a group of 82 participants. The study group included physicians and
nurses who had a COVID-19 infection confirmed by real-time reverse transcription-polymerase chain
reaction (RT-PCR) test for SARS-CoV-2. The control group consisted of healthy medical professionals
who had not had a SARS-CoV-2 infection or who had no symptoms of COVID-19 and who tested
negative for SARS-CoV-2 on the day of examination. We analysed the correlation between AT1R
concentration and the severity of COVID-19, as well as with sex, age, blood group, and comorbidities.
There were no statistically significant differences in the mean values of AT1R concentration in the
recovered individuals and the non-COVID-19 subjects (3.29 vs. 3.76 ng/mL; p = 0.32). The ROC
curve for the AT1R assay showed an optimal cut-off point of 1.33 (AUC = 0.44; 95% CI = 0.32–0.57;
p = 0.37). There was also no correlation between AT1R concentration and the severity of symptoms
associated with COVID-19. Blood type analysis showed statistically significantly lower levels of
AT1R in COVID-19-recovered participants with blood group A than in those with blood group O. In
conclusion, AT1R concentration does not affect the severity of symptoms associated with COVID-19
among healthcare professionals.

Keywords: SARS-CoV-2; COVID-19; angiotensin 1 receptor (AT1R); AT1R concentration; angiotensin
II; symptoms’ severity

1. Introduction

Coronavirus Disease 2019 (COVID-19) was declared a world pandemic by the World
Health Organization (WHO) on 11 March 2020 [1]. Since then, the understanding of
COVID-19 pathophysiology and therapeutic options has evolved. The incubation period of
COVID-19 is estimated to be 14 days from exposure, with a median time of 4–5 days [2], and
the severity of the disease may range from asymptomatic to severe pneumonia with acute
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respiratory distress syndrome (ARDS). The symptoms of coronavirus type 2 (SARS-CoV-2)
infection and the severity of COVID-19 are evaluated according to the illness categories
described in the Clinical Spectrum of SARS-CoV-2 Infection section of the COVID-19
Treatment Guidelines developed by the National Institutes of Health (NIH) [3].

An asymptomatic or presymptomatic infection is described in individuals with a
positive virologic test for SARS-CoV-2 but without symptoms consistent with COVID-19.
Symptoms such as fever, cough, sore throat, muscle pain, diarrhoea, loss of smell and taste,
malaise, and fatigue are classified as mild illness [3]. Patients with lower respiratory disease
with a saturation of oxygen (SpO2) ≥ 94% in room air at sea level are classified as having
a moderate illness, and those with SpO2 < 94% and PaO2/FiO2 < 300 mmHg as having a
severe illness. A critical illness is described in individuals with respiratory failure, septic
shock, and/or multiple organ dysfunction [3].

The pathophysiology of COVID-19 is related to the renin–angiotensin system (RAS).
SARS-CoV-2, a vector of COVID-19, uses angiotensin-converting enzyme 2 (ACE-2), which
is highly expressed in human lung tissue, nasal cavity, and oral mucosa, to gain access into
human cells [4].

The substrate of the RAS pathway, angiotensinogen, is released into the circulation
by the liver, where it is cleaved by an enzyme, renin, into angiotensin I (AngI) [5]. AngI is
converted into angiotensin II (AngII) by ACE upon entering the ACE/AngII/AT1R axis of
RAS. AngI and AngII are converted by ACE-2 into Ang1–9 and Ang1–7, respectively, which
are the molecules of the ACE-2/AT2R axis. AngII, by interacting with its receptor– AngII
receptor type 1 (AT1R), causes vasoconstriction, cell proliferation, hypertrophy, fibrosis, and
inflammation [6]. By contrast, its interaction with AT2R is responsible for counterbalancing
the effects of AT1R activation [7]. After entering the cell, SARS-CoV-2 inhibits ACE-2, thus
favouring the ACE/AngII/AT1R axis, which plays a role in the development of acute lung
injury (ALI) [8]. Elevated AngII levels have been determined in ALI and correlated with
the severity and mortality of the disease (Figure 1) [9,10].

Figure 1. Influence of SARS-CoV-2 on RAS pathway.

AngII/AT1R activation leads to endothelial dysfunction and the activation of the
coagulation cascade. AngII/AT1R acts by increasing reactive oxidative species (ROS) and
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promoting inflammation, inter alia leading to an increase in C-reactive protein (CRP) and
interleukin-6 (IL-6) levels; such changes are observed in COVID-19 infection and are con-
sidered predictors of disease severity [11]. The formation of ROS results in the production
of inflammatory factors, such as tumour necrosis factor-alpha (TNF-α), monocyte chemoat-
tractant protein-1 (MCP-1), tissue factor (TF), nuclear factor kappa B (NF-κB), IL-6, CRP,
and plasminogen activator inhibitor-1 (PAI-1), which may add to the state of overwhelming
systemic inflammation, and hypercoagulability [12]. Further, increased aldosterone release,
mediated by AngII/AT1R, may be associated with thrombotic events [13]. It should be
emphasised that AngII and aldosterone increase the expression of PAI-1, a major inhibitor
of fibrinolysis in vivo, in vascular smooth muscle and endothelial cells [14]. Aldosterone
release, stimulated by AngII/AT1R activation, also upregulates protein-C receptors in
the human vascular endothelium [15] and is strongly associated with a prothrombotic
state [16].

This study aimed to determine the correlation between AT1R serum concentration
and the severity of SARS-CoV-2 in healthcare professionals who work with patients with
COVID-19.

2. Materials and Methods

2.1. Design and Settings

The single-centre prospective observational study was conducted in January 2021 at the
Department of Anaesthesiology and Intensive Therapy of the 4th Military Clinical Hospital
in Wroclaw, Poland. The study was prospectively registered in the Australian New Zealand
Clinical Trials Registry (ANZCTR), with registration no. ACTRN 12621000013864. The
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) standards
were followed, and the relevant checklist for enrolment and allocation of participants was
used [17]. Written informed consent was obtained from all eligible participants prior to
the study.

2.2. Ethics

The study protocol was approved by the Bioethics Committee of the Wroclaw Medical
University, Poland (approval no. KB–815/2020). The study was carried out according to the
Declaration of Helsinki and Good Clinical Practice guidelines. Written informed consent
was obtained from all the participants prior to the study.

2.3. Participants

The study was carried out on 82 participants, including 47 physicians and 35 nurses.
Two study groups were identified. The first group (study group, n = 40) included health-
care professionals who had a symptomatic COVID-19 infection with a confirmed real-time
reverse transcription-polymerase chain reaction (RT-PCR) test for SARS-CoV-2. The second
group (control group, n = 42) included medical staff who, until the study, had always
obtained a negative result (every 14 days) of the RT-PCR test for SARS-CoV-2. The primary
study outcome was to assess serum AT1R levels relative to COVID severity. We also anal-
ysed demographic data (age, sex, blood group, and body mass index (BMI)) and collected
information on chronic diseases (diabetes, hypertension, nicotinism, and kidney failure)
and medications. None of the study participants took AT1R blockers or ACE inhibitors.

2.4. Outcomes
2.4.1. AT1R Serum Concentration

On the day of the examination, one sample of blood (2.7 mL) was taken from each
patient to determine the AT1R levels. After collection, the blood samples were left at room
temperature to clot (about 30 min). They were then centrifuged at 3000 rpm for 10 min. The
resulting serum was frozen and stored at −70 ◦C until the determination was performed.
A 96-well plate coated with an anti-human AT1R antibody was used for test purposes. For
analysis, 100 μL of the standard solution at 0, 0.156, 0.312, 0.625, 1.25, 2.5, 5, and 10 ng/mL,
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was added in duplicate. The remaining wells were filled with 100 μL of patient/control
sera, added in duplicate. After 2 h of incubation at 37 ◦C, the liquid from each well was
removed. Then, 100 μL of detection reagent A was added to each well and left for 1 h
at 37 ◦C temperature. After 1 h of incubation, the wells were washed three times with
350 μL of a wash buffer. Subsequently, 100 μL of detection reagent B was added to each
well and left for 1 h at 37 ◦C temperature. After the next washing step (five times with
350 μL of the wash buffer), 90 μL of 3,3′,5,5′-tetramethylbenzidine (TMB) was added to
each well. After 10 min of incubation at 37 ◦C temperature, the reaction was stopped
with a stop solution. Absorbance was read using a microplate reader Tecan Infinite 200
(Tecan Austria GmbH, Grödig, Austria) at 450 nm. Serum level of AT1R was determined in
accordance with the recommendations of the manufacturer Biomatik (Kitchener, Ontario,
Canada) no. EKU02409 AT1R ELISA Kit. According to the manufacturer’s description,
the detection range is 0.156–10 ng/mL. The minimum detectable dose of AT1R is typically
less than 0.055 ng/mL. The sensitivity of this assay, or Lower Limit of Detection (LLD)
was defined as the lowest protein concentration that could be differentiated from zero.
It was determined by subtracting two standard deviations to the mean optical density
value of 20 zero-standard replicates and calculating the corresponding concentration. This
assay has high sensitivity and excellent specificity for detection of AT1R. No significant
cross-reactivity or interference between AT1R and analogues was observed.

2.4.2. COVID Severity

In the COVID-19-recovered individuals, SARS-CoV-2 infection symptoms and the
severity of COVID-19 were additionally evaluated according to the illness categories
described in the Clinical Spectrum of SARS-CoV-2 Infection section of the COVID-19
Treatment Guidelines developed by the NIH [3]:

1. Asymptomatic or Presymptomatic Infection: Individuals who tested positive for
SARS-CoV-2 using a virologic test (i.e., a nucleic acid amplification test or an antigen
test) but had no symptoms that were consistent with COVID-19;

2. Mild Illness: Individuals who had any of the various signs and symptoms of COVID-
19 (e.g., fever, cough, sore throat, malaise, headache, muscle pain, nausea, vomiting,
diarrhoea, loss of taste and smell) but who did not have shortness of breath, dyspnoea,
or abnormal chest imaging;

3. Moderate Illness: Individuals who showed lower respiratory disease evidence during
clinical assessment or imaging and had a saturation of oxygen (SpO2) ≥ 94% on room
air at sea level;

4. Severe Illness: Individuals who had SpO2 < 94% on room air at sea level, a ratio of the ar-
terial partial pressure of oxygen to fraction of inspired oxygen (PaO2/FiO2) < 300 mmHg,
a respiratory rate > 30 breaths per minute, or lung infiltrates >50%;

5. Critical Illness: Individuals who had respiratory failure, septic shock, and/or multiple
organ dysfunction.

2.5. Sample Size

Sample size analysis was performed using Statistica 13 (TIBCO Software Inc., Palo Alto,
CA, USA). The difference in the serum AT1R level (ng/mL) between the groups of
COVID-19-recovered subjects (n = 6) and healthy subjects (n = 6) was evaluated based
on the available preliminary results of the study conducted at our centre (pilot study,
n = 12). The sample size estimation analysis used the mean scores and standard deviations
of the AT1R level (ng/mL) in both groups: the mean score in the COVID-19-recovered
group was 3.02 ng/mL (SD = 1.71 ng/mL); the mean score in the group of health subjects
was 4.10 ng/mL (SD = 1.79 ng/mL). The estimated sample size was calculated with a
two-sample t-test for means (t-test for independent samples). The α level was set at 0.05,
and the power of the test was 0.8. We assumed that there was no correlation between the
evaluated variables, and a two-sided null hypothesis was adopted. The final sample size
was set at n = 40 in each group.
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2.6. Statistical Analysis

The statistical analysis was performed using Statistica 13 (TIBCO Software Inc.,
Palo Alto, CA, USA). For measurable variables, arithmetic means, medians, quartiles,
standard deviations, and the range of variability (extreme values) were calculated. The
frequency of the occurrence (percentage) of the qualitative variables was calculated. All the
measured quantitative variables were tested with the Shapiro–Wilk test to determine the
type of distribution. Qualitative variables were compared between the groups using the
chi-square test (χ2). The comparison of the results of quantitative variables between the
groups was performed using the Student’s t-test for independent samples or the Mann–
Whitney U test, depending on the fulfilment of the test assumptions. The receiver operating
characteristic (ROC) curve analysis (with Youden’s index) was performed to determine the
optimal cut-off level for AT1R to detect the occurrence of COVID-19. Univariable logistic
regression was used to evaluate the influence of individual predictor variables in predicting
COVID-19 disease. The results were considered statistically significant when the p-value
was lower than 0.05.

3. Results

A group of 82 participants enrolled in the study, including healthy individuals who
never had a positive RT-PCR test for COVID-19 (control group, n = 42), and individuals who
had recovered from COVID-19 (study group, n = 40). Women represented 59.75% (n = 49)
and men 40.25% (n = 33). The mean age of the participants was 39.9 years (SD = 9.8 years).
Table 1 shows the detailed characteristics of the group together with a comparison of these
characteristics between the COVID-19 recovered subjects and the control group. The groups
were homogeneous regarding the selected characteristics (Table 1).

Table 1. Characteristics of study participants.

All
n = 82

COVID-19 Recovered
n = 40

Non-COVID-19
n = 42

p

Age (years) 0.58 *

M ± SD 39.9 ± 9.8 39.3 ± 10.7 39.9 ± 9.8

Me (Q1–Q3) 38.0 (31.0–47.0) 36.0 (29.5–48.0) 38.0 (31.0–47.0)

Min–Max 25.0–64.0 25.0–64.0 25.0–64.0

Weight (kg) 0.62 *

M ± SD 77.9 ± 16.8 78.9 ± 18.6 77.0 ± 15.1

Me (Q1–Q3) 77.5 (67.0–87.0) 79.0 (66.0–89.5) 76.5 (67.0–82.0)

Min–Max 45.0–135.0 45.0–135.0 50.0–116.0

Height (cm) 0.43 *

M ± SD 171.5 ± 8.9 172.4 ± 10.0 170.8 ± 7.8

Me (Q1–Q3) 173.0 (164.0–180.0) 173.0 (163.5–180.5) 172.5 (164.0–176.0)

Min–Max 155.0–189.0 157.0–189.0 155.0–184.0

BMI (kg/m2) 0.92 *

M ± SD 26.4 ± 4.7 26.4 ± 5.2 26.3 ± 4.3

Me (Q1–Q3) 26.3 (22.8–29.4) 26.2 (22.8–29.7) 26.3 (23.3–29.0)

Min–Max 17.4–37.8 17.4–37.8 18.9–36.3

Sex (female) n (%) 49 (60%) 23 (58%) 26 (62%) 0.68 **

Blood group n (%) 0.36 **

O 17 (23%) 5 (14%) 12 (31%)

AB 8 (11%) 5 (14%) 3 (8%)
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Table 1. Cont.

All
n = 82

COVID-19 Recovered
n = 40

Non-COVID-19
n = 42

p

A 33 (44%) 17 (49%) 16 (41%)

B 6 (22%) 8 (23%) 11 (20%)

Rh factor n (%) 0.12 **

Rh − 14 (19%) 4 (11%) 10 (26%)

Rh + 60 (81%) 31 (89%) 29 (74%)

Chronic disease n (%)

Hypertension (Yes) 8 (10%) 5 (13%) 3 (7%) 0.41 **

Diabetes (Yes) 2 (2%) 1 (3%) 1 (2%) 0.97 **

Thyroid disease (Yes) 7 (9%) 4 (10%) 4 (7%) 0.64 **

Abbreviations: n, number of participants; M, mean; Me, median; Min, minimum value; Max, maximum value; Q1,
lower quartile; Q3, upper quartile; SD, standard deviation; p, level of statistical significance. Notes: * t-test for
independent samples; ** χ2 test.

3.1. Analysis of AT1R Serum Concentration and Selected Values in Both Groups

There were no statistically significant differences in the mean values of AT1R serum
concentration in the recovered individuals and the non-COVID-19 subjects (control group)
(3.29 vs. 3.76 ng/mL; p = 0.32) (Figure 2). The ROC curve for the AT1R assay revealed
that the optimal cut-off point was 1.33 (area under the curve, 0.44; 95% confidence interval,
0.32–0.57; p = 0.37) (Figure 3). The relationship between the selected variables and AT1R
levels was assessed in all subjects. The analysis of the unifactorial logistic regression model
did not show a significant statistical relationship between the variables (age, sex, body
weight, height, BMI, blood group, Rh factor, hypertension, diabetes, thyroid disease, and
COVID-19) and the level of AT1R (Table 2).

 

Figure 2. AT1R concentration in the non-COVID-19 and the COVID-19 recovered individuals.
Abbreviations: AT1R, angiotensin II type 1 receptor.
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Figure 3. ROC curve for AT1R serum concentration in the non-COVID-19 and the COVID-19
recovered individuals. Abbreviations: ROC, receiver operating characteristic curve.

Table 2. Linear regression analysis between AT1R serum concentration and selected variables in
all subjects.

AT1R Level—Linear Regression

Variables B SE t p-Value ß

Age −0.01 0.02 −0.63 0.53 −0.07

Body height 0.01 0.03 0.26 0.79 0.03

Body weight −0.02 0.01 −1.11 0.27 −0.12

BMI −0.07 0.05 −1.43 0.16 −0.16

Sex
F Ref.

M −0.33 0.23 −1.41 0.16 −0.16

Blood group

O Ref.

A 0.22 0.38 0.57 0.57 0.08

B −0.18 0.46 −0.39 0.70 −0.06

AB 0.03 0.60 0.05 0.96 0.01

Rh factor
– Ref.

+ 0.18 0.31 0.58 0.57 0.07

COVID-19
No Ref

Yes −0.23 0.23 −1.01 0.32 −0.11

Hypertension
No Ref.

Yes −0.16 0.39 −0.42 0.67 −0.05

Diabetes
No Ref.

Yes 0.84 0.75 1.12 0.27 0.12

Thyroid disease
No Ref.

Yes 0.28 0.48 0.58 0.57 0.09
Abbreviations: B, unstandardized regression coefficient B; SE, standard error; t: B/standard error; ß, standardized
regression coefficient ß; F, female; M, male.
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3.2. Analysis of AT1R Serum Concentration and Selected Variables in the COVID-19 Recovered

An attempt was also made to compare intragroup and intergroup AT1R levels with
stratification according to the aforementioned variables. No statistically significant differences
were found in the inter- and intra-group comparisons (Table 3). The relationship between the
selected variables and the AT1R level in the COVID-19-recovered group was assessed. The
univariate logistic regression model showed a statistically significantly lower levels of AT1R
in volunteers with blood group A than in those with blood group O. The other variables did
not have a statistically significant influence on the level of AT1R (Table 4). Further, in the
COVID-19-recovered group, the effect of AT1R serum concentration on the severity of the
course was assessed according to the NIH guidelines. There was no statistically significant
effect of AT1R serum levels on the severity of SARS-CoV-2 infection (Table 5).

Table 3. Comparison of AT1R serum concentration between the groups depending on the
selected variables.

Variable

AT1R Concentration p *

COVID-19 Recovered (n = 40) Non-COVID-19 (n = 42)

M Me Min Max Q1 Q3 SD M Me Min Max Q1 Q3 SD

Sex
M 3.03 2.99 0.28 7.19 1.48 4.32 2.03 3.25 2.74 0.20 6.71 1.52 5.36 2.26 0.63

F 3.49 3.05 1.35 8.43 2.48 3.95 1.64 4.07 3.44 0.20 8.53 2.86 5.44 2.35 0.30

p-value * 0.48 0.37

Blood group

O 4.02 3.98 1.82 5.55 3.43 5.31 1.52 3.19 3.13 0.49 6.55 1.17 5.45 2.21 1.00

AB 4.41 3.95 1.33 8.43 2.48 5.88 2.82 2.06 1.96 0.20 4.02 0.20 4.02 1.91 1.00

A 2.59 2.87 0.88 5.04 1.78 3.05 1.02 4.91 4.90 1.15 8.53 2.68 7.14 2.52 0.08

B 3.91 3.76 1.35 7.19 2.92 4.69 1.74 2.73 3.35 0.20 3.89 1.95 3.57 1.40 0.96

p-value ** 0.72 0.42

Rh
– 3.57 2.88 1.35 7.19 1.56 5.59 2.67 3.13 3.35 0.49 8.13 1.13 3.89 2.30 0.62

+ 3.33 3.05 0.88 8.43 2.34 3.95 1.61 3.91 3.32 0.20 8.53 2.06 5.79 2.39 0.34

p-value * 0.98 0.41

Hypertension
No 3.23 2.99 0.28 8.43 1.80 3.98 1.77 3.86 3.42 0.20 8.53 1.98 5.44 2.28 0.23

Yes 3.71 3.43 1.78 7.19 1.82 4.33 2.23 2.44 1.13 0.20 5.99 0.20 5.99 3.11 0.37

p-value * 0.59 0.31

Diabetes
No 3.27 2.99 0.28 8.43 1.80 3.98 1.82 3.70 3.32 0.20 8.53 1.96 5.23 2.33 0.41

Yes 4.33 4.33 4.33 4.33 4.33 4.33 - 5.99 5.99 5.99 5.99 5.99 5.99 - -

p-value * - -

Thyroid
disease

No 3.24 2.98 0.28 8.43 1.79 4.15 1.86 3.67 3.42 0.20 8.53 1.91 5.44 2.30 0.42

Yes 3.79 3.19 2.91 5.88 2.95 4.63 1.41 4.84 3.28 3.11 8.13 3.11 8.13 2.85 0.60

p-value * 0.43 0.56

Abbreviations: n, number of participants; M, mean; Me, median; Min, minimum value; Max, maximum value;
Q1, lower quartile; Q3, upper quartile; SD, standard deviation; AT1R, angiotensin II type 1 receptor; M, male;
F, female; p, level of statistical significance. Notes: * Mann–Whitney U test; ** Kruskal–Wallis test; Bonferroni
correction was used for all comparisons.
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Table 4. Results of the logistic regression for COVID-19 recovered group.

AT1R Level—Linear Regression

Variables B SE t p-Value ß

Age 0.00 0.03 0.17 0.86 0.03

Body height 0.01 0.03 0.41 0.69 0.07

Body weight 0.00 0.02 −0.01 0.99 0.00

BMI −0.01 0.06 −0.22 0.83 −0.04

Sex
F Ref.

M −0.23 0.29 −0.78 0.44 −0.13

Blood group

0 Ref.

A −1.14 0.41 −2.78 0.009 −0.48

B 0.18 0.50 0.35 0.73 0.06

AB 0.68 0.59 1.15 0.26 0.22

Rh factor
− Ref.

+ −0.12 0.46 −0.26 0.79 −0.05

Symptoms
1–2 Ref

2–3 −0.15 0.30 −0.49 0.63 −0.08

Hypertension
No Ref.

Yes 0.24 0.44 0.55 0.59 0.09

Diabetes
No Ref.

Yes 0.53 0.92 0.58 0.57 0.09

Thyroid disease
No Ref.

Yes 0.28 0.48 0.58 0.57 0.09
Abbreviations: BMI, body mass index; AT1R, angiotensin II type 1 receptor; M, male; F, female; B, unstandardized
regression coefficient; SE, standard error; t: B/standard error; ß, standardized regression coefficient ß.

Table 5. Comparison of AT1R serum concentration with illness category according to NIH Treatment
Guidelines in COVID-19 recovered individuals.

NIH Illness
Category

n
AT1R Serum Concentration in COVID-19 Recovered Group
(n = 40) p

M Me Min Max Q1 Q3 SD

1 1 7.19 7.19 7.19 7.19 7.19 7.19 -

0.21 *
2 25 3.24 2.99 1.35 6.34 2.46 3.95 1.30

3 10 3.24 3.28 0.28 5.55 1.71 5.04 1.72

4 4 2.75 1.11 0.35 8.43 0.62 4.88 3.81

1–2 26 3.40 3.02 1.35 7.19 2.46 3.98 1.49
0.45 **

3–4 14 3.10 3.01 0.28 8.43 1.33 5.04 2.33
Abbreviations: NIH, National Institutes of Health; n, number of participants; M, mean; Me, median; Min, minimum
value; Max, maximum value; Q1, lower quartile; Q3, upper quartile; SD, standard deviation; AT1R, angiotensin II
type 1 receptor; p, level of statistical significance. Notes: * Kruskal–Wallis test; ** Mann–Whitney U test.

4. Discussion

In our study, we found no statistical relationship between AT1R serum levels and
the severity of infection based on the NIH COVID-19 Treatment Guidelines [3]. There
were no statistically significant differences in the mean AT1R serum levels in the recovered
individuals and the non-COVID-19 subjects. There was no statistical relationship between
AT1R serum concentration in subjects with comorbidities such as hypertension, type II
diabetes, and thyroid disease, or with COVID-19 severity.
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The methodology assumes that although the AT1R is a membrane GPCR receptor
occurring mainly in the vascular endothelium, part of it may be in the blood, which will
allow its detection and quantification. To date, no soluble version of this receptor has been
described, however, the available test for the determination of AT1R has been validated
for determination in blood serum. Especially in the COVID-19 recovered group due to the
significant stimulation of AT1R by AngII, it was assumed that its amount may be higher
compared to the non-COVID-19 group. The results did not confirm an increase in receptor
concentration in the COVID-19 group. Studies of AT1R concentration were also carried out
in other body fluids.

Hu et al. [18] in 2009 determined the concentration of AT1R in the urine of Sugar Rats
using immunoblotting method, comparing the results with the number of receptors in renal
biopsies. The work does not explain in detail the mechanism of the presence of receptors
in the urine but suggest that AT1R can be expressed in vascular tissues throughout the
body and may be filtered to some extent through the glomerulus. On the other hand, in the
study by Bansal et al. [19], the concentration of the AT1R receptor in serum exosomes was
determined by Western blot and densitometry analysis.

Knowing the nature of the AT1R receptor, we are not able describe the mechanism
of the appearance of this receptor in the sera we studied. We would point out that the
presence of the receptor was determined in both groups: recovered from COVID-19 and
patients who did not undergo this disease, and none of the results showed the absence of
the receptor in serum.

The RAS system plays a crucial role in SARS-CoV-2 infection. One component of this
system, ACE2, functions as a receptor for the virus. In their study, Guzzi et al. [20] indicated
that a decrease in ACE2 expression following COVID-19 infection leads to excessive AT1R
activation by AngII. Increased AT1R activation exerts proinflammatory, prothrombotic,
and pro-apoptotic effects [21]. Inflammation following a cytokine storm is one of the
major causes of mortality in SARS-CoV-2 infection. The severity of inflammation is further
exacerbated by AT1R activation by AngII [22].

Currently, there are many ongoing studies on the effect of angiotensin receptor blockers
(ARBs) on the course of SARS-CoV-2 infection. Several authors have shown that this type of
drug has dual-phase effects with possible antagonistic outcomes [23,24]. Dublin et al. [25]
suggested that ARBs may be effective in SARS-CoV-2 infection, modifying disease pro-
gression. Further, ARBs possess inverse agonist properties that give them an additional
pharmacological effect and improve drug efficacy [26]. Given the hypothesis that the sever-
ity of inflammation in COVID-19 depends on AT1 receptor stimulation by AngII, drugs
that act on AT1R have been proposed as a treatment for COVID-19 [27]. Zhang et al. [28]
found that among COVID-19 patients hospitalised with hypertension, patient treatment
with ACEI/ARB was related to a lower risk of all-cause mortality.

At present, the use of ARBs in preventing excessive proinflammatory effects of AngII
in COVID-19 is quite controversial. The present study did not show a correlation between
AT1R levels and the severity of the symptoms associated with COVID-19, which is a
consequence of the dynamics of the inflammatory state. Rothlin et al. [29] demonstrated
that the use of ARBs in the treatment of COVID-19 should be considered, depending
on the stage and severity of disease, rather than as a component of the continuation of
antihypertensive treatment in the group of patients with COVID-19.

Notably, our analysis showed a relationship between the blood group and AT1R serum
levels in the COVID-19-recovered group. The univariate logistic regression model showed
a statistically significantly lower level of AT1R in volunteers with blood group A than in
those with blood group O. Studies published so far have shown a protective effect of anti-A
antibodies against the intracellular uptake of SARS-CoV-2 [30,31]. Four studies showed
a correlation between blood group and severity of COVID-19; five studies did not find
any correlation [32–40]. Ray et al. [36] published a study on a cohort of 7031 patients with
positive tests for SARS-CoV-2. The authors found that individuals with type O blood were
less likely to contract SARS-CoV-2 compared to non-type O blood groups. In our study, we

38



J. Clin. Med. 2022, 11, 1769

found that participants with type A blood had higher levels of AT1R than those with type O
blood among patients who had a SARS-CoV-2 infection; however, there was no correlation
between AT1R levels and the severity of infection. An updated meta-analysis published in
2021 by Bhattacharjee et al. [41] showed no significant differences in unadjusted mortality
or severity outcomes related to COVID-19 illness in patients with blood groups A/AB
compared to those with B/O blood groups.

Although the role of the RAS has been extensively studied in COVID-19 patients, there
are, unquestionably, information gaps concerning this topic, especially regarding the role
of AT1-inverse agonists and their mechanism action in SARS-CoV-2 infection.

Study Limitations

This study has some potential methodological limitations that need to be mentioned.
A foremost limitation is the single-centre nature of the study. In our opinion, thorough
multicentre research is needed on the topic. The number of patients enrolled was relatively
small, which calls for future studies with a larger population size.

5. Conclusions

The serum levels of AT1R did not correlate with the severity of the course of COVID-19
in the healthcare professional sampled in this study. No statistically significant difference
in AT1R serum concentration was found between the recovered individuals and the non-
COVID-19 subjects. Our univariate logistic regression model showed a statistically signifi-
cantly lower level of serum AT1R in volunteers with blood group A than in participants
with blood group O. Thus, further studies on the influence of the virus on the RAS system
and the effect of AT1R-blocking drugs on the disease course are necessary.
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Abstract: Long-term analyses of demographical and clinical characteristics of COVID-19 patients
can provide a better overview of the clinical course of the disease. They can also help understand
whether changes in infection symptomatology, disease severity, and outcome occur over time. We
aimed to analyze the demographics, early symptoms of infection, laboratory parameters, and clinical
manifestation of COVID-19 patients hospitalized during the first 17 months of the pandemic in Poland
(March 2020–June 2021). The patients’ demographical and clinical data (n = 5199) were extracted from
the national SARSTer database encompassing 30 medical centers in Poland and statistically assessed.
Patients aged 50–64 were most commonly hospitalized due to COVID-19 regardless of the pandemic
period. There was no shift in the age of admitted patients and patients who died throughout the
studied period. Men had higher C-reactive protein and interleukin-6 levels and required oxygenation
and mechanical ventilation more often. No gender difference in fatality rate was seen, although
the age of males who died was significantly lower. A share of patients with baseline SpO2 < 91%,
presenting respiratory, systemic and gastrointestinal symptoms was higher in the later phase of a
pandemic than in the first three months. Cough, dyspnea and fever were more often presented
in men, while women had a higher frequency of anosmia, diarrhea, nausea and vomiting. This
study shows some shifts in SARS-CoV-2 pathogenicity between March 2020 and July 2021 in the
Polish cohort of hospitalized patients and documents various gender-differences in this regard. The
results represent a reference point for further analyses conducted under the dominance of different
SARS-CoV-2 variants.

Keywords: epidemiology; SARS-CoV-2; clinical outcome; symptomatology; pandemic

1. Introduction

The outbreak of coronavirus disease (COVID-19) caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) in late December 2019 in China quickly became
an emerging, continuously evolving situation, spreading inevitably outside the Asian
continent. It was declared a Public Health Emergency of International Concern at the
end of January 2020 and a pandemic in March 2020 by the World Health Organization
(WHO) [1]. Globally, nearly 84 million cases and 1.9 million deaths due to COVID-19 were
reported by the end of 2020; both figures increased more than twofold in the following
half-year. Although SARS-CoV-2 infections remain predominantly asymptomatic or mild,
the clinical spectrum of COVID-19 is vast and includes severe progressive pneumonia and
acute respiratory distress syndrome, both of which can be accompanied by cytokine storm,
thrombosis, and multiple organ dysfunction [2,3]. The risk of severe COVID-19 is associated
with increased age, obesity, male sex, and selected pre-existing medical conditions [4].

Since the publication of the first whole-genome sequence in January 2020, SARS-CoV-2
has been evolving, with numerous variants identified through genomic surveillance. In late
2020 and at the beginning of 2021, the emergence of variants posing higher public health
risks, classified as variants of interest (VOIs) and variants of concern (VOCs), were observed.
Two main evolutionary trajectories of SARS-CoV-2 include an increase in transmissibility
(e.g., B.1.1.7 and B.1.617.2 variants) and evading host immune response (e.g., B.1.351 and
others bearing E484K mutation) [5]. This has raised questions of whether these adaptive
changes may be associated with increased vulnerability of different groups (e.g., younger,
healthier subjects) to severe disease or influence the clinical presentation and outcome
of COVID-19. It has been suggested that selected nonsynonymous mutations may be
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associated with more severe disease and inferior outcomes [6]. In vivo data indicated that
infection with VOCs such as B.1.1.7 and B.1.351 reveal significant differences in pathogenic-
ity with increased clinical progression and lower survival [7]. However, this has not been
confirmed in the observational studies of hospitalized patients [8]. There has also been a
discussion of whether shifts in the dominant SARS-CoV-2 variants in circulation may lead
to changes in symptomatology [9].

Analyzing the long-term characteristics and trends of demographical and clinical
data of patients hospitalized throughout a pandemic in a selected region can help assess
whether there is a change in disease manifestation, severity and outcome, and understand
the potential responsible factors. The present study summarized such data for COVID-19
patients hospitalized in 30 clinical centers in Poland between March 2020 and June 2021
and assessed whether there was any significant change in demographics (age, gender),
early symptoms of infection, laboratory parameters, clinical manifestation, severity and
outcome of the disease.

2. Materials and Methods

2.1. Data Collection

The data for this study was extracted from the SARSTer national database—an ongoing
project led by the Polish Association of Epidemiologists and Infectiologists and supported
by the Medical Research Agency (grant number 2020/ABM/COVID19/PTEILCHZ), col-
lecting data on clinical characteristics of COVID-19 and treatment. Data for all COVID-19
patients hospitalized in 30 Polish centers between early March 2020 and mid-July 2021
were used in the analysis. Patients were diagnosed and treated with respect to applicable
national recommendations for the management of COVID-19 [10–13].

The extracted demographical data included age, gender, body mass index (BMI) and
comorbidities. Laboratory analysis data at admission included C-reactive protein (CRP),
interleukin-6 (IL-6), procalcitonin (PCT), d-dimer, alanine aminotransferase (ALT), white
blood cell count (WBC), absolute lymphocyte count (ALC), absolute neutrophil count (ANC)
and platelet count (PLT). Early symptoms of infection before the treatment and oxygen
saturation (SpO2) upon admission were also included. The clinical course of the disease was
assessed with the ordinal scale based on the WHO recommendation, although modified to
an 8-score version to fit the specificity of the Polish healthcare system and used in previous
SARSTer studies [14,15]. The scores were given at baseline and after 7, 14, 21 and 28 days
of hospitalization and were defined as follows: (1) not hospitalized, no activity restrictions;
(2) not hospitalized, no activity restrictions and/or requiring oxygen supplementation at
home; (3) hospitalized, does not require oxygen supplementation and does not require
medical care; (4) hospitalized, requiring no oxygen supplementation, but requiring medical
care; (5) hospitalized, requiring normal oxygen supplementation; (6) hospitalized, on
non-invasive ventilation with high-flow oxygen equipment; (7) hospitalized, for invasive
mechanical ventilation or extracorporeal membrane oxygenation; (8) death. Improvement
in the clinical course of COVID-19 was defined as a reduction in the score of at least 2 points.

The demographical and clinical characteristics of patients were divided into five
groups depending on the date of hospitalization: (i) early March 2020 to 30 June 2020,
(ii) 1 July to 30 September 2020, (iii) 1 October to 31 December 2020, (iv) 1 January to
31 March 2021, and (v) 1 April to 15 July 2021. Two main pandemic phases were used
for comparisons: early-phase (March to 30 September 2020) and late-phase (October 2020–
July 2021). The former had a lower national number of identified infections (91,515),
but shortages in equipment and medicine and a lower level of knowledge on COVID-19
among healthcare workers. The latter phase was characterized by high infection num-
bers (2,789,636) and an overwhelmed healthcare system, but the supplies of medicines
(e.g., remdesivir) and oxygen, and experience in COVID-19 clinical course were much
improved, while Polish recommendations of management of SARS-CoV-2 infections were
already effectively implemented [10–13].
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2.2. Statistical Analyses

The data analysis was done with Statistica v.13.1 (StatSoft, Tulsa, OK, USA). For
continuous variables (age, BMI, length of hospitalization), differences were tested with a
Student’s t test. For nominal categorical variables, differences in frequencies were tested
with Pearson’s χ2 test. Trends in patient’s age and length of hospitalization were analyzed
with a linear regression function and the coefficient of determination (R2). To evaluate
associations between early symptoms of infection and the need for oxygen therapy, me-
chanical ventilation and death, the classical odds ratios (ORs) with a confidence interval
were calculated according to the formulas given by Bland and Altman using MedCalc
(MedCalc, Ostend, Belgium). To account for alpha inflation and limit the probability of type
1 error, Bonferroni corrections were applied in all multiple comparisons. A p-value < 0.05
was considered statistically significant.

3. Results

3.1. Demographic Characteristics

Overall, 5199 patients were included in this analysis, of whom 21.8% (n = 1133)
were hospitalized between 6 March 2020 and 30 June 2020, 19.5% (n = 1012) between
1 July and 30 September 2020, 30.4% (n = 1581) between 1 October and 31 December
2020, 20.9% (n = 1087) between 1 January and 31 March 2021, and 7.4% (n = 386) between
1 April and 15 July 2021. Women constituted 45.7% of all patients; their share in considered
periods fluctuated from 50.5% (till June 2020), 47.0% (July–September 2020), 42.0% (October–
December 2020), 45.2% (January–March 2021) to 44.8% (April–July 2021). Fatality rates
did not differ between women and men, although the age of male patients who died was
significantly lower. The demographic breakdown of the studied population is presented
in Table 1.

Table 1. Demographic characteristics of COVID-19 patients hospitalized between 1 March 2020
and 15 July 2021, and differences in parameters between women and men measured with χ2 test or
Student’s t-test.

All
(n = 5199)

Female
(n = 2376)

Male
(n = 2823)

p-Value

Age (years), mean ± SD (min–max) 53.4 ± 24.5 (0–100) 55.3 ± 25.4 (0–100) 51.9 ± 23.6 (0–97) p < 0.001

BMI (kg/m2), mean ± SD (min–max) 26.7 ± 6.4 (7.4–58.8) 26.1 ± 6.6 (7.4–56.9) 27.1 ± 6.3 (9.6–58.8) p < 0.001

Obese adults, % (n) 23.2 (1207) 22.4 (532) 23.9 (675) p > 0.05

Comorbidities, % (n) 67.0 (3481) 68.6 (1629) 65.6 (1852) p = 0.02

Need for oxygenation, % (n) 44.9 (2333) 40.1 (952) 48.9 (1381) p < 0.001

Need for mechanical ventilation, % (n) 4.5 (233) 3.5 (84) 5.3 (149) p = 0.003

Time of hospitalization (days), mean ± SD 11.9 ± 8.9 11.9 ± 9.0 11.9 ± 8.8 p > 0.05

Fatality, % (n) 9.2 (479) 8.8 (208) 9.6 (271) p > 0.05

Age of patients who died (years),
mean ± SD (min–max) 75.9 ± 12.0 77.9 ± 11.7 74.3 ± 12.0 p < 0.001

BMI: body mass index; COVID-19: coronavirus disease 2019. Statistically significant p-values are highlighted
in bold.

The majority of hospitalized patients had at least one comorbidity and were aged
≥50 years (64.4%), with the highest share of individuals aged 50–64 (24–28%) regardless
of the pandemic period (Figure 1A). There was no linear trend between patient’s age and
month of hospitalization (y = 0.021x + 6.84; R2 = 0.018), also when analyzed separately for
women (y = 0.022x + 6.56; R2 = 0.021) and men (y = 0.016x + 10.12; R2 = 0.0024). However,
the age of hospitalized patients was lower in the early phase than the late phase of the
pandemic (mean ± SD 48.2 ± 25.5 vs. 57.1 ± 23.1 years, p < 0.001) (Figure 1B).
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Figure 1. Structure of age (A) and mean ± SD age (B) of patients hospitalized in different periods of
pandemic (n = 5199). (C) Age of patients who died in different periods of the pandemic. (D) Time of
hospitalization (mean ± SD) in different periods of the pandemic.

The age of patients who died was similar across different periods (Figure 1C) and
no linear trend was seen for the total population (y = 0.024x + 6.98; R2 = 0.0063), women
(y = 0.0162x + 10.12; R2 = 0.0024) and men (y = 0.054x + 4.79; R2 = 0.034). The age of patients
who died was similar in the early and late phases of the pandemic (mean ± SD 74.7 ± 12.2
vs. 76.3 ± 11.9 years, p > 0.05). The hospitalization length was the highest in March–June
2020 period (mean ± SD 14.9 ± 12.1 days) and then decreased to the 10–11 days range
(Figure 1D). There was no linear trend between length and month of hospitalization for
total population (y = 0.34x + 14.6; R2 = 0.021), group of women (y = 0.062x + 8.49; R2 = 0.021)
and men (y = 0.063x + 8.86; R2 = 0.022). However, in general, the hospitalization stay was
longer in the early pandemic phase compared to the late phase (mean ± SD 13.0 ± 10.5 vs.
11.1 ± 7.5 days).

3.2. Early Symptoms of Infection

Fever (69.6%), cough (60.4%), and dyspnea (43.6%) were the most common early
COVID-19 symptoms, followed by fatigue (33.0%), anosmia (13.9%), diarrhea (11.2%) and
headaches (10.9%), while nausea (5.6%) and vomiting (5.3%) were the least commonly ob-
served. Fluctuations in the frequency of early symptoms was observed in different periods
of the pandemic. There was a steady increase of diarrhea reporting from 9.2% (March–June
2020) to 14.8% (April–July 2021). Compared to the early months of the pandemic, the
frequencies of cough, fever, dyspnea and fatigue were also higher in subsequent months
(Figure 2).
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Figure 2. (A) Frequency of early COVID-19 symptoms presented by patients hospitalized in different
periods of the pandemic (n = 5199) and (B) comparison in symptoms frequency between the early
and late phase of the pandemic.

Significant gender differences in early symptoms were found. Compared to men,
women had a lower frequency of cough (57.4 vs. 62.9%; χ2 = 16.3, p < 0.001), fever
(64.0 vs. 74.4%; χ2 = 65.2, p < 0.001) and dyspnea (40.3 vs 46.4%; χ2 = 19.9, p < 0.001), but
higher frequency of anosmia (15.3 vs. 12.8%; χ2 = 7.1, p = 0.007), headache (17.2 vs. 9.4%;
χ2 = 20, p < 0.001), diarrhea (13.0 vs. 9.6%; χ2 = 15.1, p < 0.001), nausea (7.0 vs. 4.4%,
χ2 = 17.5, p < 0.001) and vomiting (7.4 vs. 3.6%, χ2 = 36.0, p < 0.001). The presence of cough
and dyspnea increased the odds of requiring oxygen therapy, mechanical ventilation and
death in both women and men. Fever was associated with higher odds for oxygen therapy
in women and men, and mechanical ventilation in men. Women presenting anosmia had
lower odds for oxygen therapy and fatal outcome. Headache was associated with increased
odds for oxygen therapy in women. Men and women presenting fatigue had higher odds
for oxygen therapy. Gastrointestinal manifestations (diarrhea, nausea and vomiting) were
not related to change in odds of the analyzed events (Table 2).
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Table 2. The odds ratio (95% confidence interval) for mechanical ventilation and death in relation to
different early COVID-19 symptoms presented by hospitalized patients.

Symptom Outcome
All

(n = 5199)
Female

(n = 2376)
Male

(n = 2823)

Cough

Oxygen therapy 2.0 (1.7–2.2) p < 0.001 1.8 (1.5–2.1) p < 0.001 2.1 (1.8–2.4) p < 0.001

Mechanical ventilation 1.9 (1.4–2.5) p < 0.001 2.2 (1.3–3.5) p = 0.003 1.0 (0.8–1.4) p > 0.05

Death 0.8 (0.6–0.9) p = 0.01 0.8 (0.6–1.1) p > 0.05 0.7 (0.6–1.0) p = 0.02

Dyspnea

Oxygen therapy 6.3 (5.6–7.2) p < 0.001 5.3 (4.7–6.4) p < 0.001 7.2 (6.1–8.5) p < 0.001

Mechanical ventilation 6.0 (4.3–8.3) p < 0.001 7.9 (4.4–14.1) p < 0.001 4.9 (3.3–7.4) p < 0.001

Death 3.7 (3.0–4.5) p < 0.001 3.5 (2.6–4.7) p < 0.001 3.8 (2.9–5.1) p < 0.001

Fever

Oxygen therapy 2.0 (1.7–2.3) p < 0.001 1.7 (1.4–2.0) p < 0.001 2.2 (1.9–2.6) p < 0.001

Mechanical ventilation 2.2 (1.6–3.2) p < 0.001 1.6 (1.0–2.6) p > 0.05 2.8 (1.7–4.7) p < 0.001

Death 0.9 (0.7–1.1) p > 0.05 0.8 (0.6–1.1) p > 0.05 0.9 (0.7–1.2) p > 0.05

Anosmia

Oxygen therapy 0.8 (0.7–0.9) p = 0.003 0.7 (0.6–0.9) p = 0.005 0.9 (0.7–1.1) p > 0.05

Mechanical ventilation 0.7 (0.5–1.1) p > 0.05 0.5 (0.2–1.1) p > 0.05 0.9 (0.5–1.5) p > 0.05

Death 0.4 (0.3–0.6) p < 0.001 0.3 (0.2–0.6) p < 0.001 0.5 (0.3–0.8) p = 0.004

Headache

Oxygen therapy 0.7 (0.6–0.9) p = 0.003 0.6 (0.4–0.8) p < 0.001 0.9 (0.7–1.2) p > 0.05

Mechanical ventilation 1.1 (0.7–1.6) p > 0.05 0.6 (0.3–1.4) p > 0.05 1.5 (0.9–2.5) p > 0.05

Death 0.7 (0.5–1.0) p > 0.05 0.7 (0.4–1.2) p > 0.05 0.7 (0.4–1.1) p > 0.05

Fatigue

Oxygen therapy 1.6 (1.5–1.8) p < 0.001 1.4 (1.2–1.7) p < 0.001 1.9 (1.6–2.2) p < 0.001

Mechanical ventilation 1.4 (1.1–1.8) p = 0.02 1.2 (0.7–1.8) p > 0.05 1.6 (1.1–2.2) p = 0.007

Death 1.2 (0.9–1.5) p > 0.05 1.0 (0.8–1.4) p > 0.05 1.1 (0.7–2.0) p > 0.05

Diarrhea

Oxygen therapy 1.1 (0.9–1.3) p > 0.05 1.2 (0.9–1.5) p > 0.05 1.1 (0.9–1.5) p > 0.05

Mechanical ventilation 1.1 (0.7–1.6) p > 0.05 1.0 (0.5–1.9) p > 0.05 1.1 (0.7–1.9) p > 0.05

Death 1.1 (0.8–1.5) p > 0.05 1.0 (0.7–1.5) p > 0.05 1.2 (0.8–1.8) p > 0.05

Nausea

Oxygen therapy 1.0 (0.8–1.2) p > 0.05 1.0 (0.7–1.4) p > 0.05 1.0 (0.7–1.5) p > 0.05

Mechanical ventilation 0.8 (0.4–1.5) p > 0.05 0.7 (0.2–1.8) p > 0.05 0.9 (0.4–2.2) p > 0.05

Death 0.8 (0.5–1.3) p > 0.05 1.0 (0.6–1.8) p > 0.05 0.6 (0.3–1.2) p > 0.05

Vomiting

Oxygen therapy 0.9 (0.7–1.2) p > 0.05 1.0 (0.7–1.4) p > 0.05 0.9 (0.6–1.6) p > 0.05

Mechanical ventilation 0.7 (0.4–1.4) p > 0.05 0.8 (0.3–2.0) p > 0.05 0.7 (0.3–2.0) p > 0.05

Death 0.8 (0.5–1.2) p > 0.05 0.8 (0.4–1.4) p > 0.05 0.8 (0.4–1.7) p > 0.05

Statistically significant p-values are highlighted in bold.

3.3. Laboratory and Clinical Characteristics

The summary of laboratory parameters at admission is provided in Table 3. Male
patients were characterized by significantly higher inflammatory markers (CRP and IL-
6), ALT, higher neutrophil count, and lower platelet count. Significant differences in
the majority of considered parameters between patients hospitalized in the early and
late phases of the COVID-19 pandemic were observed. The latter group had higher
concentrations of CRP, IL-6, d-dimer and ALT, higher counts of WBC and neutrophils, but
lower counts of lymphocytes and platelets (Table 3).
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Table 3. Laboratory parameters (mean ± SD) of hospitalized patients and differences between women
and men, and early and late phase of the COVID-19 pandemic evaluated with Student’s t-test.

All
(n = 5199)

Female
(n = 2376)

Male
(n = 2823)

p-Value
Early Phase
(n = 2145)

Late Phase
(n = 3054)

p-Value

CRP, mg/L 70.2 ± 76.1 57.0 ± 68.9 81.3 ± 80.2 <0.001 50.4 ± 68.0 83.8 ± 78.5 <0.001

PCT, ng/mL 0.5 ± 3.5 0.4 ± 2.9 0.6 ± 3.9 >0.05 0.5 ± 4.7 0.5 ± 2.6 >0.05

IL-6, pg/mL 67.7 ± 175.2 58.9 ± 200.3 75.2 ± 150.3 <0.001 44.5 ± 150.1 80.1 ± 186.1 <0.001

d-dimer, ng/mL 1964.0 ± 6153.7 1865.5 ± 5309.3 2046.4 ± 6779.5 >0.05 1331.6 ± 4345.1 2361.7 ± 7029.2 <0.001

ALT, IU/L 40.6 ± 56.2 34.0 ± 50.1 46.2 ± 60.3 <0.001 34.9 ± 54.6 44.6 ± 56.9 <0.001

WBC, ×103/μL 7.0 ± 4.4 6.7 ± 3.8 7.2 ± 4.7 <0.001 6.6 ± 4.2 7.3 ± 4.4 <0.001

Lymphocytes, ×103/μL 1.4 ± 1.8 1.5 ± 1.4 1.4 ± 2.0 >0.05 1.6 ± 2.0 1.4 ± 1.6 <0.001

Neutrophils, ×103/μL 4.9 ± 3.7 4.6 ± 3.2 5.1 ± 4.2 <0.001 4.2 ± 2.8 5.3 ± 4.2 <0.001

Platelets, ×103/μL 227.2 ± 102.4 235.2 ± 98.7 220.5 ± 104.9 0.003 231.3 ± 98.0 224.8 ± 105.2 0.04

ALT: alanine aminotransferase; COVID-19: coronavirus disease 2019; CRP: C-reactive protein; IL-6: Interleukin-6;
PCT: procalcitonin; SD: standard deviation; WBC: white blood cell. Statistically significant p-values are highlighted
in bold.

Considering that the odds for oxygen therapy and death were significantly low-
ered in subjects with anosmia (Table 2), the comparison of laboratory parameters be-
tween patients displaying or not displaying this symptom was performed. As shown,
the former were characterized by significantly lower values of inflammatory markers:
CRP (64.3 ± 70.7 mg/L vs. 71.2 ± 77.0 mg/L, p = 0.03), IL-6 (45.2 ± 76.5 pg/mL vs.
72.0 ± 187.8 pg/mL, p < 0.001) and PCT (0.2 ± 1.0 ng/mL vs. 0.5 ± 3.8 ng/mL, p < 0.001),
and lower counts of WBC (6.4 ± 3.1 × 103/μL vs. 7.1 ± 4.5 ×103/μL) and neutrophils
(4.5 ± 2.7 × 103/μL vs. 4.9 ± 3.9 × 103/μL).

During the entire studied period, the share of patients with SpO2 < 91% at admission
and requiring oxygen therapy was 32.5 and 46.1%, respectively, although their share
increased since 1 October 2020 (Figure 3A). Compared to the late pandemic phase, the early
phase of the pandemic had a significantly lower percentage of patients with SpO2 < 91%
at admission requiring oxygen therapy. The overall percentage of patients requiring
mechanical ventilation was 4.5%, with no difference between the early and late phases of
the pandemic. The fatality rate in the studied period was 9.2% and increased significantly
from 5.8% in the early pandemic phase to 11.6% in the late phase (Figure 3B). Men had
higher odds for SpO2 < 91% (OR (95%CI) = 1.5 (1.3–1.6, p < 0.001), oxygen therapy (OR
(95%CI) = 1.4 (1.3–1.6, p < 0.001) and mechanical ventilation (OR (95%CI) = 1.5 (1.2–2.0),
p = 0.003), but not higher odds of death (OR (95%CI) = 1.1 (0.9–1.4, p > 0.05)). Clinical
improvement, defined by a reduction in the score of at least 2 points on the ordinal scale, was
less frequently recorded in the first period of the pandemic (March–July 2020), especially in
the seven days and 14 days follow-ups (Figure 3C,D).

Figure 3. Cont.
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Figure 3. (A) The frequency of patients with baseline SpO2 < 91%, requiring oxygen therapy and
mechanical ventilation, and with fatal outcome in different periods of the pandemic (n = 5199) and
(B) comparison of these events between the early and late phase of the pandemic. (C) Percentage of
patients with improvement in the clinical course of COVID-19 defined as a reduction in the score of
at least 2 points on the ordinal 8-score scale (see Material & Methods for a detailed explanation of
each score) in different periods of the pandemic and (D) comparison of these percentages between
the early and late phase of the pandemic.

4. Discussion

This study provides a comprehensive overview of the COVID-19 patients hospitalized
in Poland over the first 17 months of the pandemic and a reference point for further
epidemiological analyses and comparisons. Consistent with various other observations,
the investigated cohort was characterized mainly by elderly subjects suffering from at least
one comorbidity, slightly more frequently represented by men.

The conducted analysis indicates some potential changes in pathogenicity of SARS-
CoV-2 after September 2020, manifested by an increased share of patients with SpO2 < 91%
and requiring oxygen therapy. The frequency of cough, fever, dyspnea also increased in
later pandemic phases compared to the first three months. In general, the frequency of
all considered symptoms except headache was higher in the late phase of the pandemic
(October 2020–July 2021). Moreover, this phase was also characterized by patients exhibiting
significantly increased levels of inflammatory markers, including IL-6, as well as differences
in blood morphology: higher WBC and neutrophils counts but lower counts of lymphocytes
and platelets. This may be due to the increase of the G superclade frequency in SARS-CoV-2
variants circulating in Poland in 2020 [16]. Its hallmark D614G substitution in spike protein
was associated with increased transmissibility and higher viral loads [17]. Although the
general human mortality was not found to be affected by D614G mutation, the animal
studies demonstrated a modest increase in virulence—this slight increase may also be
reflected in our observations [17,18].

According to some studies, infections with the B.1.1.7 (alpha) variant could be associ-
ated with higher mortality, although this was contradicted by other observations [18,19].
There have been some concerns, magnified by media reports, that the B.1.1.7 (alpha) variant
may have a larger impact on the younger population by leading to a more severe clinical
course of COVID-19 [20]. According to the national genomic surveillance, B.1.1.7 was
steadily increasing in circulation in the Polish population since January 2021 to become
dominant by mid-February and constitute over 80% of infections throughout March and
April (>80% of infections). In this period, most hospitalizations were constituted by indi-
viduals >50 years, while a share of the younger population decreased between January and
March 2021.

Furthermore, the age of patients who died did not differ throughout the considered
17 months. This observation contradicts various media reports, often based on the short-
term experience of a single-center, claiming a gradual rise in COVID-19 deaths in younger
individuals in the studied period. This is despite the worsening epidemiological situation
in the late pandemic phase (October 2020–July 2021) in Poland compared to the early
phase (March–September 2020) and the fact that COVID-19 vaccine rollout in the country
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was initiated on 27 December 2020 and 17.6 million people (46.5% of the population) had
received at least one dose by 15 July 2021, while the elderly constituted a priority group in
the national vaccination campaign. As shown previously, deaths from COVID-19 occurred
very rarely in the fully vaccinated group and mostly concerned the immunocompromised,
vaccine non-responders and individuals > 70 years with comorbidities [15].

At the same time, the length of hospital stay was the highest in the first months of the
pandemic and decreased in the late pandemic phase. This should not be associated with
any shifts in SARS-CoV-2 pathogenicity, as it was mostly due to epidemiological regulations
enforced in Poland at the beginning of the pandemic (requirement to hospitalize patients for
at least 14 days and obtaining two negative results for SARS-CoV-2 by PCR), as well as due
to better experience in managing COVID-19 patients and increased availability of oxygen
supply and treatment options. It is also likely that these aspects have also influenced the
observed slight differences in the share of patients with clinical improvement rates between
the early and late phases of the pandemic.

This study reports that gender differences in early COVID-19 symptoms were found.
Respiratory symptoms (cough and dyspnea) and fever were more frequently observed in
men, while women reported anosmia and gastrointestinal symptoms more often. This likely
mirrors the differences in the immune response to the SARS-CoV-2 infection as indicated
by significantly lower inflammatory markers (CRP and IL-6) in women. Previous research
has shown that women reveal a more robust antiviral interferon response and increased
adaptive immune response toward viral antigens, ultimately resulting in better viral control
and lower disease severity [21]. Here, men also required oxygenation and mechanical
ventilation more frequently, although it must be stressed that no gender disparity in fatality
ratio was seen.

Although the previous research suggested that diarrhea may be related to worse
COVID-19 outcomes, this was not seen in the present cohort [22]. The presence of gastroin-
testinal symptoms (diarrhea, nausea or vomiting) did not increase odds for oxygen therapy,
mechanical ventilation and death, regardless of gender. In turn, patients with anosmia had
lower odds for oxygen therapy and death. This is in line with previous findings linking
smell loss with lower COVID-19 severity and better prognosis [23,24]. The mechanism
behind these observations remains to be elucidated, although it could be hypothesized that
the local inflammation of the olfactory bulb correlates with a more appropriate antiviral
response. As shown in the present study, hospitalized subjects experiencing anosmia were
characterized by significantly lower inflammatory markers at admission (IL-6, CRP and
procalcitonin), confirming that the presence of this symptom is somewhat related to better
control of the immune response to viral infection.

Although men were also characterized by higher mean levels of inflammatory markers
(CRP and IL-6) and required oxygenation and mechanical ventilation more frequently, their
hospitalization length and fatality rate were not increased compared to women. Male sex
has been previously established as a risk factor for severe COVID-19 with the higher odds
for death, as indicated by a meta-analysis of the global cases [21]. However, epidemiological
reports from different U.S. states, Iran, Pakistan, and Finland, show no sex bias in mortality
odds ratio [21]. The basis of these exceptional findings requires further research, although
it may not solely be related to biological factors but also to socio-cultural and behavioral
differences, as well as local healthcare capacities. In our study, women had comorbidities
more often than men, and this may partially account for the lack of gender difference in
survival.

It should be stressed that this study only included hospitalized COVID-19 patients.
Thus, its observations, e.g., regarding changes in early symptoms of infection, may not
necessarily translate to milder cases. Moreover, no genomic surveillance of SARS-CoV-2
was conducted for the studied cohort of patients; therefore, relationships between demo-
graphic and clinical characteristics and particular variants must be formulated with caution.
However, the observations of this study do not translate to the B.1.617.2 (delta) variant
that was first detected in Poland in May 2021 but became dominant in July 2021. Further
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studies are required to understand whether infections with B.1.617.2 are associated with
different severity and outcomes in the Polish population.

5. Conclusions

In this study, we demonstrated shifts in SARS-CoV-2 pathogenicity that occurred between
March 2020 and July 2021 in the Polish cohort of hospitalized patients and documented various
gender differences in this regard. The clinical course of the disease did change, but it could
have been caused, at least partially, by the varying burden on the health care system in
different periods of the pandemic. This view is supported by the constant mean age of
patients with a fatal outcome of the disease. The results represent a reference point for further
analyses conducted under the dominance of different SARS-CoV-2 variants.
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K.; Zarębska-Michaluk, D. Management of SARS-CoV-2 infection: Recommendations of the Polish Association of Epidemiologists
and Infectiologists. Annex no. 1 as of 8 June 2020. Pol. Arch. Intern. Med. 2020, 130, 557–558. [CrossRef] [PubMed]

12. Flisiak, R.; Parczewski, M.; Horban, A.; Jaroszewicz, J.; Kozielewicz, D.; Pawłowska, M.; Piekarska, A.; Simon, K.; Tomasiewicz,
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Abstract: This prospective multicenter cohort study aimed to analyze the epidemiological and clinical
characteristics of coronavirus disease 2019 (COVID-19) in children. The study, based on the pediatric
part of the Polish SARSTer register, included 1283 children (0 to 18 years) who were diagnosed with
COVID-19 between 1 March 2020 and 31 December 2020. Household contact was reported in 56%
of cases, more frequently in younger children. Fever was the most common symptom (46%). The
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youngest children (0–5 years) more frequently presented with fever, rhinitis and diarrhea. Teenagers
more often complained of headache, sore throat, anosmia/ageusia and weakness. One fifth of
patients were reported to be asymptomatic. Pneumonia was diagnosed in 12% of patients, more
frequently in younger children. During the second wave patients were younger than during the first
wave (median age 53 vs. 102 months, p < 0.0001) and required longer hospitalization (p < 0.0001).
Significantly fewer asymptomatic patients were noted and pneumonia as well as gastrointestinal
symptoms were more common. The epidemiological characteristics of pediatric patients and the
clinical presentation of COVID-19 are age-related. Younger children were more frequently infected
by close relatives, more often suffered from pneumonia and gastrointestinal symptoms and required
hospitalization. Clinical courses differed significantly during the first two waves of the pandemic.

Keywords: children; clinical presentation; coronavirus disease 2019 (COVID-19); epidemiology;
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

1. Introduction

Due to the rapid spread and enormous burden of coronavirus disease 2019 (COVID-
19), the World Health Organization declared it a pandemic in March 2020 [1]. By 31 De-
cember 2020, almost 1,295,000 cases of COVID-19 had been diagnosed in Poland. The
proportion of pediatric patients remains unknown. However, according to available data
from the first two months of the pandemic, children constituted 6.68% of cases (n = 1191)
in Poland, with an infection rate of 15.49/100,000 children, which increased with age
(10.79/100,000 in children below 4 years of age to 21.59/100,000 in patients between 15
and 19 years old) [2]. From the beginning of the pandemic, available observations sug-
gested that pediatric populations are less affected than adults, with a lower incidence and
milder clinical course of the disease [3–6]. Many reports, including both observational
studies [7–12] and systematic reviews [13–16], address the epidemiological and clinical
characteristics of pediatric patients with COVID-19, most of which were published in the
first months of the pandemic, providing valuable information about the novel disease in
children. As the pandemic continues, the number of pediatric cases grows, and answering
some critical questions should become easier, e.g., which children are more vulnerable to
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, whether any
factors can predict a more severe clinical course and whether the disease remained the
same and had the same clinical picture during subsequent waves of the pandemic.

This study aimed to analyze the clinical and epidemiological characteristics of COVID-
19 in children. In particular, we investigated differences in disease course according to
patient age and wave of the pandemic (the first vs. the second). In addition, predictors of
COVID-19-related pneumonia and gastrointestinal symptoms were analyzed.

2. Material and Methods

2.1. Study Design and Setting

This multicenter prospective cohort study based on the pediatric part of the SARSTer
register (SARSTer-PED) included children (0 to 18 years) who were diagnosed with COVID-
19 between 1 March 2020, and 31 December 2020. Fourteen Polish inpatient centers
dedicated to pediatric patients with COVID-19 reported their cases using an electronic
questionnaire addressing epidemiological and clinical data. Any patient younger than
18 years with confirmed SARS-CoV-2 infection was eligible for inclusion.

2.2. SARS-CoV-2 Testing

COVID-19 was diagnosed by a positive real-time polymerase chain reaction (RT-
PCR) on a nasopharyngeal swab performed in certified molecular diagnostics laboratories
using certified RT-PCR testing methods for SARS-CoV-2 infection. After validation and
approval of second-generation antigen testing for SARS-CoV-2 infection as a reliable
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method for the diagnosis of COVID-19 (30 October 2020), cases confirmed by this method
were also included.

2.3. Data Collection and Study Definitions

Demographic data included age and sex. Epidemiologic data included known expo-
sure to a person with confirmed SARS-CoV-2 infection (in the household or otherwise),
history of international travel in the 14 days before disease onset, the duration of symp-
toms before presentation and any comorbidity, including bronchial asthma, cardiovascular
disease, immunodeficiency, obesity, diabetes and arterial hypertension. Immunodeficiency
was defined as congenital or acquired immunodeficiency or as the concurrent use of an im-
munosuppressive agent. Obesity was defined as body mass index ≥the 95th percentile for
age/sex. All symptoms at the time of admission and during hospitalization (if applicable)
were documented. Fever was defined as a body surface temperature ≥38.5 ◦C. Labora-
tory testing and imaging results (if performed due to clinical indications) were recorded.
Diagnosis of pneumonia was based on clinical signs, auscultation findings and/or chest
X-ray abnormalities. Criteria for hospitalization varied across the study period. In the
first several weeks, due to limited availability of PCR testing and scarce experience with
pediatric COVID-19, most patients were admitted to the hospital for confirmation of SARS-
CoV-2 infection and clinical assessment. Later, indications for hospital admission were
clinical. For the purpose of this study, two waves of the pandemic were defined: the first
wave lasted from March to August 2020 and the second wave lasted from September to
December 2020, reflecting the two waves of the pandemic observed in Poland.

2.4. Statistical Analysis

Statistical analysis was performed using MedCalc Statistical Software version 19.2.1
(MedCalc, Ostend, Belgium, https://www.medcalc.org, accessed on 7 October 2021).
Categorical variables were compared using the chi-square test. Continuous variables
are presented as medians with interquartile ranges (IQRs) and were compared using the
Mann–Whitney U test. A two-sided p value < 0.05 was considered significant. In addition,
logistic regression analysis was performed. Parameters with a significant difference were
included in the univariate analysis, and parameters significant in the univariate analysis
were included in the multivariate analysis. The results were presented as odds ratios
(ORs) and 95% confidence intervals (95% CIs). Results with a CI not including 1.0 were
considered significant.

2.5. Ethical Statement

The study was performed in accordance with the ethical standards in the 1964 Decla-
ration of Helsinki and its later amendments. The local ethics committee of the Regional
Medical Chamber in Warsaw approved this study (No KB/1270/20; date of approval:
3 April 2020).

3. Results

3.1. Study Group

Between 1 March 2020 and 31 December 2020, 1283 patients with COVID-19 were
reported: 465 during the first wave of the pandemic (March to August) and 818 during the
second wave (September to December, Figure 1), including 650 boys and 633 girls aged
5 days to 18 years, with a median age of 6 (1; 13) years. Among the 1283 patients, 1008
(78%) were hospitalized: 349 (35%) patients were hospitalized for no longer than 24 h and
the remaining 659 (65%) patients were hospitalized for longer than 24 h, with a median
hospital stay of 5 (3; 8) days. Twenty-five (2%) of the patients required oxygen therapy but
none of them needed mechanical ventilation. The median duration of clinical symptoms
before admission was 2 (1; 4) days. Two hundred fifty-one patients (20%) suffered from
chronic comorbidities, including those potentially related to a high risk of severe COVID-19,
e.g., bronchial asthma (26 patients), cardiovascular disease (22), immunodeficiency (19),
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obesity (8), diabetes (5) and arterial hypertension (4). Comorbidities were significantly
more frequently reported in teenagers (26%) than in younger children (p < 0.0001) (Table 1).
Three patients required admission to the intensive care unit (ICU). No fatal outcomes
were reported.

Figure 1. The number of COVID-19 cases in pediatric patients reported in the SARSTer-PED register
throughout 2020.

Epidemiological features in the three age groups (0–5; >5–10; and >10–18 years) are
presented in Table 1. Household contact with a relative infected with SARS-CoV-2 was
reported in 716 (56%) cases, more frequently in younger children. Among 606 patients for
whom COVID-19 was confirmed in a family member, in 260 (43%) cases, the diagnosis
had been established in relatives before the children; in 281 (46%) cases, the diagnoses
were established simultaneously; and in 65 (11%) cases, relatives were diagnosed after
the children. Exposure other than household contact was confirmed in 83 (6%) patients,
significantly more frequently in teenagers (12%), p < 0.0001. Forty-three (3%) patients had
a history of international travel 14 days before disease onset.

3.2. Clinical Presentation

Fever was the most frequent symptom of COVID-19, with a prevalence of 46%. In an
additional 14% of patients, low-grade fever (up to 38.5◦C) was observed. The frequencies
of clinical symptoms in the study group are presented in Table 1 and Figure 2. Anosmia
and/or ageusia, the most specific symptoms of COVID-19, were reported in 8% of patients,
including 20% of teenagers, but not in any children up to 5 years old. The youngest children
(0–5 years old) more frequently presented with fever, rhinitis, diarrhea, loss of appetite
and rash than teenagers, who more often complained of weakness, headache, sore throat,
anosmia, muscle pain and chest pain (Table 1). In addition, dyspnea was significantly more
frequently observed in teenagers (9%) than in younger children (4% in children aged 0–5
years and 3% in children aged 5–10 years, p = 0.0002). Two hundred seventy-one patients
(21%) were reported to be asymptomatic (they were admitted for epidemiological reasons,
mainly during the first weeks of the pandemic).
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Table 1. Clinical presentation and epidemiological characteristics of COVID-19 in the study group and in different
age groups.

Characteristics
Total

N = 1283

Age (Years)

p *0–5
N = 589

>5–10
N = 225

>10
N = 469

n (%) n (%) n (%) n (%)

Epidemiological:
Household contact with an infected
family member

716 (56) 348 (59) 149 (66) 219 (47) <0.0001

Confirmed other contact 83 (6) 11 (2) 18 (8) 54 (12) <0.0001

History of international travel (during 14
days before disease onset) 43 (3) 9 (2) 4 (2) 30 (6) <0.0001

Comorbidities
Bronchial asthma
Cardiovascular disease
Immunodeficiency
Obesity
Diabetes
Arterial hypertension

251 (20)
26 (2)
22 (1.7)
19 (1.5)
8 (0.6)
5 (0.4)
4 (0.3)

84 (14)
5 (0.8)
8 (1)
5 (0.8)
0
0
0

43 (19)
7 (3)
2 (1)
8 (4)
0
0
0

124 (26)
14 (3)
12 (3)
5 (1)
8 (2)
5 (1)
4 (1)

<0.0001

0.005

Number of patients during 1st/2nd
waves of the pandemic

465 (36)/ 818
(64)

155 (26)/ 434
(74)

116 (52)/109
(48)

194 (41)/275
(59) <0.0001

Clinical Presentation

Fever 597 (46) 351 (60) 91 (40) 155 (33) <0.0001

Cough 417 (33) 209 (35) 46 (20) 162 (35) 0.0001

Rhinitis 339 (26) 190 (32) 36 (16) 113 (24) <0.0001

Weakness 305 (24) 120 (20) 53 (19) 142 (30) 0.0002

Diarrhea 191 (15) 128 (22) 20 (9) 43 (9) <0.0001

Headache 139 (11) 6 (1) 34 (15) 101 (22) <0.0001

Sore throat 114 (9) 19 (3) 18 (8) 129 (28) <0.0001

Abdominal pain 118 (9) 42 (7) 36 (16) 40 (9) <0.0001

Vomiting 111 (9) 59 (10) 23 (10) 29 (6) 0.05

Anosmia/ageusia 104 (8) 0 (0) 11 (5) 92 (20) <0.0001

Muscle pain 96 (7) 9 (2) 12 (5) 75 (16) <0.0001

Loss of appetite 93 (7) 78 (13) 9 (4) 6 (1) <0.0001

Dyspnea 76 (6) 26 (4) 6 (3) 44 (9) 0.0002

Rash 70 (5) 47 (8) 9 (4) 14 (3) 0.001

Chest pain 47 (4) 1 (<1) 3 (1) 43 (9) <0.0001

Seizures 24 (2) 13 (2) 4 (2) 5 (1) 0.36

Pneumonia related to COVID-19 156 (12) 112 (19) 13 (6) 31 (7) <0.0001

Gastrointestinal symptoms 295 (23) 175 (30) 47 (21) 73 (16) <0.0001

Asymptomatic course 271 (21) 97 (16) 69 (31) 105 (22) <0.0001

Hospitalization 1008 (79) 500 (85) 165 (73) 343 (73) <0.0001

Data are presented as a number (%); * p values were calculated for the three age groups (0–5 vs. > 5–10 vs. > 10 years). 3.2. Epidemiological
Characteristics
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Figure 2. Clinical symptoms of COVID-19 in 1283 children. Data are presented as the frequency of
the symptoms (%).

3.3. COVID-19-Related Pneumonia

Based on the clinical presentation and chest X-ray (CXR) results, pneumonia associated
with COVID-19 was diagnosed in 156 (12%) patients. Typical CXR findings included
bilateral patchy consolidation and ground-glass opacities with a peripheral and lower lung
predominance, which were often bilateral. In our study group, children with pneumonia
were younger: their median age was 18.0 (6.0; 84.5) months compared to 86.0 (20.0; 160.0)
months in children without pneumonia (p < 0.0001). They also more frequently presented
with fever, cough and gastrointestinal symptoms (Table 2). On laboratory testing, children
with pneumonia had higher leukocyte counts and C-reactive protein (CRP), D-dimer,
interleukin-6 (Il-6) and alanine as well as aspartate aminotransferase (ALT and AST) levels
than patients without pneumonia. Interestingly, the presence of comorbidities did not
cause a higher risk of COVID-19-related pneumonia (Table 2).

Table 2. Clinical factors associated with COVID-19-related pneumonia.

Factor

Pneumonia

p OR (95% CI)With Pneumonia
(n = 156)

Without Pneumonia
(n = 1127)

Age (months) 18.0 (6.0; 84.5) 86.0 (20.0; 160.0) <0.0001 0.99 (0.98–0.99)

Sex M: 89 (57)
F: 67 (43)

M: 561 (50)
F: 566 (50) 0.08 -

Fever (>38.5 ◦C) 103 (66) 494 (44) <0.0001 1.48 (1.17–1.88)

Cough 79 (51) 338 (30) <0.0001 2.06 (1.47–2.88)

Gastrointestinal symptoms 46 (29) 249 (22) 0.04 1.47 (1.01–2.14)

Leukocyte count (103/μL) 8.9 (6.4; 12.6) 7.4 (5.3; 10.9) 0.0005 -

CRP (mg/L) 6.0 (2.4; 27.8) 3.0 (0.7; 10.6) <0.0001 1.01 (1.01–1.01)

Interleukin-6 (pg/mL) 8.9 (2.8; 43.6) 4.5 (2.2; 9.9) 0.02 -

D-dimer (ng/mL) 451.0 (230.0; 980.0) 311.0 (205.0; 486.2) 0.0004 -

ALT (IU/L) 22.0 (15.3; 34.7) 17.0 (13.0; 25.0) <0.0001 -

AST (IU/L) 41.0 (30.0; 53.0) 32.0 (24.0; 42.0) <0.0001 -

Comorbidities * 36 (23) 232 (21) 0.47 -

Data are presented as the median (IQR) or n (%), as appropriate. ALT—alanine aminotransferase; AST—aspartate aminotransferase;
CI—confidence interval; CRP—C-reactive protein; and OR—odds ratio. * Comorbidities included: bronchial asthma, cardiovascular
disease, immunodeficiency, obesity, diabetes, arterial hypertension and other.
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3.4. Gastrointestinal (GI) Symptoms

A total of 295 (23%) patients presented with at least one GI symptom (abdominal pain,
diarrhea or vomiting). These children were younger than the remaining group without
GI presentation (median age 36 vs. 87 months, p < 0.0001), and presented more frequently
with fever and higher CRP, D-dimer and AST levels. No difference in the GI symptom
incidence was noted between patients with comorbidities and otherwise healthy children
(Table 3).

Table 3. Clinical factors associated with gastrointestinal symptoms in the course of COVID-19.

Factor

Gastrointestinal (GI) Symptoms
(Abdominal Pain, Diarrhea or Vomiting)

p OR (95% CI)Patients with
GI Symptoms

(n = 295)

Patients without
GI Symptoms

(n = 988)

Age (months) 36 (9; 120) 87 (20; 164) <0.0001 0.99 (0.99–0.99)

Sex M: 153 (52)
F: 142 (48)

M: 497 (50)
F: 491 (50) 0.63 -

Fever (> 38.5 ◦C) 192 (65) 405 (41) <0.0001 2.58 (1.96–3.38)

Leukocyte count (103/μL) 8.8 (6.1; 12.8) 7.3 (5.3; 10.6) <0.0001 -

CRP (mg/L) 5.2 (1.3; 21.0) 3.0 (0.6; 9.8) 0.0002 -

Interleukin-6 (pg/mL) 4.2 (2.1; 18.5) 4.8 (2.6; 10.6) 0.97 -

D-dimer (ng/mL) 443.5 (266.3; 739.7) 290.9 (194.3; 481.8) <0.0001 -

ALT (IU/L) 17 (13; 26) 17 (13; 26) 0.69 -

AST (IU/L) 35 (27; 46) 32 (24; 44) 0.02 -

Comorbidities 64 (21) 204 (21) 0.69 -

Data are presented as the median (IQR) or n (%), as appropriate. ALT—alanine aminotransferase; AST—aspartate aminotransferase;
CI—confidence interval; CRP—C-reactive protein; and OR—odds ratio.

3.5. Comparison of the Clinical Presentation of COVID-19 between the First and Second
Pandemic Waves

We found significant differences in the course of COVID-19 and epidemiological
features among patients reported during the second wave of the pandemic compared to the
patients from the first wave (Table 4). Children diagnosed during the second wave were
younger, with a median age of 53 vs. 102 months (p < 0.0001) and required significantly
longer hospitalization (p < 0.0001). Household exposure to SARS-CoV-2 was reported
less frequently (p < 0.0001), whereas another source of exposure was confirmed more
often. Significantly fewer asymptomatic patients were noted, whereas COVID-19-related
pneumonia, GI symptoms and most other clinical symptoms were more common (Table 4).

Table 4. Comparison of the clinical presentation of COVID-19 in children between the 1st and 2nd waves of the pandemic.

Clinical Factor

Patients Diagnosed
between March and

August 2020
N = 465

Patients Diagnosed
between September and

December 2020
N = 818

p OR (95% CI)

Age (months)
Median (IQR) 102.0 (44.0; 154.7) 53.0 (9.0; 156.0) <0.0001 0.99 (0.99–0.99)

Sex (male/female) 223 (48)/242 (52) 427 (52)/391 (48) 0.14 -

Hospitalized 321 (69) 687 (84) <0.0001 2.29 (1.74–3.01)

Duration of hospitalization (days),
median (IQR) 1 (1; 3) 3 (1; 6) <0.0001 1.07 (1.04–1.11)
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Table 4. Cont.

Clinical Factor

Patients Diagnosed
between March and

August 2020
N = 465

Patients Diagnosed
between September and

December 2020
N = 818

p OR (95% CI)

Household contact with an
infected family member 360 (78) 355 (43) <0.0001 0.39 (0.31–0.49)

Confirmed other contact 5 (1) 43 (5) 0.0001 -

International travel during the
14 days before symptom onset 31 (7) 12 (1) <0.0001 0.20 (0.10–0.40)

Comorbidities 70 (15) 198 (24) 0.0001 1.72 (1.27–2.31)

CLINICAL PRESENTATION

Asymptomatic disease course 167 (36) 104 (13) <0.0001 0.26 (0.19–0.34)

Pneumonia related to COVID-19 42 (9) 114 (14) 0.009 1.63 (1.12–2.38)

Gastrointestinal symptoms 58 (12) 237 (29) <0.0001 2.87 (2.10–3.94)

Fever 152 (33) 445 (54) <0.0001 2.30 (1.81–2.93)

Cough 109 (23) 308 (38) <0.0001 1.86 (1.43–2.41)

Rhinitis 79 (17) 260 (32) <0.0001 2.17 (1.63–2.89)

Weakness 68 (15) 237 (29) <0.0001 2.25 (1.66–3.03)

Diarrhea 40 (9) 151 (18) <0.0001 2.27 (1.57–3.29)

Headache 39 (8) 102 (12) 0.02 1.48 (1.01–2.19)

Sore throat 41 (9) 73 (9) 0.94 -

Anosmia 45 (10) 59 (7) 0.12 -

Vomiting 19 (4) 92 (11) <0.0001 2.74 (1.66–4.52)

Abdominal pain 18 (4) 100 (12) <0.0001 3.16 (1.91-5.25)

Loss of appetite 9 (2) 84 (10) <0.0001 6.51 (3.24-13.09)

Muscle pain 26 (6) 70 (9) 0.05 -

Dyspnea 19 (4) 57 (7) 0.03 -

Rash 20 (4) 50 (6) 0.17 -

Chest pain 13 (3) 34 (4) 0.21 -

Conjunctivitis 7 (2) 18 (2) 0.38 -

Seizures 3 (1) 21 (3) 0.01 -

Data are presented as a number (%) unless otherwise indicated. CI—confidence interval and OR—odds ratio.

4. Discussion

This study presents our experience with COVID-19 in 1283 patients from 14 pe-
diatric hospital settings in Poland. Children aged 0–5 years accounted for a high pro-
portion of our patients (45%), similarly to preliminary data from Italy [9], but other
authors reported a higher prevalence among older children [8,11,16]. Both sexes were
equally affected, whereas in a number of studies a slight male predominance has been
reported [5,7,10,11,14,17]. Almost 80% of patients were hospitalized. This proportion was
significantly higher during the second wave than during the first wave (84% vs. 69%,
respectively, p < 0.0001). The difference might be caused by the fact that testing for SARS-
CoV-2 during the first weeks/months of the pandemic was available in Poland mainly in
hospital settings; thus, some children with suspected SARS-CoV-2 infection were referred
to the hospital for confirmation of the infection. Later, access to testing was easy in primary
care; thus, children with confirmed SARS-CoV-2 infection were referred to the hospital for
clinical indications, which may also explain the higher proportion of asymptomatic patients
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during the first pandemic wave than during the second wave (36% vs. 13%, respectively,
p < 0.0001). Young children (5 days–5 years old) were also admitted to the hospital more
frequently than those older than 5 years. The possible explanation may be a higher ten-
dency for parents to seek medical care for younger children and/or a higher tendency for
clinicians to admit them to the hospital. Younger age is recognized as a risk factor of a more
severe course of some infections, e.g., influenza. In this age group of our cohort pneumonia
and gastrointestinal symptoms were significantly more frequent, which may suggest need
of supportive treatment, even if it does mean a severe clinical course. Hospitalization rates
were reported only in a limited number of previous studies, which varied from 11% to 74%
during the first few months of the pandemic [4,5,7,10,11,18]. Most hospitalizations were
short, which is consistent with other observations [7,10], although some systematic reviews
reported a mean LoHS exceeding 10 days [14,16]. The need for a stay longer than 7 days
was reported in 17% of our inpatients; these children were significantly younger (median
age 52 vs. 78.5 months, respectively, p = 0.001) and more commonly had comorbidities
(38% vs. 18%, respectively, p < 0.0001). According to other studies, 1 to 18% of pediatric
patients required admission to the intensive care unit (ICU) [4,11,14,17]. In our cohort, only
three children (< 1%) were hospitalized in the ICU.

Most children were infected in the household, and exposure to a family member
with SARS-CoV-2 infection, mainly a parent, was confirmed in 52–76% of pediatric pa-
tients [3,9–11,14]. Our results support these observations for the first pandemic wave, when
78% of patients had a history of household exposure compared with 46% during the second
wave (p < 0.0001). Analysis of age groups revealed that household exposure was less
common in children >10–18 years old, which may be explained by the greater mobility of
teenagers, even in lockdown conditions when schools were closed. Although predominant
community exposure (60%) was reported in South America by Antunez-Montes et al., they
explained that this result was due to the lack of a strict lockdown [19].

The pediatric population is not commonly affected by comorbidities compared to
adults, but children with chronic underlying conditions were reported in all studies. At least
one comorbidity was reported in 20 to 45% of pediatric patients with COVID-19 [4,7,9,11,14].
The most common condition was chronic pulmonary disease, including bronchial asthma.
In the present cohort, the prevalence of comorbidities was 20%, with bronchial asthma as
the most commonly reported condition. Comorbidities were significantly more widely
reported among patients during the second wave (24% vs. 15%, respectively, p < 0.0001).
Some authors found that comorbidities (e.g., pulmonary, endocrine, neurologic and im-
munocompromising conditions) increase both the odds of hospitalization and the need for
respiratory support [7,11], but these observations are not confirmed by others [10] or our
results. It seems that comorbidity in a patient with SARS-CoV-2 infection may be a cause
for referral to the hospital rather than a cause of a more severe clinical course of the disease,
since COVID-19-related pneumonia was not more frequent than among patients with no
underlying conditions.

An asymptomatic course of SARS-CoV-2 infection was observed in 2.5–19% of pa-
tients [7,9,11,12,14,16]; in this study, an asymptomatic course was found in 21% of the
whole cohort, with a significant difference between the first and second waves of the pan-
demic (36% vs. 13%, respectively, p < 0.0001). Different diagnostic approaches may explain
this result during the first months of the pandemic when testing for SARS-CoV-2 infection
was partially performed for epidemiologic purposes regardless of the clinical presentation.
In the second wave, as the number of COVID-19 cases significantly increased, patients were
tested mainly because of clinical suspicion of the disease. The proportion of asymptomatic
cases was age-related, with approximately one third in children > 5–10 years old. Among
symptomatic patients, the most commonly reported signs were fever (46%), followed by
a cough (33%), rhinitis (26%) and weakness (24%); these same symptoms were the most
common in a systemic review including 7780 pediatric patients conducted by Hoang et al.,
although their proportions varied (59%, 56%, 20% and 19%, respectively) [14]. When com-
paring the prevalence of these symptoms in different age groups, we found that fever and
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rhinitis were significantly more common in children aged 0–5 years and weakness in those
aged > 10–18 years. The relationship between age and the prevalence of symptoms was
demonstrated in a UK pediatric study [17] and a multinational study with both pediatric
and adult populations [20]. In contrast to others, Badal et al. reported headache as the
most common symptom, which was present in 60–74% of pediatric patients [16]. In our
whole cohort and in the >10–18 years group the prevalence rates of headache were 11%
and 22%, respectively. GI symptoms, e.g., the presence of at least one of the following:
vomiting, diarrhea or abdominal pain, were observed in 23% of patients, which is similar
to data reported by others (22–24%) [9,11]. GI symptoms had the highest prevalence (30%)
in children aged 5 days–5 years. Patients with GI symptoms were significantly younger
(36 vs. 87 months, respectively, p < 0.0001) and more commonly presented with fever and
higher levels of inflammatory markers: leukocyte count, CRP and D-dimer. Comorbidities
were not a predictor of a GI presentation. When comparing the two pandemic waves, GI
symptoms were approximately 2.5 times more frequent during the second wave. At that
time, Polish pediatricians (and parents) were more aware of both COVID-19 and pediatric
inflammatory multisystem syndrome temporally associated with SARS-CoV-2 (PIMS); thus,
children with abdominal pain and diarrhea (especially accompanied by fever), were tested
for SARS-CoV-2 infection due to the suspicion of PIMS.

Pneumonia is a relatively common clinical feature in children with COVID-19, which
is reported in 25–65% of pediatric patients [21]. Due to the heterogeneity of the data,
including the basis of diagnosis (clinical symptoms vs. chest imaging), comparisons are
difficult. According to studies published early in the pandemic, chest imaging (mainly
CXR) was also performed in asymptomatic children. Patients with mild clinical symptoms
and abnormalities were found in some proportions of these studies [3,12]. As knowledge
about the presentation and evolution of COVID-19-related pneumonia in pediatric patients
increased, indications for chest imaging were limited [22]. In our cohort, pneumonia
was diagnosed in a relatively low proportion of patients (12%). Of note, patients with
comorbidities were not at a greater risk in contrast to children presenting GI symptoms
during the clinical course. Pneumonia was more frequent during the second wave of the
pandemic than during the first wave.

Loss of smell and/or taste, which appeared in the first months of the pandemic as
a specific and common symptom of SARS-CoV-2 infection in adults [23,24], was also
observed in children [18,25]. In one American cohort study, loss of smell was reported in
6% of pediatric patients, but in others, anosmia or ageusia was not listed among clinical
presentations. The prevalence of these symptoms was 8% in our cohort, which reached
20% in the oldest age group (> 10–18 years old). The prevalence also seemed higher during
the first vs. the second wave of the pandemic, although without statistical significance
(10% vs. 7%, respectively, p = 0.12).

The differences in the clinical course of COVID-19 between the two waves of the
pandemic suggest the probable influence of new variants of SARS-CoV-2 on disease pre-
sentation. However, as the first cases of infection caused by SARS-CoV-2 variants were
reported in Poland in January and February 2021, we are not able to analyze the possible
influence of different mutations on the clinical course of COVID-19 in the described period
of 2020.

This study has limitations. It was conducted in hospital settings, and the spectrum of
pediatric COVID-19 may have been affected by the patient population. Children referred
to the hospital are more likely to exhibit more symptoms and be more ill. The prevalence
of some symptoms is challenging to assess among young children since they are not
objective or are difficult for a patient to describe and may be under- or overestimated by
caregivers. All collaborating centers used the same questionnaire for data collection but
clinical management, e.g., admission criteria, could vary. Especially during the second
wave of the pandemic, access to primary medical care in Poland was limited and this
might have affected decisions regarding hospitalization. The main advantages of our study
include the prospective design and the inclusion of a substantial number of cases divided
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into age groups, which allowed us to demonstrate that the presentation of COVID-19
is age-related. In addition, to the best of our knowledge, this is the first description of
differences in the clinical course of COVID-19 in children between the first and second
waves of the pandemic. Since the vast majority of previous studies present data from
the first months of the pandemic, our observations made for several months may extend
experience with pediatric COVID-19.

In conclusion, based on our experience, the epidemiological characteristics of pediatric
patients infected with SARS-CoV-2 and the clinical presentation of COVID-19 are age-
related. Sources of infection seem to differ according to patient age. Younger children are
more frequently infected by close relatives, and they more often suffer from pneumonia
and gastrointestinal symptoms and require hospitalization, which is usually short. In
addition, the clinical course of the disease differed significantly during the first two waves
of the pandemic, suggesting the possible influence of new variants of SARS-CoV-2 on
disease presentation.
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Abstract: Background: Derangement of liver blood tests (LBT) is frequent in patients with Coro-
navirus disease 2019 (COVID-19). We aimed to evaluate (a) the prevalence of deranged LBT as
well as their association with (b) clinical severity at admission and (c) 30-day outcomes among the
hospitalized patients with COVID-19. Methods: Consecutive patients with COVID-19 hospitalized in
the regional referral center over the 12-month period were included. Clinical severity of COVID-19
at hospital admission and 30-day outcomes (need for intensive care, mechanical ventilation, or death)
were analyzed. Results: Derangement of LBT occurred in 2854/3812 (74.9%) of patients, most fre-
quently due to elevation of AST (61.6%), GGT (46.1%) and ALT (33.4%). Elevated AST, ALT, GGT and
low albumin were associated with more severe disease at admission. However, in multivariate Cox
regression analysis, when adjusted for age, sex, obesity and presence of chronic liver disease, only
AST remained associated with the risk of dying (HR 1.5081 and 2.1315, for elevations 1–3 × ULN
and >3 × ULN, respectively) independently of comorbidity burden and COVID-19 severity at admis-
sion. Patients with more severe liver injury more frequently experienced defined adverse outcomes.
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Conclusions: Deranged LBTs are common among patients hospitalized with COVID-19 and might be
used as predictors of adverse clinical outcomes.

Keywords: COVID-19; liver functional tests; mortality

1. Introduction

Coronavirus disease 2019 (COVID-19) is a multisystemic disease, with pandemic fea-
tures [1]. The clinical picture is characterized by respiratory symptoms of various severity,
including the development of pneumonia and respiratory failure with the need for oxygen
supplementation, and these patients require hospital admission. Further deterioration in
the form of acute respiratory distress syndrome (ARDS) and need for mechanical ventila-
tion (MV) occurs in around 15–20% of hospitalized patients [1–3]. Along with respiratory
illness other organs and systems are affected, including coagulation with the development
of thromboembolic incidents, bleeding, myocarditis, central and peripheral nervous system
affection, musculoskeletal symptoms, gastrointestinal and hepatobiliary problems [3].

Whereas elevation of aminotransferases has been commonly seen in hospitalized
patients with COVID-19, liver failure represents a rare development usually encountered
among patients with already known liver cirrhosis, or as the part of multiorgan failure
caused by severe inflammatory response syndrome and septic shock [4–9]. In some pre-
vious reports deranged liver blood tests (LBT) were associated with more severe forms
of COVID-19 and adverse clinical outcomes, although not all the authors came to the
same conclusion [10–14]. As elevated aminotransferases are not organ specific, they might
originate not only from the liver but also from muscles and other sources, and in line
with rare occurrence of liver failure, some authors argue about the clinical importance of
elevated aminotransferases and about the potential liver involvement in COVID-19 [15,16].
This view is supported by the lack of larger series of liver biopsies, and the microinjury
of muscles in COVID-19 leading to the elevation of aminotransferases [17]. Additionally,
studies that were using liver dedicated non-invasive diagnostic devices such of Fibroscan
came to conflicting conclusions in terms of liver involvement and prognostic impact of the
indicators of liver health among patients with COVID-19 [18,19].

Therefore, we aimed to evaluate (a) prevalence of deranged LBT at admission to
hospital, as well as their association with (b) clinical severity, and (c) 30-day outcomes
among the hospitalized patients with COVID-19, reflecting the real-life experience from
the largest regional COVID-19 hospital in Croatia.

2. Patients and Methods

2.1. Patients

This study included 3.812 consecutive patients with COVID-19 who were hospitalized
in Dubrava University Hospital over the period from 19 March 2020 to 19 March 2021.
Dubrava University Hospital was completely re-purposed to serve exclusively as the
regional tertiary COVID-19 center during COVID-19 pandemic.

All patients had a positive nasopharyngeal swab on severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) by polymerase chain reaction (PCR) or antigen test
and were admitted through the hospital’s emergency department. Standardized clinical
work-up was performed for each patient, including medical history taking, clinical ex-
amination, obtaining blood biochemistry, peripheral oxygen saturation, chest X-ray, and
electrocardiogram. Other examinations were performed as indicated based on the clinical
picture and decision of the attending physician. Included were the patients with available
laboratory and clinical parameters collected within the 24 h from admission, sufficient
to assess the severity of COVID-19, presence of comorbidity, along with LBTs (aspartate
aminotransferase (AST), alanine aminotransferase (ALT), gamma-glutamyl transferase
(GGT), alkaline phosphatase (ALP), total bilirubin (Bil), serum albumin (alb), prothrombin
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time (PT)), complete blood count (CBC), who were followed for 30-day from the admission
to hospital.

Patients were admitted to the intensive care unit (ICU), or to the regular ward based
on the severity of clinical picture at presentation, as assessed in emergency department
according to the national guidelines that incorporated severity of pneumonia and modified
early warning score (MEWS) [20,21]. Upon admission to the ward, patients were treated
with corticosteroids, antivirals (hydroxychloroquine, ritonavir/lopinavir or remdesivir),
low molecular weight heparin (LMWH) and oxygen supplementation as needed according
to the national guidelines. LMWH was prescribed in prophylactic doses to all patients with-
out contraindication, whereas therapeutic doses were used in patients with documented
thromboembolic events, as well as in those with elevated D-dimers upon judgement of
the attending physician, especially in more severe forms of COVID-19. Other medications
(for chronic medical conditions and acute complications, including antimicrobials) were
administrated upon the decision of the attending physician on the ward. Antibiotics were
not a part of the standardized initial treatment of COVID-19. Oxygen was delivered by
bi-nasal catheters, masks (up to 15 L/min) or high-flow nasal cannula (HFNC, if >15 L/min
was needed). All presented patients completed their hospitalization for acute COVID-19.
This paper is a part of the project “Registar hospitalno liječenih bolesnika u Respiracijskom
centru KB Dubrava”/“Registry of patients hospitalized in University Hospital Dubrava
Respiratory center”.

2.2. Methods

Severity of COVID-19 at admission was graded using the classification from the na-
tional guidelines for treatment of COVID-19, version 2, issued on 19 November 2020 by the
Ministry of Health [20]. Severe COVID-19 was considered in patients presenting with (a)
bilateral pneumonia accompanied by either of the following features: (i) respiration rate
(RR) ≥ 30/min; (ii) respiratory failure, (iii) peripheral oxygen saturation ≤ 93% (in resting
state, room air); or (b) MEWS 3–4. Critical form of disease was considered in patients with
(a) ARDS (partial pressure of arterial oxygen/fraction of inspired oxygen (PaO2)/FiO2)
≤ 300 mmHg), (b) presence of sepsis or septic shock, with/without organs’ failure, or (c)
MEWS ≥ 5, and these patients required ICU admission. Comorbidities were assessed as in-
dividual entities and were summarized using the Charlson comorbidity index [22]. Eastern
Cooperative Oncology Group (ECOG) score was used to assess the overall physical per-
formance [23]. Obesity was defined as body mass index (BMI) > 30 kg/m2. All LBTs were
recorded at hospital admission. The following were considered as normal ranges: Bilirubin
≤ 20 μmol/L, AST ≤ 30 IU/L in females and ≤ 38 IU/L for males, ALT ≤ 36 for females
and ≤48 for males, GGT ≤ 35 IU/L for females and ≤ 55 IU/L for males, ALP ≤ 153 IU/L
for females and ≤ 142 IU/L for males, albumin ≥ 35 g/L, and PT (quick) ≥ 70%. In ac-
cordance to the proposed nomenclature, the term LBT referred to all these tests, whereas
the term “liver enzymes” referred to AST, ALT, GGT and AP [24]. “Liver injury” was
considered in patients having deranged any of the liver enzymes accompanied by the
elevated bilirubin. We did not use albumin or PT to define the presence of liver injury,
as the duration of the disease at presentation was too short to result in decreased level
of albumin, and many of patients had low albumin level and PT due to co-morbidity or
nutritional issues. In addition, many patients used oral anticoagulants. Venous (pulmonary
embolism, deep vein thrombosis) and arterial (myocardial infarction, cerebrovascular in-
sult, peripheral embolization, mesenterial thrombosis) thrombotic events were considered
only if documented by objective imaging and laboratory methods. Bleeding (gastrointesti-
nal, epistaxis/hemoptysis, intramuscular, hematuria, retroperitoneal, intracranial) was
considered as clinically relevant if documented in medical documentation. Thirty-day
mortality was assessed from the date of hospital admission.
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2.3. Statistical Methods

The presented analyses are retrospective in nature. Normality of distribution of nu-
merical variables was tested using the Kolmogorov–Smirnov test. All numerical variables
were non-normally distributed and were presented as median and interquartile range (IQR)
and were compared between groups using the Mann–Whitney U or the Kruskal–Wallis
ANOVA test where appropriate. The Jonckheere–Terpstra test for trend was used to assess
rising or degrading trends of specific parameters over disease severity categories. Cor-
relation between numerical variables was assessed using the Spearman rank correlation,
relationships with Rho ≥ 0.2 considered as meaningful. Categorical variables are presented
as frequency and percentage and were compared between groups using the X2 test and
the X2 test for trend. Survival analyses were based on the Kaplan–Meier method. Survival
curves were compared using the Cox–Mantel version of the log-rank test for univariate
and the Cox regression analysis for multivariate analyses. The log-rank test for trend
was used for assessing the trend of gradual increase in mortality with higher degree of
derangement of liver specific parameters. p-values < 0.05 were considered statistically
significant. All analyses were performed using the MedCalc statistical software version 20
(MedCalc Software Ltd., Ostend, Belgium).

2.4. Ethical Issues

This study was conducted in accordance with the World Medical Association Declara-
tion of Helsinki and the study protocol was approved by the Institutional Ethics Committee,
No 2020/1012-10. Due to retrospective design signed informed consent was waived by the
Ethics Committee.

3. Results

3.1. Patients’ Characteristics

A total of 3812 COVID-19 patients were analyzed. Median age was 74 years, IQR
(64–82). There were 2148/3812 (56.3%) males and 1664/3812 (43.7%) females, and 1023
(28.6%) of patients were obese. There was a significant burden of co-morbidities as 2658
(69.7%), 1154 (30.3%), 617 (16.2%) and 474 (12.4%) patients had arterial hypertension, dia-
betes, congestive heart failure and chronic kidney disease, respectively. One hundred and
six (2.8%) of the patients had history of chronic liver disease, and of them 49 (1.3%) had cir-
rhosis. Four hundred and thirty-four (11.4%) patients were current smokers. A total of 3390
(88.9%) patients had pneumonia at admission, and of them 3136 (82.3%) required oxygen
supplementation. Median length of hospitalization was 10 days IQR (6–16). Rates of ICU
admission, need for HFNC oxygenation and MV were 23.1%, 19.9% and 17.3%, respectively.
A total of 1315 (34.5%) patients died during the 30-day period. Patients’ characteristics at
admission to hospital and their outcomes are shown in Table 1. The relationship between
the patients’ characteristics with LBT profile is shown in Supplementary Table S1.

Table 1. Characteristics of the analyzed cohort of patients with COVID-19 at admission to hospital.

N (%), Median (IQR)

Total number of patients 3812

Age (years) 74 (64–82)

Sex
Female 1664 (43.7%)
Male 2148 (56.3%)

Arterial hypertension
Yes 2658 (69.7%)
No 1154 (30.3%)
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Table 1. Cont.

N (%), Median (IQR)

Diabetes mellitus
Yes 1154 (30.3%)
No 2658 (69.7%)

Obesity (Body mass index ≥ 30 kg/m2)
Yes 1023 (28.6%)
No 2554 (71.4%)

Congestive heart failure
Yes 617 (16.2%)
No 3195 (82.8%)

Chronic kidney disease
Yes 474 (12.4%)
No 3338 (87.6%)

Chronic liver disease
Yes 106 (2.8%)
No 3706 (97.2%)

Liver cirrhosis
Yes 49 (1.3%)
No 3763 (98.7%)

Charlson comorbidity index 4 IQR (3–6)

Alcohol use
Yes 207 (5.4%)
No 3605 (94.6%)

Smoking
Yes 434 (11.4%)
No 3378 (88.6%)

Number of drugs in chronic therapy 5 (3–8)

Statin use
Yes 911 (23.9%)
No 2901 (76.1%)

Antibiotic therapy before admission
Yes 1285 (33.7%)
No 2527 (66.3%)

Oral anticoagulant therapy
Yes 1049 (27.5%)
No 2763 (72.5%)

AST (U/L) 41 (28–64)

ALT (U/L) 31 (19–52)

GGT (U/L) 42 (24–81)

ALP (U/L) 72 (56–97)

Total bilirubin (umol/L) 11.4 (8.6–15.9)

Albumin (g/L) 32 (28–35)

Prothrombin time (%, Quick) * 100% (89–109%)

Liver blood tests (any)
Normal level 958 (25.1%)

Deranged 2854 (74.9%)

White blood cell count (×109/L) 8 (5.8–11.2)

Hemoglobin (g/L) 128 (113–141)

Platelets (×109/L) 221 (163–297)
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Table 1. Cont.

N (%), Median (IQR)

C-reactive protein (mg/L) 88.7 (39.5–151)

Ferritin (ug/L) 711 (386–1289)

D-dimers (mg/L) 1.42 (0.73–3.6)

Day of disease on admission 5 (1–9)

ECOG status 3 (1–4)

Pneumonia
Yes 3390 (88.9%)
No 422 (11.1%)

Oxygen therapy
Yes 3136 (82.3%)
No 676 (17.7%)

MEWS severity
Mild 392 (10.3%)

Moderate 196 (5.1%)
Severe 2652 (69.6%)
Critical 572 (15%)

ICU admission
Yes 881 (23.1%)
No 2931 (76.9%)

Mechanical ventilation
Yes 659 (17.3%)
No 3153 (82.7%)

30-day mortality
Yes 1315 (34.5%)
No 2497 (65.5%)

Table legend: AST—aspartate aminotransferase, ALT—alanine aminotransferase, GGT—gamma-glutamyl trans-
ferase, ALP—alkaline phosphatase, IQR—interquartile range, ICU—intensive care unit, MEWS—modified early
warning score, ECOG—Eastern Cooperative Oncology Group. * Prothrombin time values calculated for the
patients not receiving oral anticoagulants.

3.2. Relationship between Patients’ Characteristics and the Profile of LBTs at Admission

Median AST levels were 41 IQR (28–64). A total of 1432 (38.4%), 1922 (51.5%) and 377
(10.1%) patients presented with normal, 1–3 × elevated and >3 × elevated AST levels on
admission, respectively. Higher AST was significantly associated with male sex, obesity,
presence of chronic liver disease and liver cirrhosis, higher CRP, and higher ferritin (p < 0.05
for all analyses).

Median ALT levels were 31 IQR (19–52). A total of 2521 (67.4%), 1049 (28%) and 172
(4.6%) patients presented with normal, 1–3 × elevated and >3 × elevated ALT levels on
admission, respectively. Higher ALT was significantly associated with male sex, younger
age, obesity, with active or previous smoking, higher hemoglobin, and higher ferritin
(p < 0.05 for all analyses).

Median GGT levels were 42 IQR (24–81). A total of 1934 (53.9%), 1212 (33.8%) and
441 (12.3%) patients presented with normal, 1–3 × elevated and >3 × elevated GGT levels
on admission, respectively. Higher GGT was significantly associated with younger age,
male sex, obesity, presence of chronic liver disease and liver cirrhosis, alcohol use, active
or previous smoking, use of pre-admission antibiotic therapy, and with higher ferritin
(p < 0.05 for all analyses).

Median ALP levels were 72 IQR (56–97). A total of 2862 (90.3%), 270 (8.5%) and
39 (1.2%) patients presented with normal, 1–3 × elevated and >3 × elevated ALP levels
on admission, respectively. Higher ALP was significantly associated with non-obesity,
presence of chronic kidney disease, presence of chronic liver disease and liver cirrhosis,

72



J. Clin. Med. 2021, 10, 4222

use of oral anticoagulant therapy, use of pre-admission antibiotic therapy, and with higher
D-dimers (p < 0.05 for all analyses).

Median total bilirubin levels were 11.4 IQR (8.6–15.9). A total of 2586 (85.3%), 375
(12.4%) and 69 (2.3%) patients presented with normal, 1–3 × elevated and >3 × elevated
total bilirubin levels on admission, respectively. Higher total bilirubin was significantly
associated with male sex, presence of congestive heart failure, presence of chronic liver
disease and liver cirrhosis, alcohol use, oral anticoagulant therapy use (p < 0.05 for all
analyses).

Median albumin levels were 32 g/L IQR (28–35). A total of 114 (4.9%), 515 (22.1%) and
1698 (73%) patients presented with albumin levels of ≥40 g/L, 35–39 g/L and <35 g/L,
respectively. Lower albumin was significantly associated with older age, female sex, arterial
hypertension, congestive heart failure, chronic kidney disease, chronic liver disease and
liver cirrhosis, higher Charlson comorbidity index, active or previous smoking, use of
oral anticoagulant therapy, use of pre-admission antibiotic therapy, higher WBC, lower
hemoglobin, higher CRP, higher ferritin, and higher D-dimers (p < 0.05 for all analyses).

Median PT values were 100% IQR (89–109%). Considering that 27.5% of patients
were receiving oral anticoagulant therapy, further analysis was narrowed to the subgroup
without exposure to these drugs. Accordingly, lower PT values were significantly associated
with male sex, presence of congestive heart failure, presence of chronic liver disease and
liver cirrhosis, use of pre-admission antibiotic therapy, lower hemoglobin, and higher
D-dimers (p < 0.05 for all analyses).

Associations of each of the analyzed LBTs with other parameters were either non-
significant or associated with very low coefficient of correlation (<0.2) to be considered
meaningful.

3.3. Relationship of LBTs with COVID-19 Severity at Admission

Median time from the first symptoms of COVID-19 to admission was 5 days IQR (1–9).
Only higher ALT was associated with longer disease duration prior to admission, whereas
lower albumin was associated with worse ECOG functional status. Higher AST, ALT,
GGT and lower ALP, albumin and PT were associated with severe clinical presentation of
COVID-19 (p < 0.05 for all analyses). However, total bilirubin showed no association with
the COVID-19 severity at admission.

3.4. Associations between Deranged LBTs at Admission and Clinical Outcomes

Associations of clinical outcomes with LBTs are shown in Table 2. Higher AST, ALT,
GGT and lower albumin were significantly associated with ICU admission, need for HFNC
oxygenation and MV, higher total bilirubin was associated with the ICU admission only
(p < 0.05 for all analyses), whereas ALP and PT show no associations with these outcomes
(p > 0.05). When analyzed as continuous variables, higher AST, ALP, bilirubin and lower
albumin and PT were associated with inferior 30-day survival, while ALT and GGT were
not associated with inferior 30-day survival (p < 0.05 for all analyses).

We further investigated associations of LBTs with 30-day mortality using the time
to event survival analyses stratified by the degree of derangement from normal values
(normal, 1–3 × elevated and >3 × elevated for AST, ALT, GGT, ALP and bilirubin; ≥40 g/L,
35–39 g/L and <35 g/L for albumin, and ≥100%, 80–99% and <80% for PT). As depicted in
Figure 1A–F, significant gradual increase in mortality was observed with higher degree
of derangement of all investigated parameters except for ALT (p for trend <0.05 for all
analyses except for ALT). Hazard ratios and confidence intervals for the associations of
each LBT with 30-day mortality stratified categorically by the degree of derangement are
presented in Table 3.
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Figure 1. Association of the degree of liver blood tests derangement and 30-day mortality. (A) eleva-
tion in any of AST, ALT, GGT, ALP, total bilirubin. Elevation in (B) total bilirubin, (C) AST, (D) ALT,
(E) GGT, (F) ALP, (G) reduction in albumin and (H) PT. Legend: AST—aspartate aminotransferase,
ALT—alanine aminotransferase, GGT—gamma-glutamyl transferase, ALP—alkaline phosphatase,
PT—prothrombin time (quick, %).
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Table 3. Associations of liver blood tests with 30-day survival.

LBT × ULN
30-Day

Survival (%)
Hazard Ratio vs. Normal

(95% CI)
p

for Trend
p

for Difference

AST
(U/L)

N 74 Reference
<0.001 <0.0011–3 63 1.5 (1.33–1.68)

>3 50 2.42 (1.97–2.98)

ALT
(U/L)

N 66 Reference
0.631 0.0211–3 68 0.92 (0.82–1.04)

>3 59 1.32 (0.99–1.74)

GGT
(U/L)

N 67 Reference
0.034 0.0561–3 66 1.03 (0.92–1.17)

>3 61 1.23 (1.03–1.47)

ALP
(U/L)

N 67 Reference
<0.001 <0.0011–3 50 1.72 (1.37–2.14)

>3 54 1.61 (0.91–2.85)

Bilirubin
(umol/L)

N 68 Reference
<0.001 <0.0011–3 52 1.73 (1.42–2.09)

>3 52 1.79 (1.15–2.78)

Albumin
(g/L)

>40 89 Reference
<0.001 <0.00135–40 80 1.77 (1.29–2.43)

<35 57 4.55 (3.39–6.12)

PT (%, Quick)
≥100 73 Reference

<0.001 <0.00180–99 66 1.36 (1.19–1.57)
<80 56 1.92 (1.52–2.43)

AST—aspartate aminotransferase, ALT—alanine aminotransferase, GGT—gamma-glutamyl transferase, ALP—alkaline phosphatase,
CI—confidence interval, LBT—liver blood tests, PT—prothrombin time (Quick, %), ULN—upper limit of normal.

Considering the relationship of LBTs with 30-day mortality, a Cox regression analysis
model controlling for age, sex, obesity, Charlson comorbidity index, MEWS severity, chronic
liver disease, liver cirrhosis, AST, ALT, GGT, ALP, total bilirubin, albumin and PT was
created to assess independent associations. Model is shown in Table 4. As presented,
AST elevation 1–3 × ULN and >3 × ULN was negatively and ALT elevation 1–3 × ULN
was positively associated with 30-day survival independently of each other and age,
comorbidity burden and disease severity at presentation.

3.5. Associations between the Presence of Liver Injury at Admission and Clinical Outcomes

A total of 2650 patients had available synchronous data on all liver enzymes (AST,
ALT, GGT, ALP) and bilirubin among whom a total of 314 (11.8%) had combined elevation
of both bilirubin and any of the enzymes corresponding to the liver injury, 1732 (65.4%)
had enzyme elevation without elevated bilirubin, and in 604 (22.8%) neither enzymes
nor bilirubin were elevated. There was a significant trend of increased frequency of
adverse outcomes (MV, ICU admission, 30-day mortality) over higher degree of liver
lesion (p < 0.001 for overall difference and p < 0.001 for trend for all outcomes, Figure 2).
Patients with normal levels of liver enzymes and bilirubin, those with elevated enzymes
but not bilirubin, and patients with liver injury needed MV in 10.6%, 18.9% and 22.9%
cases, respectively, were transferred to ICU in 14.4%, 24.5% and 29.6% cases, respectively
and experienced death during 30-days of hospitalization in 23.7%, 34.2% and 51.6% cases,
respectively.
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Table 4. Cox regression model investigating independent contribution of investigated parameters to 30-day mortality.

Covariate p HR 95% CI for HR

Age (years) <0.001 * 1.0311 1.0207 to 1.0416

Male sex 0.137 1.1593 0.9542 to 1.4086

Obesity 0.796 1.0272 0.8385 to 1.2582

Charlson comorbidity index <0.001 * 1.1270 1.0831 to 1.1727

COVID severity severe vs. mild <0.001 * 13.1424 4.1771 to 41.3497

COVID severity critical vs. mild <0.001 * 28.2629 8.8608 to 90.1489

AST 1–3 × elevated vs. normal <0.001 * 1.5081 1.2089 to 1.8814

AST >3 × elevated vs. normal <0.001 * 2.1315 1.3957 to 3.2552

ALT 1–3 × elevated vs. normal <0.001 * 0.6432 0.5042 to 0.8206

ALT >3 × elevated vs. normal 0.053 0.5762 0.3296 to 1.0072

GGT 1–3 × elevated vs. normal 0.236 1.1393 0.9185 to 1.4131

GGT >3 × elevated vs. normal 0.727 1.0735 0.7207 to 1.5990

ALP 1–3 × elevated vs. normal 0.142 1.3301 0.9088 to 1.9467

ALP >3 × elevated vs. normal 0.129 2.0607 0.8090 to 5.2489

Total bilirubin 1–3 × elevated vs. normal 0.066 1.3087 0.9819 to 1.7443

Total bilirubin >3 × elevated vs. normal 0.881 1.0668 0.4577 to 2.4863

Albumin 35–39 g/L vs. ≥40 g/L 0.759 1.1403 0.4915 to 2.6459

Albumin <35 g/L g/L vs. ≥40 g/L 0.351 1.4787 0.6503 to 3.3624

PT 80–89% vs. ≥100% 0.388 1.0933 0.8929 to 1.3387

PT < 80% vs. ≥100% 0.056 1.3417 0.9920 to 1.8148

Chronic liver disease 0.246 0.5553 0.2057 to 1.4990

Liver cirrhosis 0.610 1.4051 0.3798 to 5.1976

* Statistically significant at level p < 0.05. AST—aspartate aminotransferase, ALT—alanine aminotransferase, GGT—gamma-glutamyl
transferase, ALP—alkaline phosphatase, CI—confidence interval, PT—prothrombin time (quick, %).

Figure 2. Relationship between the level of liver lesion and clinical outcomes (mechanical ventilation
(MV), Intensive care unit (ICU) admission, and 30-day mortality). Liver injury was defined as the
elevation of any liver enzyme plus elevated bilirubin. Liver enzymes: aspartate aminotransferase,
alanine aminotransferase, gamma-glutamyl transferase, alkaline phosphatase.
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4. Discussion

This study analyzed derangements of LBTs in one of the largest cohort of patients
hospitalized with COVID-19 reported so far, as well as their association with the clinical
severity at admission and 30-day outcomes. Derangement of LBTs occurred in 3/4 of
patients at admission to hospital, most frequently due to the elevation of AST, followed by
GGT and ALT. Elevated AST, ALT, GGT and low ALP, albumin and PT were associated with
more severe disease at admission, whereas only elevated AST was independent predictor
of death. There is incremental trend for higher rates of ICU admission, MV and 30-day
mortality among the patients with liver injury when compared to those with only deranged
liver enzymes and those with normal liver biochemistry.

According to the presented results elevated LBTs are frequently observed among
patients with COVID-19 at admission to hospital. Elevation of at least one LBT was
observed in almost 75% of patients in our cohort at admission. In line with other reports
AST was the most frequently elevated (in 61.6%), followed by GGT in 46.1% and ALT
in 33.4% of patients. This is much higher prevalence of deranged LBTs than initially
reported in studies coming from China (14.9%), but comparable to data from United
States ranging from 40–67% [1–3,25,26]. The observed differences in the rates of elevated
LBTs might be due to some racial specificities, different threshold for hospital admission
and the prevalence of severe cases, but also due to demographic features including age,
prevalence of obesity, drinking habits, chronic medication use, just to mention the most
obvious reasons. Indeed, three most frequently elevated LBTs in our population (AST,
GGT, ALT) share the common denominators as they were all associated with male sex,
presence of obesity and elevated ferritin level. In addition, elevated GGT was associated
with alcohol use, and both ALT and GGT with smoking. These associations might point
to the underreported alcohol consumption and unrecognized prevalence of non-alcoholic
fatty liver disease in the analyzed cohort, reflecting their prevalence in general population.
On the other hand, association with the inflammatory mediators (ferritin, and in case
of AST with CRP as well), may link these enzymes with the liver involvement in the
inflammatory response to COVID-19. The source of elevated LBTs in COVID-19 has been
repeatedly discussed, as they are not completely liver-specific and may originate from other
tissues, such as muscles [15,16]. However, other authors did not find consistent correlation
between elevated AST and markers of muscle injury, leading to conclusion that the liver
was the most likely source of elevated LBTs [4]. This liver lesion seems not to be clinically
significant in majority of cases, as liver failure develops only exceptionally, usually among
the patients with already compromised liver function due to existing cirrhosis, or as the
part of multiorgan failure in most severe cases of COVID-19 [6,7,17].

Deranged LBTs are associated with more severe clinical presentation of COVID-19,
which is in keeping with the reports from other authors [5,10,25]. In our cohort, more severe
clinical presentation of COVID-19 at admission was observed among patients with elevated
AST, ALT, GGT and low ALP, albumin and PT. Whereas elevated liver enzymes suggest
the presence of strong inflammatory response with liver involvement, decreased PT and
albumin most probably reflect the presence of comorbidity, worse nutritional and overall
performance status, and therefore these associations appear logical. However, a word
of caution is needed, as the design of this study does not allow for definitive conclusion
about the association between deranged LBTs and severity of COVID-19. Namely, LBTs
were analyzed only at the admission to hospital and not at the peak hospitalization/peak
of illness. In some previous studies, further increase in frequency and the level of LBTs
was reported in patients who developed more severe clinical picture, even if they had
mild disease at admission. Additionally, patients presented with variable durations of
symptoms before admission (IQR 1–9 days), which represents additional bias.

The most important result of our study is clear association between the serum levels
of LBTs and clinical outcomes, indicating strongly for their prognostic significance. Indeed,
significant gradual increase in mortality was observed with higher degree of derangement
of all investigated LBTs, except for ALT (Figure 1). However, the risk of dying from
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COVID-19 was independently increased only among the patients with elevated AST at
admission (depending on the magnitude of AST elevation), and this association persisted
after adjustment for age, sex, obesity, comorbidity, disease severity at admission, and other
investigated LBTs. Interestingly, mild (<3 × ULN) elevation of ALT was found protective
in terms of mortality, whereas ALT > 3 × ULN re-gained detrimental effect on survival.
We do not see a mechanistic explanation for this protective effect of mildly elevated ALT,
and the same phenomenon was reported in a recently published study from China [27].

Conflicting data have been published regarding the prognostic impact of elevated
LBTs. Whereas in some studies, elevated LBTs were associated with more severe clini-
cal presentation but they were lacking follow-up data to analyze mortality, and others
reported various associations to ICU admission, need for mechanical ventilation and
death [5,7,10–14,25]. In the study conducted over the 1827 hospitalized patients in United
States, higher risk of dying was observed only among patients with elevated baseline
bilirubin, whereas both elevated bilirubin and AST as recorded at the peak hospitalization
were associated with death, and other LBTs were not [25]. However, abnormal AST, Bil
and albumin at admission were all associated with the higher risk of ICU admission and
mechanical ventilation.

The pathophysiological role of the liver in COVID-19 remains still not fully elucidated,
as histological data are scarce, due to very infrequent liver biopsy taking. Whereas ACE2
receptors, as the gate for SARS-CoV-2 entry in the cell, are most abundantly expressed on
the cholangiocytes, hepatocellular profile of elevated LBTs has been commonly reported,
and histological changes (in the limited series of patients) were more in favor of deranged
liver circulation (microthrombosis), mitochondrial dysfunction and mild hepatitis, rather
than biliary injury [4,6,28,29]. In keeping with these findings, it is not unexpected that AST
is most frequently elevated in patients with COVID-19, as it has been considered specific
for liver ischemia, mitochondrial dysfunction and alcohol related liver disease [4,6]. Yet,
reliable evidence of viral replication within hepatocytes has not been confirmed, so there
is still doubt if liver lesion is caused by virus itself or is it immune-mediated [6,30,31].
As for the biliary injury, cases of severe post-COVID cholangiopathy with some distinct
pathological features have recently been reported among patients who suffered from critical
disease and were mechanically ventilated [32].

Liver involvement in pathogenesis of COVID-19 and prognostic importance of LBTs
is furtherly supported by our results showing incremental increase in frequency of adverse
outcomes (ICU admission, MV or death) when patients were assessed according to the
severity of liver lesion. Indeed, patients with liver injury (defined here by elevated bilirubin
in addition to elevated liver enzymes) had worse prognosis when compared to patients with
the isolated elevation of liver enzymes (not accompanied by the elevated bilirubin), and to
patients with normal both liver enzymes and bilirubin. Based on our results and available
data from other studies we believe it is still not possible to claim if liver contributes to the
severity of inflammatory response to SARS CoV-2 infection, and hence to the severity of
COVID-19, or is it only indicator and the part of generalized severe inflammatory response
to the virus. In any case, patients with biochemical indicators of more severe liver injury
appear to be under increased risk of severe clinical course including the need for ICU
treatment, MV and death.

In contrast to the high prevalence of biochemical abnormalities suggestive of liver
involvement in COVID-19, the prevalence of chronic liver disease (2.8%) and cirrhosis
(1.3%) observed in our cohort was low [3,19]. We assume this might be due to the awareness
of the risks of acquiring COVID-19 among liver patients and preventive measures taken to
avoid exposure to infection.

Interestingly, the association between the presence of cirrhosis and mortality risk was
not independent when adjusted to other covariables in multivariate regression analysis
as shown in Table 4. We assume that cirrhosis could not achieved statistical significance
in the context of deranged LBT, probably due to overlapping prognostic properties and
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insufficient statistical power as the result of low number of patients with cirrhosis (n = 49),
as compared to the entire cohort of 3812 patients analyzed here.

High mortality in our cohort might result from the selection criteria for the admission,
as our hospital was the major tertiary referral center taking care of patients with most
severe forms of COVID-19, as well as for those with other urgent conditions complicated
with COVID-19. Indeed, almost 90% of patients had pneumonia, 82% required oxygen
supplementation, and at peak pandemic almost 25% needed ICU admission or were
receiving HFNC oxygenation outside ICU. In addition, the analyzed population was old,
with median age of 74 and burdened by multiple co-morbidities.

The limitations of our study are single center experience, selection of most severe/critical
COVID-19 cases, or COVID-19 cases with comorbidities that required hospital level of care,
which are representative of the tertiary COVID-19 hospital, and inability to longitudinally
assess dynamics of particular measurements over time. In addition to this, we did not regu-
larly perform liver imaging in patients with deranged LBT to furtherly explore liver status,
given almost universal prevalence and self-limited course of deranged liver biochemistry
in typical cases. Nevertheless, this study was performed in the one of the largest cohort of
patients reported so far, representative for the Caucasian population with almost universal
prevalence of pneumonia, all of whom underwent standardized diagnostic procedures and
therapy. Therefore, the obtained results might be considered robust, with high statistical
power.

In conclusion, patients who are hospitalized due to COVID-19 usually have elevated
LBTs at admission. Only elevated AST is the independent predictor of death. There is
an incremental trend for higher rates of ICU admission, MV and 30-day mortality among
the patients with more severe liver injury when compared to those with normal liver
biochemistry.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcm10184222/s1, Table S1. Patients’ characteristics at admission and their relationship with
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Abstract: Objective: to screen putative associations between liver markers and proinflammatory-
related features concerning infectious morbidity and fatal outcomes in COVID-19 patients. Methods:
a total of 2094 COVID-19 positive patients from the COVID-DATA-SAFE-LIFES cohort (HM hospitals
consortium) were classified according to median values of hepatic, inflammatory, and clinical indica-
tors. Logistic regression models were fitted and ROC cures were generated to explain disease severity
and mortality. Results: intensive care unit (ICU) assistance plus death outcomes were associated with
liver dysfunction, hyperinflammation, respiratory insufficiency, and higher associated comorbidities.
Four models including age, sex, neutrophils, D-dimer, oxygen saturation lower than 92%, C-reactive
protein (CRP), Charlson Comorbidity Index (CCI), FIB-4 and interactions with CRP, neutrophils, and
CCI explained ICU plus death variance in more than 28%. The predictive values of ROC curves
were: FIB-4 (0.7339), AST/ALT ratio (0.7107), CRP (0.7003), CCI index (0.6778), neutrophils (0.6772),
and platelets (0.5618) concerning ICU plus death outcomes. Conclusions: the results of this research
revealed that liver and proinflammatory features are important determinants of COVID-19 morbidity
and fatal outcomes, which could improve the current understanding of the COVID-19 physiopathol-
ogy as well as to facilitate the clinical management and therapy decision-making of this disease
under a personalized medicine scope.

Keywords: liver markers; inflammation; morbidity; mortality; personalized medicine

1. Introduction

Coronavirus disease 2019 (COVID-19), caused by the Severe Acute Respiratory Syn-
drome Coronavirus 2 (SARS-COV-2), has being declared as a pandemic by the World
Health Organization (WHO) in March 2020 based on the rises in the daily number of new
cases, fast and ample spread, lethality, and the lack of effective antiviral treatments [1].
Since COVID-19 emergence in Wuhan, China, in December 2019, millions of COVID-19
cases have been reported worldwide, with a wide spectrum of respiratory presentations
and multisystemic complications [2].
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The excessive immunological reaction to the virus (known as “cytokine storm”) by the
host is largely responsible for the respiratory manifestations of COVID-19, encompassing
pneumonia and acute respiratory distress syndrome (ARDS); however, in some patients
this response may also involve hepatic, gastrointestinal, cardiac, renal, neurological, and
hematological affectations [3]. Concerning liver injuries, large-scale case studies indicate
that up to 11% of patients developed liver comorbidities, and more than 50% of cases
reported abnormal levels of transaminases during disease progression, whereas liver
dysfunction was more prevalent in severe COVID-19 patients [4]. In such patients, liver
damage seems to be directly caused by the viral infection of liver cells, drug toxicity, and
immune-mediated inflammation [5]. However, further studies are needed to understand
and elucidate the precise causes of liver disease in COVID-19.

Until now, certain clinical, demographic, and phenotypical factors have been reported
to be associated with the evolution and severity of COVID-19, encompassing age, sex,
ethnicity, underlying medical conditions such as obesity, diabetes, and hypertension,
poverty and crowding, pregnancy, and the use of certain medications and genetics [6,7].
Others include elevated levels of proinflammatory cytokines, liver enzymes, coagulation
factors, body temperature, and unhealthy lifestyle such as smoking and alcoholic drinks
consumption [8]. Nonetheless, there is a constant need for the search for easily accessible,
rapid and accurate markers related to the course of COVID-19, which could contribute
to improving the individualized clinical management and monitoring of the progression
of this infection through an integrative precision medicine approach [9]. The aim of
this research was to screen putative associations between available liver markers and
proinflammatory-related features concerning infectious morbidity and fatal outcomes in
COVID-19 patients.

2. Methods

2.1. Database and Study Variables

In this retrospective study, data from emergency admission of 2094 COVID-19 positive
patients from the COVID-DATA-SAFE-LIFES cohort were analyzed. This cohort contains
data on 2226 patients treated for COVID-19 in the HM group hospitals in the first wave of
infections (March–May 2020), which has been made available to the international scientific
community for study upon appropriate request and approval by a Committee expressly
appointed by the hospital consortium (CEIm HM Hospitales Ref No. 20.05.1627-GHM)
and under appropriate ethical protocols (Helsinki Declaration).

All data were recorded according to in-hospital protocols, which were harmonized
and curated for further analysis in the R software (version 4.0.3). The study variables
analyzed in this investigation at baseline comprised age, sex, oxygen saturation, leuko-
cytes, lymphocytes, neutrophils, platelets, basophils, eosinophils, monocytes, C-reactive
protein (CRP), D-dimer, fibrinogen, ferritin, procalcitonin, glucose, cholesterol, lactate
dehydrogenase (LDH), gamma glutamyl transferase (GGT), aspartate aminotransferase or
glutamic oxaloacetic transaminase (AST/GOT), and alanine transaminase or glutamate
pyruvate transaminase (ALT/GPT). The following inflammatory-related ratios were calcu-
lated: international normalized ratio (INR), AST/ALT ratio (AAR), basophil-to-lymphocyte
ratio (BLR), neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR),
eosinophil-to-basophil ratio (EBR), eosinophil-to-lymphocyte ratio (ELR), and lymphocyte-
to-monocyte ratio (LMR). Moreover, the Charlson Comorbidity Index (CCI) was computed
to express the sum of co-morbidities. As non-invasive methods for predicting liver fibro-
sis [10], the following scores were calculated:

AST to Platelet Ratio Index (APRI): APRI = [(AST/upper limit of the normal AST
range) × 100]/Platelet Count.

Fibrosis-4 index (FIB-4): FIB-4 = Age (years) × AST (U/L)/[platelet count(109/L) ×
ALT1/2 (U/L)].
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2.2. Statistical Analyses

Quantitative and qualitative variables were expressed as means ± standard devia-
tions (SD) and as number and percentage, respectively. Chi-square and Student’s t-test
were applied to analyze differences between qualitative and quantitative variables, as
appropriate. Death and ICU were combined and used as main outcomes since these are
objective criteria of poor prognosis, as reported elsewhere [11]. Phenotypical and metabolic
characteristics of the COVID-19 patients were compared by the median values of hepatic
(FIB-4), inflammatory (CRP, neutrophils), and clinical markers (CCI index and oxygen satu-
ration) by Student’s t-test. Multivariable logistic regression models were fitted to explain
disease severity and mortality, with age and sex as covariates. Age was excluded from
the CCI index in the models to avoid colinearity. Statistical associations were calculated
by univariate logistic regression tests. In addition, area under the receiver operating char-
acteristic (ROC) curves were built to evaluate the predictive values of clinically relevant
variables. Statistical analyses were performed in the statistical program Stata 12 (StataCorp
LLC, College Station, TX, USA; www.stata.com (accessed on 2 May 2021)) and IBM SPSS
20 (IBM Inc., Armonk, NY, USA). Statistical significance was set at p value lower than 0.05,
with bilateral test.

3. Results

The clinical and phenotypical characteristics of COVID-19 patients based on respira-
tory insufficiency, comorbidity, or need of intensive care plus mortality risk are reported
(Table 1). On average, individuals with oxygen saturation lower than 92%, CCI index
equal or higher than 3, and those who underwent ICU or who died were male, older
and presented higher levels of leukocytes, neutrophils, CRP, D-dimer, LDH, FIB-4 as well
as elevated ratios of AAR, basophil-to-lymphocyte, neutrophil-to-lymphocyte, platelet-
to-lymphocyte, and lymphocyte-to-monocyte than their counterparts. Conversely, no
differences between groups were observed for basophils, procalcitonin, glucose, choles-
terol, and GPT measurements.

Similar features were found when compared the median values of inflammatory (CRP
and neutrophils) and liver (FIB-4) markers in COVID-19 patients (Table 2).

Logistic regression models using relevant biochemical and clinical variables to predict
ICU plus death outcome were constructed, with age and sex as covariates. Interestingly,
four models were statistically significant (p < 0.001) and explained ICU plus death variance
in more than 28% (Table 3a–d). The models included age, sex, neutrophils, D-dimer,
oxygen saturation < 92%, CRP, CCI index, FIB-4, and the following interactions: CCI
index × CRP (Table 3a); FIB-4 * CCI index (Table 3b); FIB-4 * CRP (Table 3c); and FIB-4 *
neutrophils (Table 3d), respectively. The four interactions were statistically significant in
the corresponding models.
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Table 3. (a) Multiple logistic regression model using clinical, inflammatory and liver markers
as important predictors of mortality plus ICU in COVID-19 patients: interaction between CCI
and CRP. (b) Multiple logistic regression model using clinical, inflammatory and liver markers
as important predictors of mortality plus ICU in COVID-19 patients: interaction between FIB-4
and CCI. (c) Multiple logistic regression model using clinical, inflammatory and liver markers as
important predictors of mortality plus ICU in COVID-19 patients: interaction between FIB-4 and CRP.
(d) Multiple logistic regression model using clinical, inflammatory and liver markers as important
predictors of mortality plus ICU in COVID-19 patients: interaction between FIB-4 and NEU.

(a)

Variable β Coefficients (CI 95%) p

Age (years) 0.0653 (0.0464, 0.0842) <0.001
Sex (Female) −0.5413 (−1.0090, −0.0735) 0.023

Neutrophils (×109/L) 0.0972 (0.0370, 0.1574) 0.002

D-dimer (μg/mL) 0.0218 (−0.0037, 0.0472) 0.093
Oxygen saturation (SO2 < 92%) 0.6359 (0.1909, 1.0809) 0.005

FIB-4 0.2080 (0.1046, 0.3113) <0.001
CCI * CRP 0.0013 (0.0007, 0.0018) <0.001

R2 0.3093 <0.001

(b)

Variable β coefficients (CI 95%) p
Age (years) 0.0776 (0.0598, 0.0955) <0.001

Sex (Female) −0.6635 (−1.1213, −0.2056) 0.005

Neutrophils (×109/L) 0.0595 (−0.0026, 0.1216) 0.060
D-dimer (μg/mL) 0.0249 (−0.0009, 0.0507) 0.059

Oxygen saturation (SO2 < 92%) 0.6374 (0.1976, 1.0772) 0.005
CRP (mg/L) 0.0039 (0.0017, 0.0061) <0.001

FIB-4 * CCI (no age) 0.0307 (0.0137, 0.0477) <0.001

R2 0.2838 <0.001

(c)

Age (years) 0.0655 (0.0471, 0.0839) <0.001
Sex (Female) −0.5982 (−1.0728, −0.1236) 0.013

Neutrophils (×109/L) 0.0763 (0.0205, 0.1321) 0.007

D-dimer (μg/mL) 0.0227 (−0.0027, 0.0482) 0.080
Oxygen saturation (SO2 < 92%) 0.5183 (0.0658, 0.9709) 0.025

CCI (no age) 0.2094 (0.0962, 0.3226) <0.001
FIB-4 * CRP 0.0014 (0.0009, 0.0020) <0.001

R2 0.3134 <0.001

(d)

Age (years) 0.0601 (0.0408, 0.0793) <0.001
Sex (Female) −0.5279 (−1.0003, -0.0555) 0.028
CRP (mg/L) 0.0032 (0.0012, 0.0053) 0.002

D-dimer (μg/mL) 0.0225 (−0.0027, 0.0477) 0.080
Oxygen saturation (SO2 < 92%) 0.5081 (0.0519, 0.9642) 0.029

CCI (no age) 0.2202 (0.1077, 0.3327) <0.001
FIB-4 * NEU 0.0383 (0.0210, 0.0556) <0.001

R2 0.3151 <0.001

Bold numbers indicate p < 0.05.

The empirical frequencies and odds ratios (OR) of ICU plus death by the cutoffs (me-
dian) values of CRP, CCI index, FIB-4, neutrophils, platelets, and AAR ratio are depicted
(Figure 1a–f). Compared to patients who did not enter to ICU and did not die, higher risks
of ICU plus death were found when CRP levels were equal or higher than 73.67 mg/L
(OR = 3.475, p < 0.001, Figure 1a); CCI index equal or higher than 3 (OR = 8.040, p < 0.001,
Figure 1b); FIB-4 score equal or higher than 2.17 (OR = 3.590, p < 0.001, Figure 1c); neu-
trophils equal or higher than 4.89 × 109/L (OR = 2.539, p < 0.001, Figure 1d); and AAR

88



J. Clin. Med. 2021, 10, 3112

ratio equal or higher than 1.29 (OR = 3.320, p < 0.001, Figure 1f). Instead, platelets equal or
higher than 205 × 109/L protected for ICU pus death (OR = 0.723, p = 0.013, Figure 1e).

 
(a) Frequencies of deaths plus ICU by CRP cutoffs (b) Frequencies of deaths plus ICU by CCI cutoffs 

 
(c) Frequencies of deaths plus ICU by FIB-4 cutoffs (d) Frequencies of deaths plus IU by NEU cutoffs 

 
(e) Frequencies of deaths plus ICU by platelets cutoffs (f) Frequencies of deaths plus ICU by AAR cutoffs 

Figure 1. Frequencies and odds ratios (OR) of ICU plus death by the cutoffs (median) values of CRP, CCI index, FIB-4,
neutrophils, platelets, and AAR ratio.

ROC curves were constructed to estimate and compare the predictive value of liver
and proinflammatory markers concerning ICU plus death (Figure 2). The best predictor
was FIB-4 (0.7339), followed by AAR (0.7107), CRP (0.7003), CCI index (0.6778), neutrophils
(0.6772), and platelets (0.5618), all of them statistically significant (p < 0.001).

89



J. Clin. Med. 2021, 10, 3112

 
Figure 2. ROC curves showing the predictive value of CCI (no age), CRP, NEU, FIB-4, PLAT, and AAR concerning COVID-19
outcomes (ICU plus Death).

4. Discussion

As a result of the increased availability of data and collaborations between researchers,
efforts have been made for the evaluation of laboratory tests and other phenotypical
information as biomarkers related to COVID-19 disease severity [9]. This study should
be considered a proof of concept, where biochemical and clinical variables significantly
explained morbid and fatal outcomes in COVID-19 patients, including neutrophils, CRP,
oxygen saturation < 92%, FIB-4, D-dimer and CCI index, which evidence the involvement
of predominately liver and proinflammatory features in the evolution of this disease. These
findings may enable early categorization of infected patients based on the risk of death or
intensive care assistance, thus facilitating a more precise clinical management as well as
the optimization of health resources and medical personnel [7].

In agreement with our results, neutrophils have been highlighted as essential effector
cells in COVID-19 physiopathology through the stimulation of a hyperinflammation state
in the lungs by enhanced degranulation of primary granules and the secretion of proinflam-
matory cytokines as well as the induction of oxidative stress via reactive oxygen species
release [12]. In this context, bioinformatic analyses revealed that neutrophil activation is
one of the most stimulated biological processes in the SARS-CoV infection [13]. Moreover,
it has been reported the association of NLR with critical illness in COVID-19 patients [14].

Likewise, some investigations have confirmed the utility of CRP as prognostic factor
in COVID-19 since it serves as an early marker of infection, inflammation, and tissue
damage [15]. For example, CRP levels were independent discriminators of severe/critical
illness on admission and a good predictor of adverse outcome in COVID-19 patients [16].
In hospitalized patients, median CRP values (206 mg/L) were significantly higher in the
patients who died compared to those who survived, and increased linearly during the
first week of hospitalization, which supports the utility of daily CRP monitoring in risk
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prognostication [17]. Accordingly, it has been documented that the risk of developing
severe events in COVID-19 patients is increased by about 5% for every one-unit increase in
CRP levels [18]. Interestingly, elevated levels of CRP (76.51 mg/L) correlated with lower
oxygen saturation (<90%), indicating a relationship of these markers and a complementary
utility in the prognosis of COVID-19 disease [19]. Indeed, oxygen saturation levels below
92% significantly contributed to predict ICU plus death in this sample. This hallmark
is in agreement with the criteria for diagnosis of COVID-19-associated pneumonia and
disease severity [20], as postulated in the guidelines of the World Health Organization for
the Clinical Management of COVID-19 (https://apps.who.int/iris/handle/10665/332196
(accessed on 2 May 2021)). Certainly, 92% is under the current target oxygen saturation
range (92–96%) for patients with COVID-19 recommended by the National Institutes of
Health (https://www.covid19treatmentguidelines.nih.gov/critical-care/oxygenation-and-
ventilation/ (accessed on 2 May 2021)).

Another important finding of this study was the interplay of FIB-4 in COVID-19
disease severity by interacting with proinflammatory and comorbid features. Thus, two
statistical interactions were found concerning FIB-4 and inflammatory markers, where a
higher FIB-4 score combined with increased levels of neutrophils and CRP were associated
with more instances of ICU plus death (data not shown). These results suggest that an
elevated FIB-4 score exacerbates the progression of the inflammatory process, and also
suggests an organ-specific influence of inflammation as a prognostic marker. Besides, a
significant interaction between CCI and FIB-4 in relation to death plus ICU was found in
this research (data not shown), which suggest that when FIB-4 is low, the CCI dominates
the entry to ICU admission and the risk of death; however, when FIB-4 is high (above
20), a preservative effect is found. This finding may be explained by the fact that the set
of comorbidities (measured by CCI) has a greater influence on the outcomes of patients
with COVID-19 than only liver fibrosis (measured by FIB-4). FIB-4 is not only an accurate
marker of liver fibrosis, but it is also related to coagulation and oxidative stress since it takes
into account age and the serum levels of transaminases (ALT and AST) and platelets, all of
which have been consistently identified as potential risk factors of severe cases with COVID-
19 in a recent meta-analysis [21]. Furthermore, elevation of this FIB-4 (equal or higher than
2.67) was associated with poor clinical outcomes in middle-aged patients with COVID-
19, including required mechanical ventilation and ICU admission [22]. Moreover, FIB-4
was also related with increased risk of mortality in hospitalized patients with COVID-19
as well as with lower survival [23,24]. In addition, FIB-4 positively correlated to SARS-
CoV-2 viral load and the levels of inflammatory cytokines [25]. Besides FIB-4, AAR was
another liver marker also associated (equal or higher than 1.29) with an increased risk
of ICU plus death in this research. Similarly, a retrospective study reported that AAR
higher than 1 highly correlated with liver injury in conjunction with other proinflammatory
variables [26]. Despite more investigation in this fled is necessary, these results evidence the
involvement of liver damage in the evolution of COVID-19 and highlight the importance of
evaluate liver status in the clinical setting. Although the role of liver disease in COVID-19
remains unclear, it has been hypothesized that liver injury is associated with innate immune
dysfunction, which could enhance susceptibility to an acute proinflammatory response
(cytokine storm) leading to severe outcomes in patients with COVID-19 by exacerbating the
hyperinflammatory state [27,28]. Of note, although the presence of previous liver disease
might artifact our findings, the low prevalence in the population (only 53 patients with
liver disease) might reduce the confounding effect of this issue. In fact, no significant
differences in the performance of the statistical models were found when patients with
liver disease were removed.

In relation to the association of abnormal coagulation parameters with poor outcomes
in COVID-19 patients, a meta-analysis evidenced that patients with a composite clinical
end point, defined as all-cause mortality, ICU admission or ARDS, had elevated levels of
D-dimer (standard mean difference of 1.67 μg/mL) than their counterparts [29]. In fact,
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results from another meta-analysis of 13 cohort studies revealed that severe COVID-19
infection was related to D-dimer higher than 0.5 μg/mL on admission [30].

Regarding comorbidity, in this study, the CCI index was included in the predictive
models of ICU plus death mainly as an adjustment variable. The CCI has been commonly
used in clinical research as a correction factor in a set of prognostic models due to proven
consistency, validity, and reliability as supported by the results of several studies. In
COVID-19, multivariate regression analysis showed that CCI was a prognostic factor for
COVID-19-related mortality in patients hospitalized for pneumonia [31]. Additionally, CCI
score above 0 was associated with an increased risk of severe outcome and death after
controlled for age and sex [32]. In a meta-analysis, a 16% higher risk of mortality was
attributed by each per point increase of CCI score [33].

On the one hand, the strengths of this investigation include a large sample screened
and the use of robust statistical approaches for data depuration and the comparative
predictive analyses. In this context, on the most important findings of this research is
the integration of different predictors of COVID-19 outcomes including liver and pro-
inflammatory features as well as the screening of potential interactions among these factors,
which suggest that the prognostic value of these markers depends upon the behavior of
concomitant variables influencing COVID-19 disease and that there is a mutual influence
concerning the result. On the other hand, the fact that the population analyzed in this study
has mainly European ancestry, the findings of this study could not be applied to groups
with other ethnicity and exposed to diverse environmental factors. For instance, in Latin
America, variables such as the high rates of obesity, the adoption of hepatopathogenic diets,
and a sedentary lifestyle could exacerbate liver damage and a hyperinflammatory state
in COVID-19 [34]. Moreover, the exploration of other variables influencing liver health
and the immune response including the gut microbiota, genetic background, epigenetic
signatures, metabolomic profiles, and interactions with specific lifestyle factors could be
part of the scenario [35]. Additionally, although hyperinflammation worse COVID-19
infection, caution must be taken concerning the interpretation of the results since there
can be wide fluctuations in levels of inflammatory markers during the time frame from
admission to collection of labs.

In conclusion, the results of this research suggest that liver and proinflammatory
features are important determinants of COVID-19 morbid and fatal outcomes. This infor-
mation could contribute to improve the current comprehension of the COVID-19 phys-
iopathology and the clinical management and therapy decision-making of this disease
under a precision medicine approach [36]. Current results evidence that the hepatic re-
sponses may have a role in prognosis, treatment, and understanding of COVID-19.
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Abstract: The SARS-CoV-2 pandemic has placed great strain on the most developed of health care
systems, especially in the context of critical care. Although co-infections with cytomegalovirus
(CMV) are frequent in the critically ill due to underlying immune suppression of multiple causes, the
impact on COVID-19 patients remains unclear. Furthermore, severe COVID-19 has recently been
associated with significant immune suppression, and this may in turn impact CMV reactivation,
possibly contributing to clinical course. Nevertheless, multiple confounding factors in these patients
will certainly challenge upcoming research. The authors present a case series of five patients admitted
to the intensive care unit (ICU) in the context of respiratory failure due to severe COVID-19. All
patients evolved with CMV reactivation during ICU stay.

Keywords: SARS-CoV-2; Cytomegalovirus; co-infections; critical care; COVID-19

1. Introduction

The current pandemic caused by SARS-CoV-2 virus infection has provoked an unprece-
dented health care burden worldwide with an abrupt demand for critical care provision
and consequent strain on the intensive care unit (ICU) [1]. The experience and knowledge
obtained during the past year have allowed the medical community to adapt and treat this
emerging disease, but much uncertainty still prevails.

A history of cytomegalovirus (CMV) infection is very common among adults, the
majority of which evolve with a period of latency characterized by a persistent control of
viral replication [2]. Reactivation usually implies some type of weakened immunity which
can be attributed to various etiologies [3]. Nevertheless, infection of immunocompetent
patients in the ICU is well acknowledged, with the highest reactivation rates in septic
patients. Furthermore, CMV reactivation is associated with higher ICU length of stay,
longer need for invasive mechanical ventilation (IMV), increased risk of infections and
mortality [4].

D’Ardes et al. were the first to report a case of CMV and SARS-CoV-2 co-infection [5].
Since then, the potentially adverse effects of CMV co-infection on COVID-19 outcome
have been approached by recent publications [2]. However, case report publications of
CMV co-infection remain relatively scarce [5–9], and the role of COVID-19 itself on CMV
reactivation unclear.

The authors report a case series of five patients admitted to the ICU due to SARS-
CoV-2 pneumonia who presented concomitant CMV infection/reactivation during ICU
stay.

J. Clin. Med. 2021, 10, 2792. https://doi.org/10.3390/jcm10132792 https://www.mdpi.com/journal/jcm95
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2. Case Presentation

2.1. Patient I

A 64-year-old male was admitted to the emergency department (ED) with a 7-day
presentation of fever, dry cough, myalgia and chest pain. His past medical history (PMH)
included stable human immunodeficiency virus 1 (HIV-1) infection (undetectable viral
load; CD4+ cell count 321), diabetes mellitus (DM), hypertension (HT) and ischemic heart
disease.

Initial diagnostic workup revealed a positive SARS-CoV-2 PCR assay, arterial blood
gas examination (ABG) with hypoxemia (pO2 71.1 mmHg with 3L/min of oxygen via
nasal cannula) and chest X-ray with bilateral patchy lung infiltrates. He evolved with acute
respiratory distress syndrome (ARDS) in the first 24 h and was transferred to the ICU,
where he required invasive mechanical ventilation (IMV) for 22 days. Four days later, he
presented respiratory distress and hemodynamic instability and was reintubated in the
context of ventilator-associated pneumonia (VAP) due to Serratia. Laboratory reassessment
revealed a lower CD4 count (114) and a positive CMV viral load (1012 UI/mL). The patient
was extubated after 10 days of readmission and subsequently transferred to the medical
ward. Hospital discharge occurred on day 67.

2.2. Patient II

A 61-year-old female presented to the ED with sustained fever and dyspnea within
the last 24 h. She had a PMH of systemic lupus erythematosus with pulmonary, joint and
renal involvement and chronic kidney disease (CKD) undergoing regular hemodialysis.
Current medication included azathioprine and prednisolone (Table 1).

Table 1. Clinical characteristics of patients admitted to the ICU with SARS-CoV-2 infection due to respiratory failure who
evolved with CMV infection/reactivation.

Patient I Patient II Patient III Patient IV Patient V

Immunosuppression a HIV b, DM c IS d therapy IS therapy, DM DM HIV, DM

Time (days)
(symptoms to ICU

admission)
8 8 5 11 1

IMV e duration (days) 32 8 37 33 48

pO2/FiO2 (minimum) 169 105 88 105 113

First CMV f PCR g

(date/result/sample)
D7

Positive Plasma
D2/D3 Positive
Plasma/BAL h

D3
Negative
Plasma

D37
Positive BAL

D2 **
Negative
Plasma

Posterior CMV PCR
(date/result/sample) - -

D16
Positive
Plasma

-
D45 **

Positive
BAL

Outcome (90 day) Home discharge Death Rehabilitation Unit Death Rehabilitation
Unit

a Immunosuppression besides critical illness; b HIV—human immunodeficiency virus infection; c DM—diabetes mellitus; d IS—
immunosuppressive; e IMV—invasive mechanical ventilation; f CMV—cytomegalovirus; g PCR—polymerase chain reaction; h BAL—
bronchoalveolar lavage; ** various plasma PCR assays remained negative throughout ICU stay. The only positive sample was obtained
in BAL.

The patient presented hypotension responsive to fluid challenge and ABG with hypox-
emia (pO2 60.4 mmHg with 3L/min of oxygen via nasal cannula). The SARS-CoV-2 PCR
assay was negative, and blood cultures were positive for Enterococcus faecalis. Antibiotics
were started and the patient was transferred to the medical ward. Posteriorly, the PCR
assay was repeated because of contact with a COVID-19 patient and turned out positive.
She evolved with ARDS and was admitted to the ICU, where she initiated IMV. Plasma and
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bronchoalveolar lavage (BAL) CMV viral loads were positive (3528 UI/mL and 229 UI/mL,
respectively). The patient died due to refractory circulatory shock on day 8.

2.3. Patient III

A 61-year-old male presented to the ED with a headache, fatigue and shortness of
breath for the past 24 h. PMH included a heart transplant, DM, HT and CKD. Current
medication included everolimus, mycophenolate mofetil, cyclosporine and prednisolone.

The patient had hypoxemia (ABG with pO2 66.9 mmHg), the chest X-ray showed
bilateral patchy pulmonary infiltrates and the SARS-CoV-2 PCR assay was positive. He was
admitted to the medical ward, where he progressed with ARDS and therefore transferred
to the ICU 2 days later. He underwent IMV for 37 days and the clinical course was
complicated with septic shock in the context of a VAP due to Proteus mirabillis and Klebsiella
pneumoniae, with the need for renal replacement therapy (RRT). Although CMV viral
load upon admission had been negative, screening was repeated and viral load positive
(518 UI/mL). A surgical tracheostomy was performed on day 35 due to ventilatory weaning
failure. After readmission to the medical ward, he was discharged to a rehabilitation unit
87 days after admission.

2.4. Patient IV

A 77-year-old male was diagnosed with SARS-CoV-2 infection 10 days before pre-
senting to the ED with dyspnea for the past 4 days. The patient’s PMH included DM
and HT.

The patient presented signs of respiratory distress and hypoxemia (ABG with pO2
56.6 mmHg 6L/min of oxygen via facial mask). Chest X-ray showed patchy bilateral
lung infiltrates. He was transferred to the medical ward with a Venturi Mask 35%, where
he evolved with worsening hypoxemia and was therefore admitted to the ICU the next
day. The patient evolved with circulatory shock and severe hypoxemia, which motivated
the initiation of IMV, in the context of concomitant bacterial pneumonia due to Klebsiella
pneumoniae. Clinical deterioration ensued in the context of candidemia. Bronchoalveolar
lavage CMV viral load positive (170 UI/mL). On day 40 of admission, the patient evolved
with refractory circulatory shock and died.

2.5. Patient V

A 78-year-old male presented to ED with anorexia, dry cough and shortness of breath
for the past 2 days. He had contact with a COVID-19 patient 6 days before. The patient’s
PMH included HIV-1 infection (undetectable viral load and CD4+ cell count 743), DM with
retinopathy and stage 3b CKD and HT.

The patient had hypoxemia (pO2 50 mmHg with 4L/min of oxygen via nasal cannula),
and a thoracic CT scan showed extensive bilateral pulmonary infiltrates. SARS-CoV-2 PCR
screening was positive. He presented progressive clinical deterioration while in the ED
and was transferred to the ICU. He required IMV for 48 days, and the clinical course was
complicated with multiple respiratory infections and the need for RRT. CMV viral load
upon admission was undetectable, but CMV viral load of bronchoalveolar lavage was
positive on day 44 (108 copies/mL). A surgical tracheostomy was performed on day 24
due to a ventilatory weaning failure. He was subsequently transferred to the medical ward
and discharged to a rehabilitation unit on day 83.

3. Discussion

We present five case reports of CMV reactivation in COVID-19 patients admitted to
the ICU due to respiratory failure requiring IMV (Table 1). All patients were tested for
CMV reactivation because of their respective underlying clinical severity and previous
medical history of immune deficiency. The diagnosis was confirmed with CMV PCR
testing (plasma or BAL), since antigen testing can be inaccurate in leukopenic patients [4].
Some patients had an initially negative CMV viral load, and therefore CMV reactivation
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occurred during ICU stay. All patients with the exception of patient IV, due to rapid clinical
deterioration and death, began treatment with ganciclovir in the ICU. Although viral load
was frequently low, given the positive PCR assay and underlying risk factors, curative
therapy was initiated whenever possible. Patient III completed full-dose treatment for
3 weeks (5mg/kg IV q 12h), while all other patients began ganciclovir adjusted to renal
function and RRT regimens.

It has been well acknowledged that critical illness itself can promote immune suppres-
sion, even in the absence of known immune deficiency states. This is due to an underlying
complex immune system activation, composed of both pro- and anti-inflammatory re-
sponses. Recovery depends on the attainment of immunologic homeostasis, the lack of
which can result in a type of secondary immune deficiency, compromising both innate
and adaptive functions with a consequently increased risk of nosocomial infection [10,11].
Although CMV reactivation is quite common among the critically ill, debate still exists on
whether such infection adversely affects the patient outcome or is merely an uneventful
finding [4].

Recent findings associate severe COVID-19 with significant depletion of adaptive
immune cells and increases in T-cell killing and immunosuppression. Critical care patients
have demonstrated sustained T, NK and B cell lymphopenia and downregulation of HLA-
DR expression, while increases in PD-1 have all been demonstrated in the first 7 days
of ICU admission. These findings are not only worrisome but should reinforce careful
evaluation of current therapeutic indications that can further hinder an effective immune
response to SARS-CoV-2, such as glucocorticoids [12].

The role and the rate of CMV reactivation in SARS-CoV-2 patients are unclear. Clinical
profiles that have been associated with worse outcomes in COVID-19 also prevail among
patients with a higher risk of CMV reactivation. Characteristics such as older age, history
of DM and cardiovascular diseases constitute such examples [2]. All five cases had ages
older than 60 years, DM was highly prevalent and chronic immunosuppression either due
to chronic illness or medication was also frequent.

Both HIV-infected patients presented recent negative viral loads previous to ICU
admission, and significant HIV reactivation was excluded during ICU stay. Patient I had
a very low viral load at the end of the ICU stay (35 copies), while patient V maintained a
negative viral load.

CMV testing also occurred in patients without the aforementioned risk factors. How-
ever, these constituted a minority of ICU admissions, and CMV reactivation was not found
in patients without comorbidities associated with immunosuppression. Consequently,
this constitutes a limitation of our research, and the significance of SARS-CoV-2 infection
in CMV reactivation cannot be clearly established based on our findings. The authors
emphasize, however, that CMV reactivation can be overlooked, as can other nosocomial
infections such as aspergillosis, characterized by unspecific clinical presentations. Consid-
ering the immunosuppression possibly associated with COVID-19, efforts should be made
to prevent the underestimation of such infections in these patients.

4. Conclusions

The role of SARS-CoV-2 infection on CMV reactivation remains to be unraveled. Mul-
tiple confounding factors usually associated with immunosuppression, such as the clinical
profile of older patients with multiple comorbidities, the secondary immune suppression
of critical illness itself, underlying immunosuppressive treatments under investigation
and probable immune suppression due to severe COVID-19 illness will certainly challenge
further research.
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Abstract: (1) Background: In the current context of the COVID-19 crisis, there is a need for fast, easy-
to-use, and sensitive diagnostic tools in addition to molecular methods. We have therefore decided to
evaluate the performance of newly available antigen detection kits in “real-life” laboratory conditions.
(2) Methods: The sensitivity and specificity of two rapid diagnostic tests (RDT)—the COVID-19 Ag
Respi-Strip from Coris Bioconcept, Belgium (CoRDT), and the coronavirus antigen rapid test cassette
from Healgen Scientific, LLC, USA (HeRDT)—were evaluated on 193 nasopharyngeal samples using
RT-PCR as the gold standard. (3) Results: The sensitivity obtained for HeRDT was 88% for all
collected samples and 91.1% for samples with Ct ≤ 31. For the CoRDT test, the sensitivity obtained
was 62% for all collected samples and 68.9% for samples with Ct ≤ 31. (4) Conclusions: Despite the
excellent specificity obtained for both kits, the poor sensitivity of the CoRDT did not allow for its use
in the rapid diagnosis of COVID-19. HeRDT satisfied the World Health Organization’s performance
criteria for rapid antigen detection tests. Its high sensitivity, quick response, and ease of use allowed
for the implementation of HeRDT at the laboratory of the University Hospital of Liège.

Keywords: rapid diagnostic test; antigen detection; SARS-CoV-2; COVID-19

1. Introduction

In December 2019, a new virus belonging to the Betacoronavirus genus from the
Coronaviridae family appeared in the city of Wuhan in China. It was identified as the
agent responsible for a severe respiratory syndrome, hence its name: SARS-CoV-2 for
Severe Acute Respiratory Syndrome Coronavirus. The virus is responsible for coronavirus
disease 19 (COVID-19), so named because it appeared in 2019. Other betacoronaviruses
involved in human respiratory syndromes include SARS-CoV-1—the agent of the Severe
Acute Respiratory Syndrome discovered in 2002—and MERS-CoV, responsible for the
Middle East Respiratory Syndrome in 2012 [1,2]. Within a few months, SARS-CoV-2
spread rapidly, leading to the World Health Organization’s (WHO) announcement of a
COVID-19 pandemic on 11 March 2020 [3]. As of 3 June 2021, 171.3 million people have
been infected and 3.7 million people have died worldwide [4]. This pandemic has caused
microbiology labs to develop diagnostic methods based on antigen and RNA detection.
The WHO defined a reverse transcription polymerase chain reaction (RT-PCR) assay on
respiratory specimens as the reference method for the detection of SARS-CoV-2 [5]. This
coronavirus is an enveloped virus with a positive-sense, single-stranded RNA genome
of ~30 kb. Its genome encodes a minimum of 29 proteins. The ORF1a and ORF1b genes
encode non-structural accessory proteins (nsps), while the S, M, E, and N genes encode
structural proteins—namely, spike (S), membrane (M), envelope (E), and nucleocapsid
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(N) proteins [6,7]. These genes are of particular interest for the diagnosis of COVID-19
by RT-PCR.

The real-time RT-PCR assay provides a semi-quantitative estimation of viral concen-
tration expressed by the cycle threshold (Ct), which represents the number of amplification
cycles required to detect a fluorescence signal above the threshold. The cycle threshold
is correlated to the viral load and contagiousness [8,9]. Despite the very high specificity
and sensitivity of molecular techniques, RT-PCR is time-consuming and requires specific
laboratory equipment and experienced technical staff [10,11]. These limitations—combined
with the shortage of PCR reagents and disposables—have led laboratories to investigate
alternatives. In September 2020, the WHO reported the possible use of antigenic tests as a
promising complement to RT-PCR. The WHO described rapid diagnostic tests (RDT) with
a sensitivity ≥80% and a specificity ≥97% compared to the reference RT-PCR method that
can be used when molecular tests are not available or when rapid screening is needed [8].
Confronted with the second wave of COVID-19, laboratories were under pressure to per-
form RT-PCR for the detection of SARS-CoV-2. The turnaround time was longer than
the acceptable range of 24 h, which resulted in delays to diagnosis that compromised
patients and epidemic management [12]. In addition, the emergency department of our
hospital (CHU, Liège, Belgium) needed an early diagnosis of SARS-CoV-2 in order to
manage patient hospitalization in COVID or non-COVID care units. Many companies
have developed RDTs for the diagnosis of COVID-19 as point-of-care testing methods.
Despite the high sensitivity announced by the manufacturers, the performance of these
tests is varied and often lower than expected; therefore, their validation in real conditions
is important [13–18]. A validation of two RDT kits for the detection of SARS-CoV-2 com-
pared to RT-PCR was conducted at the microbiology laboratory of CHU Liège. The two
kits are both membrane-based immunochromatographic assays that detect SARS-CoV-2
nucleocapsid proteins: (1) the coronavirus antigen rapid test cassette (Healgen Scientific,
LLC, Houston, TX, USA), named hereafter HeRDT, and (2) the COVID-19 Ag Respi-Strip
(Coris Bioconcept, Gembloux, Belgium), referred to as CoRDT.

2. Materials and Methods

2.1. Study Design

The diagnostic accuracy of HeRDT and CoRDT compared to RT-PCR (defined as the
gold standard) was determined in a two-phase validation. The first phase—with nasopha-
ryngeal (NP) swabs selected by convenience—aimed to verify that the minimum expected
performance was achieved based on the recommendation of minimum sensitivities and
specificities described by the WHO—i.e., a sensitivity ≥80% and a specificity ≥97% [8].
The second phase carried out on randomized NP samples aimed to validate the RDT in
real diagnostic conditions.

2.2. Population and Study Period

Validation was conducted between 22 October 2020 and 11 November 2020 at CHU
Liège, a tertiary hospital with 1038 beds in Belgium. We included NP-flocked swabs placed
in 3 mL of transport media (Vacuette Virus Stabilization Tube (VST); Greiner Bio-One,
Kremsmünster, Austria) containing phosphate-buffered saline. The samples were kept
between 2 and 8 ◦C and tested within 24 h for both RT-PCR and RDT. The NP samples
were collected from patients admitted to the emergency department and from the testing
center of the CHU Liège.

Phase 1: Evaluation of samples based on the predefined Ct value. The sample selection
took place from 22 October to 27 October 2020. The average SARS-CoV-2 prevalence at
the CHU of Liège during the sample selection period was 43.7%. Following the RT-PCR
analysis, 15 negative samples and 48 positive samples were selected based on convenience.
Positive samples were chosen on the basis of Ct calculated for the N gene by Qiagen
RT-PCR in triplicate for each Ct value ranging from 20 to 35.
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Phase 1 bis: Evaluation of samples based on the predefined Ct value after methodology
improvement. In order to improve the HeRDT sensitivity, 30 RT-PCR-positive samples
were tested according to an adapted protocol between 28 October and 30 October 2020.

Phase 2: Evaluation of randomized samples. The validation was performed from
3 November to 11 November 2020. At the CHU Liège, the prevalence of SARS-CoV-
2 positivity during this period averaged 29%. Following the Qiagen RT-PCR analysis,
50 negative and 50 positive samples were randomly selected.

2.3. Diagnostic Procedures

RT-PCR: The reference method used was the QIAprep&amp Viral RNA UM Kit
(Qiagen, Hilden, Germany), combining liquid-based sample preparation with the one-step
RT-qPCR detection of SARS-CoV-2 targets from human respiratory samples. Three different-
colored channels (FAM™, HEX™, and Cy5) were used for the multiplex detection of SARS-
CoV-2 (N1/N2 genes), human genetic material integrity (B2M and Rnase P), and inhibition
control (synthetic transcript), respectively. RT-PCR detection was performed on a LC480
thermocycler (Roche, Basel, Switzerland) according to the following cycling conditions: 50
◦C for 10 min, 95 ◦C for 2 min, 40 cycles at 95 ◦C for 5 s, 58 ◦C for 30 s. The quantification
of the viral load was carried out using the calibrated standards provided by the Belgian
National Reference Centre for Respiratory Viruses so that the virus concentrations could
be estimated from the Qiagen Ct values (Table 1). Samples were considered negative when
N1/N2 genes were not detected or they presented a Ct value >40.

Table 1. Correlation between Qiagen PCR Ct and standard viral quantification.

Interpretation Viral Load (RNA Copies/mL) Ct

Very strong positive >10,000,000 <18.5

Very positive 100,000 to 10,000,000 18.5 to 25

Moderately positive 1000 to 100,000 25 to 31

Weakly positive <1000 >31
Ct, cycle threshold.

RDTs: We evaluated the COVID-19 Ag Respi-Strip kit from Coris Bioconcept (CoRDT)
and the coronavirus antigen rapid test cassette from Healgen Scientific, LLC (HeRDT). Both
assays are qualitative membrane-based immunochromatographic tests that use monoclonal
antibodies to detect nucleocapsid proteins from SARS-CoV-2 in direct nasopharyngeal
swabs. For both tests, a nasopharyngeal specimen was taken using a sterile swab and the
test was performed directly.

HeRDT manufacturer test procedure: The swab was dipped for 1 min in a dropper
bottle containing 10 drops of buffer. After removing the swab from the bottle, 4 drops of
the solution were placed in the well of the immunochromatographic test. The result was
read 15 min later.

CoRDT manufacturer test procedure: The swab was dipped into a tube containing
8 drops of buffer and stirred thoroughly. After removing the swab, the immunochromato-
graphic strip was placed in the tube. The result was read 30 min later.

Sample processing methods were modified from the manufacturer’s instructions in
order to perform the RDT from the same transport media as were used for the RT-PCR.
We analyzed the transport medium containing the swab rather than the swab directly, as
recommended by the manufacturer. As the tests were carried out in our laboratory, samples
arrived in a virus stabilization tube containing phosphate-buffered saline solution. For
both tests, 100 μL of transport fluid was added to the buffer.

In addition to the adapted sample use, we evaluated a second modification to the
operating protocol to improve the sensitivity (by halving the lysis buffer) on thirty RT-PCR-
positive samples. Instead of adding 10 drops of buffer, we added 5 drops for HeRDT and 4
for CoRDT instead of 8.
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The results were read double blind and the technicians performing the RDT were also
blinded to the RT-PCR results.

2.4. Clinical Data

We reviewed medical records to find clinical data regarding the presence of COVID-19
symptoms and, when present, the time from the onset of symptoms.

2.5. Statistics

The performance of both CoRDT and HeRDT was evaluated according to the criteria
of sensitivity and specificity with a corresponding 95% confidence interval (95% CI). Qiagen
RT-PCR was considered as the gold standard for this evaluation. Sensitivity was calculated
for two groups: (1) on positive NP swabs including all Ct values and (2) in NP swabs with
RT-PCR cycle threshold (Ct) values ≤31. This cut-off was used in the host laboratory to
assist with the interpretation of Ct: a positive sample with a Ct value >31, equivalent to a
viral load ≤1000 copies/mL, was considered to be a weakly positive result [8,9,15]. The
agreement between the two techniques was evaluated using Cohen’s kappa coefficient, κ,
with a corresponding 95% CI. Analyses were performed using the R software [19].

3. Results

For the Phase 1 validation, 63 samples were selected from patients presenting at the
COVID testing center of CHU Liège. This cohort included 15 negative (23.8%) and 48
positive NP swabs (76.2%). Positive samples presented RT-PCR Ct values between 20.2 and
35.9 Ct (median Ct = 28.3), corresponding to a SARS-CoV-2 viral load of between 1000 and
10,000,000 copies/mL. Of the 48 positive samples, 29 samples were detected as positive
with HeRDT; the test was positive for each of the three specimens in triplicate, reaching a
Ct value of 28. However, the results were increasingly inconsistent for those above this
value. The sample with the lowest viral load detected with HeRDT presented a Ct value of
31.5 (corresponding to a weakly positive result ≤1000 copies/mL). All RT-PCR-negative
samples were negative with both HeRDT and CoRDT, resulting in a specificity of 100%.
As shown in Table 1, the sensitivity for HeRDT was 60.4% while CoRDT—which detected
18 positive samples out of the 48 RT-PCR-positive NP swabs—presented a sensitivity of
37.5%. Since the samples with positive RT-PCR presenting a Ct value >31 were usually
considered to be weakly positive [15], the performance of both HeRDT and CoRDT was
calculated for a subgroup of specimens. This subgroup included all negative samples
(n = 15) and positive samples with a Ct value ≤31 in RT-PCR (n = 39). The improved
sensitivity (84.9% for HeRDT and 54.5% for CoRDT) observed in this subgroup is also
presented in Table 2.

By halving the volume of the lysis buffer (5 drops instead of 10, with 150 μL of sample)
for HeRDT, we observed an improved sensitivity (73.3%). Of the 30 Qiagen RT-PCR-
positive samples selected for this validation phase (Ct range: 24.1–33.8; median Ct 29.1), 22
samples were positive with HeRDT. The same specimens were also analyzed with CoRDT,
which identified only four positive results out of the 30 RT-PCR-positive samples (leading
to sensitivity of 13.3%). The results are shown in Table 3.
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Table 2. Phase 1 performance of HeRDT and CoRDT compared to RT-PCR (P = positive, N = negative).
The results for all Ct values ranging from 20.2 to 35.9 are presented in (A), and only Ct values ≤31.00
are presented in (B).

A. RT-PCR Sensitivity (%)
(95% CI)

Specificity (%) Lowest Viral
Load (Ct)P (n = 48) N (n = 15)

HeRDT
P 29 0 60.4 (45.3–73.9) 100 31.51
N 19 15

CoRDT
P 18 0 37.5 (24.3–52.7) 100 27.16
N 30 15

B. RT-PCR Sensitivity (%)
(95% CI)

Specificity (%) Lowest Viral
Load (Ct)P (n = 33) N (n = 15)

HeRDT
P 22 0 84.9 (68.1–94.9) 100 31.51
N 8 15

CoRDT
P 18 0 54.5 (36.4–71.9) 100 27.16
N 15 15

CI, confidence interval; CoRDT, COVID-19 Ag Respi-Strip from Coris Bioconcept; HeRDT, coronavirus antigen
rapid test cassette from Healgen Scientific.

Table 3. Sensitivity of HeRDT and CoRDT compared to RT-PCR after the improvement of operating
protocol (P = positive, N = negative). The results for all Ct values ranging from 24.1 to 33.8 are
presented in (A).

A. RT-PCR Sensitivity (%)
(95% CI)P (n = 30) N (n = 0)

HeRDT
P 22 /

73.3 (53.8–87.0)
N 8 /

CoRDT
P 4 /

13.3 (4.4–31.6)
N 26 /

Phase 2 validation was performed on 100 randomly selected routine NP swabs contain-
ing 50 negative and 50 positive Qiagen RT-PCR samples, with Ct values in the range of 16.7
to 37.3 (median Ct = 23.6); the viral load ranged from 1000 to >10,000,000 copies/mL) (Fig-
ure 1). For NP swabs taken from patients admitted to the emergency department and from
the testing center of the CHU Liège, 76% presented COVID-19 symptoms with a median
duration of 3 days (from 0 to 11 days), and 86.8% of symptomatic patients had symptoms
≤5 days. As shown in Table 4, HeRDT identified 44/50 positive samples (88% sensitivity).
The limit of detection was a sample with a Ct value of 33.8. The κ expressing the agreement
between Qiagen RT-PCR and HeRDT was 0.880 (95% CI: 0.788–0.972), which indicated
a strong agreement between the two techniques [20]. Thirty-one positive results out of
the 50 RT-PCR-positive samples were detected with CoRDT (indicating 62% sensitivity),
and the lowest viral load detected had a Ct value of 26.5 (corresponding to a positive
result between 1000 and 100,000 RNA copies/mL). The agreement κ index between CoRDT
and Qiagen RT-PCR was 0.620 (95% CI: 0.477–0.763), indicating a moderate agreement.
All RT-PCR-negative samples were also negative with both HeRDT and CoRDT, leading
to a 100% specificity. The performance of both assays was calculated for the subgroup,
counting only negative (n = 50) and positive samples with a Ct value ≤31 in RT-PCR
(n = 45). HeRDT showed a sensitivity of 91.1%. Cohen’s kappa coefficient for this subgroup
was 0.915 (CI: 0.833–0.997), indicating almost perfect agreement between HeRDT and
RT-PCR. In this subgroup, the sensitivity of CoRDT was also improved (68.9%), but the
κ expressing agreement between RT-PCR and CoRDT continued to indicate a moderate
agreement (κ = 0.699 (CI: 0.560–0.837)).
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Figure 1. HeRDT and CoRDT results according to the viral load (Ct).

Table 4. Phase 2 performance of HeRDT and CoRDT compared to RT-PCR (P = positive, N = negative).
The results for all Ct values ranging from 16.7 to 37.3 are presented in (A), and only Ct values ≤31.00
are presented in (B).

A. RT-PCR Sensitivity (%)
(95% CI)

Specificity (%) Lowest Viral
Load (Ct)P (n = 50) N (n = 50)

HeRDT
P 44 0 88.0 (75.0–95.0) 100 33.77
N 6 50

CoRDT
P 31 0 62.0 (47.2–75.0) 100 26.5
N 19 50

B. RT-PCR Sensitivity (%)
(95% CI)

Specificity (%) Lowest Viral
Load (Ct)P (n = 45) N (n = 50)

HeRDT
P 41 0 91.1 (78.8–97.5) 100 32.84
N 4 50

CoRDT
P 31 0 68.9 (53.4–81.8) 100 26.5
N 14 50

4. Discussion

Effective testing strategies combined with the good performance of diagnostic meth-
ods are essential for the control and management of COVID-19 patients, as well as for
asymptomatic carriers [21]. Multiple manufacturers have proposed RDTs for the detection
of SARS-CoV-2, with reported performances that should be confirmed by clinical validation
to reach minimum performance requirements (sensitivity ≥80% and specificity ≥97%) [8].
In this study, we assessed the performance of two RDT kits (CoRDT and HeRDT) in com-
parison with RT-PCR, which is considered as the gold standard method. The present
validation revealed a 100% specificity for both kits, while the sensitivity was, respectively,
88% and 62% for HeRDT and CoRDT. These results were applicable when considering
all positive samples from the validation Phase 2. Moreover, we decided to determine
the diagnostic accuracy of both RDTs in a subgroup of samples with RT-PCR-positive
samples not exceeding 31 Ct. In accordance with the literature and the quantification of the
viral load by calibrated standards, a SARS-CoV-2-positive individual with a value >31 Ct
(corresponding to a viral load <1000 copies/mL) is considered to be weakly positive [22].
In this studied subgroup, the sensitivity was higher, with 68.9% for CoRDT and 91.1%
for HeRDT. In October 2020, Sciensano (National Institute of Public Health in Belgium)
updated the COVID-19 testing strategies: RDT can be used as a diagnostic method for

106



J. Clin. Med. 2021, 10, 2774

COVID-19 in symptomatic patients with symptoms ≤5 days consulting at the emergency
department [21]. In fact, antigen detection methods are more effective in patients presenting
high SARS-CoV-2 viral loads, most often corresponding to the recent onset of symptoms.
As reported in other studies [14,23], a higher sensitivity of RDT was observed when testing
patients at an early stage of the disease. Similar results were observed in our study: a
predominant subgroup of patients presented COVID-19 symptoms with a symptom onset
delay ≤5 days. Clinical data were missing in 24% of samples included in this validation
step, while only 8% were taken from asymptomatic patients. Due to the high sensitivity
of HeRDT and the updated recommendations from the Belgian authorities for the use of
RDTs, we decided to implement HeRDT as a screening test for patients admitted to the
emergency department at the CHU Liège. However, all negative antigenic test results had
to be confirmed by RT-PCR.

In addition to the viral load and the number of days of post-symptoms, other factors
may influence the performance of the RDT. Among these, our modified sample processing
method may impact the results [14,23]. We chose to process RDTs directly from the
transport medium, which was also used for RT-PCR, in order to compare results from the
same sample. The adaptation led to a dilution of the NP swab that may partly explain the
differences in the performance compared to those announced by the kit’s manufacturers
or described in other studies [13,24]. Carrying out the RDT directly using the NP swab
transport medium—without diluting it in the kit buffer—may improve the sensitivity, as
already demonstrated in other studies [14].

Rapid diagnostic tests (RDTs) can provide multiple advantages compared to PCR
methods. They cost less and are easier to use (simpler equipment, requirement of basic
skills compared to molecular tests). They present a shorter turnaround-time compared to
RT-PCR and provide results at any hour in the day. However, RDTs may present a series of
disadvantages, such as the immunochromatographic tests needing to be read by humans,
the interpretation of the results possibly being subjective, and the manual encoding of data
being a possible source of error in the Laboratory Information Management System (LIMS),
especially in the case of decentralized point-of-care testing configurations. It is essential for
laboratories to easily retrieve the results of these RDTs in the LIMS, which can be used for
submission to authorities for pandemic monitoring or other purposes. However, the main
disadvantage of RDTs is associated with their lower sensitivity compared to RT-PCR, often
leading to the verification of negative results [9,25].

As previously described [23,24,26], the performance of an RDT depends on the viral
load of SARS-CoV-2 in samples, the delay from the onset of symptoms, any adaptation
of the testing protocol, and how the results are interpreted by the reader. Moreover, the
performance of an RDT is also influenced by the SARS-CoV-2 infection rate; a higher
prevalence of infection in the population corresponds to a higher positive predictive
value (PPV). Conversely, as the disease prevalence decreases, PPV decreases and the risk
of obtaining false positive results increases. During the beginning of the study period
(22 October to 27 October 2020), the prevalence of SARS-CoV-2 at the host hospital was
43.7%, leading to a PPV of 100% and a negative predictive value (NPV) of 91.5% for HeRDT.
For CoRDT, the calculated predictive values for the same period were 100% for PPV and
77.2% for NPV. For instance, in another context where the prevalence of COVID-19 is 5.0%
(prevalence at CHU Liège in January 2021), HeRDT would show a PPV of 100% and an
NPV of 99.4%. For CoRDT in the same situation, PPV and NPV would be 100% and 98%,
respectively. Contrary to other studies [24], our specificity reached 100%; therefore, it was
not possible to predict a PPV. It would be interesting to re-evaluate the specificity during
a period with a lower prevalence of COVID-19. It should also be noted that the Phase
2 validation performed in our laboratory was carried out on only 100 samples (50 RT-PCR-
positive and 50 RT-PCR-negative NP swabs). However, the European Centre for Disease
Prevention and Control (ECDC) recommends testing at least 100 positive and 100 negative
samples [25]. At the beginning of this validation study, these recommendations were not
yet available. However, a routine daily verification was performed for several weeks and
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confirmed the sensitivity observed during the second phase of the validation of HeRDT.
From 11 November to 31 December, 984 samples (971 negative and 13 positive) were
analyzed in parallel using a HeRDT test and QIAGEN RT-PCR assay, revealing a 97%
concordance between the two methods.

Increasing the number of sample tests and the examination of different prevalence con-
ditions remain relevant for validating RDTs and precisely confirming the manufacturer’s
diagnostic accuracy in real-life conditions.

In conclusion, RDTs have a real role in the COVID-19 testing strategy thanks to
their ease of use and capacity for mass screening and the rapid detection of SARS-CoV-2
24/7. This validation study showed that it is necessary to confirm the test performances
announced by manufacturers before implementing RDTs, especially in the case of protocol
adaptation. Although it is crucial to realize that RDT sensitivity is lower than RT-PCR, their
use can be of benefit in cases of limited access to molecular methods or when the RT-PCR
testing capacity is overburdened.
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19 Department of Infectious Diseases, Liver Diseases and Acquired Immune Deficiencies, Wroclaw Medical

University, 50-367 Wrocław, Poland; bartoszetela@gmail.com
* Correspondence: dorota1010@tlen.pl; Tel.: +48-662441465; Fax: +48-41-3682262

Abstract: Background: Patients with kidney failure are at an increased risk of progression to a severe
form of coronavirus disease 2019 (COVID-19) with high mortality. The current analysis was aimed
to assess the impact of renal failure on the severity of COVID-19 and identify the risk factors of
the fatal outcome in this population. Methods: The analysis included patients from the SARSTer
database, a national real-world study evaluating treatment for COVID-19 in 30 Polish centers. Data
were completed retrospectively and submitted online. Results: A total of 2322 patients were included
in the analysis. Kidney failure was diagnosed in 455 individuals (19.65%), of whom 373 presented
moderate stage and 82 patients, including 14 dialysis individuals, presented severe renal failure.
Patients with kidney failure were significantly older and demonstrated a more severe course of
COVID-19. The age, baseline SpO2, the ordinal scale of 4 and 5, neutrophil and platelet count,
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estimated glomerular filtration rate, and C-reactive protein concentration as well as malignancy
and arterial hypertension were the independent predictors of 28-day mortality in logistic regression
analysis. Conclusions: Underlying kidney disease in patients with COVID-19 is among the leading
factors associated with a higher risk of severe clinical presentation and increased mortality rate.

Keywords: kidney failure; SARS-CoV-2; COVID-19; mortality

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has rapidly spread
worldwide since it was first identified in December 2019 in Wuhan. Despite an unprece-
dented global public health effort, the outbreak became pandemic on 11 March 2020. After
one year, more than 120 million affected people with nearly 3 million deaths globally due
to coronavirus disease 2019 (COVID-19) were documented [1]. The clinical spectrum of
SARS-CoV-2 infection ranges from asymptomatic through mild and moderate respiratory
illness to critical life-threatening viral pneumonia with respiratory failure, septic shock, and
multiple organ dysfunction. The higher risk of the severe clinical presentation of COVID-19
is associated with older age, immunosuppressive therapy, and underlying comorbidities
including cardiovascular and chronic pulmonary illnesses, diabetes, cancers, and chronic
kidney diseases (CKD) [2–4].

The progressive loss of renal function in CKD results in alterations of the innate and
adaptive immune system, including decreased leukocyte phagocytic activity, dwindling
dendritic cells responsible for presenting antigens, depletion and dysfunction of B lympho-
cytes, and impaired cell-mediated immunity through an accelerated T cell turnover and
increased apoptosis of cluster of differentiation (CD) 4+ and CD8+ lymphocytes [5]. The
impaired immune response is associated with higher incidence and more severe course
of infections which appear to be responsible for a large part of the mortality, especially in
patients with end-stage renal disease (ESRD). Alongside secondary immunodeficiency, the
immune activation in patients with chronic kidney disease is observed [6]. The increased
production and decreased clearance of pro-inflammatory cytokines lead to systemic inflam-
mation and oxidative stress, which contribute to atherosclerotic cardiovascular disease and
other conditions worsening the prognosis of patients with SARS-CoV-2 infection.

The current analysis was aimed to assess the impact of kidney failure on the severity
of COVID-19 and to identify the risk factors of the fatal outcome of the disease in this
population in the real-world setting.

2. Materials and Methods

The study population consisted of patients included in the national database SARSTer,
which is an ongoing project supported by the Polish Association of Epidemiologists and
Infectiologists and covers 2784 adult individuals treated for COVID-19 between 1 March
and 31 December 2020 in 30 Polish centers. All the patients were diagnosed with COVID-19
based on positive results of the real-time reverse transcriptase-polymerase chain reaction
(RT-PCR) from the nasopharyngeal swab specimen [7].

The therapeutic management decisions were taken at the discretion of the treating
physician following the current medical knowledge and in line with the national recom-
mendations [8–10]. The SARSTer study had the approval of the Ethical Committee of the
Medical University of Białystok with a granted waiver of informed consent from study
participants due to its retrospective design, and the local bioethics committees in case of
the off-label use of medication in patients with COVID-19.

Patients’ data were retrieved retrospectively from hospital files and completed online
by a platform operated by “Tiba” sp. z o.o. The parameters gathered on admission included
age, gender, body mass index (BMI), comorbidities and concomitant medications, clinical
symptoms of SARS-CoV-2 infection, lung computed tomography scan, and selected lab
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values. The baseline laboratory data consisted of complete blood count, inflammatory
indicators (C-reactive protein (CRP), procalcitonin (PCT), ferritin, and interleukin 6 (IL-6)
concentration if tocilizumab (TCZ) prescription was considered), coagulation parameters
such as D-dimer, international normalized ratio (INR), and fibrinogen, the activity of
liver enzymes (aspartate and alanine aminotransferases, gamma-glutamyl transpeptidase,
lactate dehydrogenase), and renal function tests. Estimated glomerular filtration rate
(eGFR) was calculated with the MDRD Study equation and, using this measure, CKD
was defined as eGFR < 60 mL/min/1.73 m2 along with a history of kidney disease from
medical records [11]. According to renal function on admission, patients were stratified
into three groups: eGFR < 30 mL/min/1.73 m2, eGFR 30–60 mL/min/1.73 m2, and eGFR >
60 mL/min/1.73 m2.

The COVID-19 severity on hospital admission was determined based on blood oxygen
saturation (SpO2) and clinical status was defined as symptomatic stable with SpO2 > 95%,
symptomatic unstable with two levels of baseline saturation SpO2 91–95% or SpO2 ≤ 90%,
and critical with acute respiratory distress syndrome (ARDS). The information on the med-
ications applied for the treatment of COVID-19, including remdesivir (RDV), tocilizumab
(TCZ), dexamethasone, convalescent plasma, low weight molecular heparin, and antibi-
otics, as well as drug-related adverse events, were collected during the hospitalization.

The patients were scored at baseline and then every 7 days during the following
28 days after admission on an ordinal scale, which includes eight categories: 1. un-
hospitalized, no activity restrictions; 2. unhospitalized, no activity restrictions and/or
requiring oxygen supplementation at home; 3. hospitalized, does not require oxygen
supplementation and does not require medical care; 4. hospitalized, requiring no oxygen
supplementation, but requiring medical care; 5. hospitalized, requiring normal oxygen
supplementation, low-flow by mask or nasal prongs; 6. hospitalized, on non-invasive
ventilation with high-flow oxygen equipment; 7. hospitalized, for invasive mechanical
ventilation or ECMO; 8. death.

The study outcomes included death, need for mechanical ventilation, and clinical
improvement defined as at least a 2-point decrease in an ordinal scale classification from
baseline to 14, 21, and 28 days of hospitalization.

To evaluate the impact of chronic kidney disease on the outcome of COVID-19, the
analysis was performed concerning the eGFR at baseline.

Statistical Analysis

The results are expressed as mean ± standard deviation (SD) or n (%) and odds ra-
tios with 95% confidence intervals. p values of <0.05 were considered to be statistically
significant. The significance of difference was calculated by Fisher’s exact test for nominal
variables and by Mann–Whitney U and Kruskal–Wallis ANOVA for continuous and ordinal
variables. Due to the highly variable group size, the Fisher’s p-values were accompanied by
OR as the sample size independent effect size measures. The association between variables
was measured by Spearman’s rank correlation coefficient and its significance test p-values.
Survival analyses between patients with different eGFR ranges (Kaplan–Meier curves)
were performed by Log-rank (Mantel–Cox) Test. Forward stepwise logistic regression
models with Bayesian Information Criterion (BIC) as a model selection criterion were
performed with death within 28-days after the start of hospitalization as the dependent
variable. Among independent variables tested for the best model were age, sex, BMI, arte-
rial hypertension, diabetes, coronary artery disease, chronic obstructive pulmonary disease,
malignancy, GFR range, baseline levels of SpO2, CRP, procalcitonin, WBC, lymphocyte
and neutrophil counts, platelets, D-dimer, ALT as well as therapy with dexamethasone,
remdesivir, tocilizumab, and heparins. Logistic regression models were calculated by use
of Statistica 13.0 (TIBCO Software Inc., Palo Alto, CA, USA).
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3. Results

Among 2784 adult patients included in the SARSTer project, the data on kidney function
were provided for 2322 individuals with a mean age of 60.4 ± 17.1 years and male predominance
(53%). Among them, 455 individuals presented kidney impairment, a moderate stage of renal
insufficiency was diagnosed in 373 patients with eGFR 30–60 mL/min/1.73 m2, of which six
underwent kidney transplantation, and 82 patients with eGFR < 30 mL/min/1.73 m2 were
diagnosed with severe renal failure (68 patients with non-dialysis dependent CKD) and ESRD
(14 dialysis patients). Among patients with renal failure, 328 with moderate and 74 with severe
stage had the diagnosis of chronic kidney disease based on the medical file, whereas in the
remaining 53 individuals we were not able to confirm CKD due to incomplete records or
disturbed communication with patients. Despite the lack of a previous diagnosis of CKD and
no follow-up during three months after discharge from the hospital, we included these patients
based on the depth-analysis of the available data concerning comorbidities and taking into
account the age of patients as a risk factor of CKD and no improvement in the renal function
after hydration. The detailed baseline characteristics of the patients according to kidney function
on admission to the hospital are summarized in Table 1.

Table 1. Baseline characteristics of patients according to kidney function.

Characteristic
eGFR > 60 mL/min

n = 1867

eGFR
30–60 mL/min

n = 373

eGFR < 30 mL/min
n = 82

p

Age

Mean (SD) 57.1 (16.5) 73.4 (12.5) 76.5 (12.9) <0.001

>70 years (%) 397 (21.3) 240 (64.3) 57 (69.5) <0.001

Gender

Female, n (%) 869 (46.5) 177 (47.5) 44 (53.7) 0.44
Male, n (%) 998 (53.5) 196 (52.5) 38 (46.3)

Body mass index, mean (SD) 27.8 (5.1) 28.5 (5.3) 29.2 (6.9) 0.03

Disease severity at the baseline, n (%)

Oxygen saturation 91–95% 596 (31.9) 129 (34.6) 24 (29.3) 0.51

Oxygen saturation ≤ 90% 526 (28.2) 169 (45.3) 43 (52.4) <0.001

Score on ordinal scale, n (%)

3. Hospitalized, does not require oxygen supplementation
and does not require medical care 131 (7%) 3 (1.9%) 1 (1.2%) <0.001

4. Hospitalized, requiring no oxygen supplementation, but
requiring medical care 833 (44.6) 108 (29) 21 (25.6) <0.001

5. Hospitalized, requiring normal oxygen supplementation 835 (44.7) 244 (65.4) 54 (65.9) <0.001

6. Hospitalized, on non-invasive ventilation with high-flow
oxygen equipment 61 (3.3) 14 (3.7) 3 (3.7) 0.88

7. Hospitalized, for invasive mechanical ventilation or ECMO 6 (0.3) 0 3 (3.7) -

Concomitant medications, n (%) 1071 (57.4) 331 (88.7) 69 (84.1) <0.001

Coexisting conditions, n (%) 1285 (68.9) 354 (94.9) 77 (93.9) <0.001

Arterial hypertension 719 (38.5) 268 (71.8) 53 (64.6) <0.001

Coronary artery disease 155 (8.3) 92 (24.7) 27 (32.9) <0.001

Heart failure 58 (3.1) 51 (13.7) 20 (24.4) <0.001

Atrial fibrillation 88 (4.7) 59 (15.8) 11 (13.4) <0.001

Diabetes 268 (14.4) 53 (14.2) 30 (36.6) <0.001

Cerebrovascular disease 48 (2.6) 23 (6.2) 4 (4.9) 0.001

Malignancy 99 (5.3) 42 (11.3) 9 (11) <0.001

Chronic obstructive pulmonary disease 46 (2.5) 29 (7.8) 2 (2.4) <0.001

Bronchial asthma 91 (4.9) 20 (5.4) 6 (7.3) 0.58

Chronic liver disease 49 (2.6) 7 (1.9) 1 (1.2) 0.53

Dementia 47 (2.5) 21 (5.6) 6 (7.3) 0.001

Hypothyroidism 136 (7.3) 28 (7.5) 1 (1.2) 0.10

eGRF, estimated glomerular filtration rate; SD, standard deviation; ECM, extracorporeal membrane oxygenation.
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Patients with renal failure were significantly older and demonstrated a more severe
course of COVID-19 on admission, defined by the higher rate of patients with an oxygen
saturation ≤ 90% and a greater percentage of the more advanced categories on the ordi-
nal scale. Patients with CKD more frequently suffered from diabetes and cardiovascular
diseases including arterial hypertension, coronary artery disease, heart failure, and atrial
fibrillation, and were more likely to be treated with insulin, oral antidiabetics, and anti-
hypertensive drugs, compared to non-CKD individuals. Among medications reducing
blood pressure, beta-blockers and diuretics were used predominantly in patients with renal
failure (Supplementary Table S1).

Significantly higher values of inflammatory parameters including the concentration
of CRP, PCT, and IL-6, as well as white blood cell and neutrophil counts, and lower platelet
counts were documented in patients with CKD on admission (Table 2).

Table 2. Baseline laboratory indicators according to the baseline kidney function.

Characteristic
eGFR > 60

mL/min
n = 1867

eGFR 30–60
mL/min
n = 373

eGFR < 30
mL/min
n = 82

p

CRP mg/L, mean (SD) 65.5 (73.8) 91.7 (85.2) 107 (85.2) <0.001
Procalcitonin ng/mL, mean (SD) 0.28 (1.82) 1.30 (6.8) 2.83 (6.6) <0.001

Leukocytes 1/μL, mean (SD) 6405 (3079) 8962 (15028) 8700 (4563) <0.001
Lymphocytes 1/μL, mean (SD) 1311 (909) 1532 (4064) 1026 (630) <0.001
Neutrocytes 1/μL, mean (SD) 4446 (2767) 5717 (4575) 7050 (4136) <0.001
Platelets 1000/μL, mean (SD) 221 (90.5) 202 (96) 208.5 (125.1) <0.001

IL-6 pg/mL, mean (SD) 47.0 (94.2) 108.7 (209.1) 211.2 (600.3) <0.001
D-dimers ng/mL, mean (SD) 1638 (5448) 2127 (3628) 5113 (11612) <0.001

ALT IU/L, mean (SD) 41 (39) 36 (29) 52 (223) 0.001
CRP, C-reactive protein; ALT, alanine aminotransferase.

Patients with CKD were more often treated for COVID-19 with IL-6 inhibitor tocilizumab
(TCZ), dexamethasone, and low molecular weight heparin compared with patients without
kidney abnormalities. The application of remdesivir (RDV) was significantly lower in
CKD patients, and five individuals with severe renal failure received off-label RDV, four
of them were concurrently treated with TCZ, and two with dexamethasone—all were
scored on admission in category 5 on the ordinal scale. Antibiotics were administered more
frequently in those with severe renal failure (Table 3).

Table 3. In-hospital treatment for COVID-19 according to the baseline kidney function.

Medications
eGFR > 60

mL/min
n = 1867

eGFR 30–60
mL/min
n = 373

eGFR < 30
mL/min
n = 82

p

Related to COVID-19, n (%)
Remdesivir 454 (24.3) 81 (21.7) 5 (6.1) <0.001
Tocilizumab 186 (9.9) 79 (21.1) 14 (17.1) <0.001

Dexamethason 492 (26.3) 137 (36.7) 35 (42.7) <0.001
Convalescent plasma 216 (11.6) 44 (11.8) 16 (19.5) 0.09

Low molecular weight heparin 1306 (70) * 299 (80.2) ** 69 (84.1) *** <0.001
* 1208 patients received prophylactic dose and 98 therapeutic dose. ** 251 patients were on prophylactic dose only,
17 received prophylactic dose on admission and then therapeutic dose during hospitalization, and 31 patients were
on therapeutic dose from admission. *** 55 patients were on prophylactic dose, 14 patients received prophylactic
then therapeutic and remaining 8 were on therapeutic dose.

Continuous renal replacement therapy was continued only in 14 hemodialyzed pa-
tients, this therapy was not initiated by anyone else, and no patient was treated with
hemoperfusion to remove cytokines.
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As shown in Table 4, 28-day in-hospital mortality and the need for mechanical ventilation
significantly increased in direct proportion to the degree of renal impairment. Moreover,
clinical improvement was significantly slower in patients with advanced renal impairment.

Table 4. Outcome according to baseline kidney function.

A
eGFR > 60

mL/min

B
eGFR 30–60

mL/min

C
eGFR < 30

mL/min

Odds Ratio
A vs. B

Odds Ratio
B vs. C

Odds Ratio
A vs. C

n n = 1867 n = 373 n = 82

Death, n (%) 132 (7.1) 82 (22) 35 (42.7)
0.27

(0.20–0.36)
p < 0.001

0.38
(0.23–0.62)
p < 0.001

0.10
(0.06–0.17)
p < 0.001

Death time, mean
(SD), days 14.4 (10.8) 10.8 (8.2) 8 (6.6) <0.001 p = 0.01 p = 0.48

Mechanical
ventilation, n (%) 86 (4.6) 35 (9.4) 10 (12.2)

0.47
(0.31–0.70)
p < 0.001

0.74
(0.35–1.57)

p = 0.42

0.35
(0.17–0.70)
p = 0.006

Clinical
improvement 14th

day, n (%)
1068 (57.2) 158 (42.4) 21 (25.6)

1.81
(1.45–2.28)
p < 0.001

2.13
(1.25–3.65)
p = 0.006

3.89
(2.34–6.43)
p < 0.001

Clinical
improvement 21st

day, n (%)
1467 (78.6) 222 (59.5) 34 (41.5)

2.45
(1.97–3.15)
p < 0.001

2.07
(1.28–3.37)
p = 0.003

5.18
(3.29–8.14)
p < 0.001

Clinical
improvement 28th

day, n (%)
1601 (85.8) 262 (70.2) 40 (48.8)

2.55
(1.97–3.30)
p < 0.001

2.47
(1.52–4.03)

<0.001

6.32
(4.02–9.93)

<0.001

The analysis of the outcome according to baseline kidney function that also takes into
account the selected parameters at the admission is presented in the supplementary tables
(Supplementary Tables S3–S5).

The analysis performed depending on the survival revealed that patients who died
were significantly older, with a higher proportion of males, a greater percentage of baseline
oxygen saturation ≤ 90%, more severe clinical presentation on admission in terms of oxygen
demand, more frequent comorbidities and treatment with concomitant medications, with
significantly higher values of inflammatory parameters and D-dimer level, and lower
platelet count. Those patients were more likely to be treated with TCZ, dexamethasone,
convalescent plasma, low molecular weight heparin, and antibiotics. Furthermore, higher
rates of individuals with moderate and severe kidney failure were reported in this group
of patients (Table 5).

Among patients with eGFR < 30 mL/min/1.73 m2, no statistically significant dif-
ferences were noticed between dialyzed and not dialyzed patients regarding baseline
demographic and clinical measures as well as effectiveness outcomes (Supplementary
Table S2). However, those who died were significantly older, with a higher proportion of
baseline oxygen saturation ≤ 90%, were more likely to have coexisting conditions, with
higher AST activity on admission, and were more frequently treated with antibiotics during
hospitalizations (Table 6).
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Table 5. Comparison of patients who died or survived regardless of kidney function.

Characteristic
Died

N = 249
28-Day Survive

N = 2073
p-Value

Age

Mean (SD) 74.2 (11.9) 58.7 (16.9) <0.001

>70 years (%) 158 (63.5) 536 (25.9) <0.001

Gender

Female, n (%) 95 (38.2) 995 (48) 0.04

Male, n (%) 154 (61.8) 1078 (52) 0.04

Body mass index, mean (SD) 27.9 (6.1) 28 (5.1) 0.47

Disease severity at the baseline, n (%)

Oxygen saturation 91–95% 51 (20.5) 698 (33.7) <0.001

Oxygen saturation ≤ 90% 169 (67.9) 569 (27.5) <0.001

Score on ordinal scale, n (%)

3. Hospitalized, does not require oxygen supplementation and does
not require medical care 1 (0.4) 138 (6.7)

<0.001

4. Hospitalized, requiring no oxygen supplementation, but requiring
medical care 36 (14.5) 926 (44.7)

5. Hospitalized, requiring normal oxygen supplementation 174 (69.9) 959 (46.3)

6. Hospitalized, on non-invasive ventilation with high-flow
oxygen equipment 30 (12) 48 (2.3)

7. Hospitalized, for invasive mechanical ventilation or ECMO 8 (3.2) 1 (0.05)

Concomitant medications, n (%) 205 (82.3) 1266 (61.1) <0.001

Coexisting conditions, n (%) 233 (93.6) 1483 (71.5) <0.001

Medication related to COVID-19, n (%)

Remdesivir 61 (24.5) 479 (23.1) 0.68

Tocilizumab 55 (22.1) 224 (10.8) <0.001

Dexamethason 135 (54.2) 529 (25.5) <0.001

Convalescent plasma 50 (20.1) 226 (10.9) <0.001

Low molecular weight heparin 203 (81.5) 1471 (71) <0.001

Antibiotics 183 (73.5) 1045 (50.4) <0.001

CRP mg/L, mean (SD) 128.5 (91.7) 64.2 (72.1) <0.001

Procalcitonin ng/mL, mean (SD) 2.0 (6.2) 0.36 (2.98) <0.001

Leukocytes 1/μL, mean (SD) 10,622 (16,729) 6450 (3963) <0.001

Lymphocytes 1/μL, mean (SD) 1186 (2122) 1354 (1798) <0.001

Neutrocytes 1/μL, mean (SD) 7354 (5150) 4441 (2796) <0.001

Platelets 1000/μL, mean (SD) 210 (109) 219 (91) 0.008

IL-6 pg/mL, mean (SD) 192.4 (399.7) 50.2 (107.4) <0.001

D-dimers ng/mL, mean (SD) 4654 (9820) 1507 (4722) <0.001

ALT IU/L, mean (SD) 51 (133) 39 (37) 0.06

eGFR < 30 mL/min/1,73 m2, n(%) 35 (14.1) 47 (2.3)

<0.001eGFR 30–60 mL/min/1,73 m2, n(%) 82 (32.9) 291 (13.7)

eGFR > 60 mL/min/1,73 m2, n(%) 132 (53.0) 1735 (84.0)
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Table 6. Comparison of patients with eGFR < 30 mL/min who died or survived.

Characteristic
Died

N = 35
28-Day Survive

N = 47 p-Value

Age

Mean (SD) 80.7 (9.4) 73.4 (14.2) 0.02

>70 years (%) 30 (85.7) 27 (57.4) 0.007

Gender

Female, n (%) 19 (54.3) 25 (53.2) 1.00

Male, n (%) 16 (45.7) 22 (46.8) 1.00

Body mass index, mean (SD) 28.2 (7.7) 29.6 (6.5) 0.36

Disease severity at the baseline, n (%)

Oxygen saturation 91–95% 7 (20) 17 (36.2) 0.14

Oxygen saturation ≤ 90% 24 (68.6) 19 (40.4) 0.01

Score on ordinal scale, n (%)

3. Hospitalized, does not require oxygen supplementation and does not require
medical care 0 1 (2.1) 1.00

4. Hospitalized, requiring no oxygen supplementation, but requiring
medical care 7 (20) 14 (29.8) 0.44

5. Hospitalized, requiring normal oxygen supplementation 23 (65.7) 31 (66) 1.00

6. Hospitalized, on non-invasive ventilation with high-flow oxygen equipment 2 (5.7) 1 (2.1) 0.57

7. Hospitalized, for invasive mechanical ventilation or ECMO 3 (8.6) 0 0.07

Concomitant medications, n (%) 27 (77.1) 30 (63.8) 0.23

Coexisting conditions, n (%) 33 (94.3) 31 (66) 0.002

Medication related to COVID-19, n (%)

Remdesivir 1 (2.9) 4 (8.5) 0.39

Tocilizumab 3 (8.6) 11 (23.4) 0.13

Dexamethason 15 (42.9) 20 (42.6) 1.00

Convalescent plasma 4 (11.4) 12 (25.6) 0.16

Low molecular weight heparin 28 (80) 41 (87.2) 0.54

Antibiotics 28 (65.1) 27 (57.5) 0.04

CRP mg/l, mean (SD) 120.1 (93) 97.3 (78.6) 0.28

Procalcitonin ng/mL, mean (SD) 4.75 (9.2) 1.45 (3.3) 0.07

Leukocytes 1/μL, mean (SD) 9351 (4540) 8214 (4568) 0.13

Lymphocytes 1/μL, mean (SD) 1042 (643) 1014 (628) 0.78

Neutrocytes 1/μL, mean (SD) 7803 (3871) 6527 (4274) 0.08

Platelets 1000/μL, mean (SD) 200 (103) 215 (141) 0.70

IL-6 pg/mL, mean (SD) 470.9 (1036.5) 95.8 (164.8) 0.24

D-dimers ng/mL, mean (SD) 4360 (4845) 5696 (14,940) 0.25

ALT IU/L, mean (SD) 86 (333) 26 (19) 0.43

AST IU/L, mean (SD) 72 (83) 38 (33) 0.03

GGTP IU/L, mean (SD) 33 (14) 69 (76) 0.60

LDH IU/L, mean (SD) 406 (205) 414 (192) 0.89

INR, mean (SD) 1.46 (0.83) 1.16 (0.14) 0.38

Fibrinogen mg/dL, mean (SD) 567 (150) 553.7 (216.1) 0.54

Ferritin mcg/L, mean (SD) 1828.2 (1507.3) 1244 (1533.7) 0.13

One of the five patients with eGFR < 30 mL/min/1.73 m2 who received RDV died
due to sepsis. In the remaining four, no safety issues were observed and no deterioration
in renal function was documented, and in two of them clinical improvement—in one after
21 and in another after 28 days of hospitalization—was reported.
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The independent predictors of 28-day mortality in logistic regression analyses were
age, baseline SpO2, the ordinal scale of 4 and 5, neutrophil and platelet count, eGFR, and
CRP concentration (Figure 1, Table 7).

Figure 1. Kaplan–Meier survival curves of the CKD groups dependent on the eGFR.

Table 7. Baseline factors independently associated with 28-days mortality based on forward stepwise
logistic regression model.

Estimate of β SE tStat p Value

(Intercept) 854,282 <0.001
Age (per year) 0.139 0.023 5991 <0.001

SpO2 (%) −0.213 0.025 −8578 <0.001
Neutrophils 0.153 0.022 6915 <0.001

Platelets −0.073 0.020 −3655 <0.001
CRP (mg/dL) 0.048 0.022 2123 0.034

Ordinal scale (2) −0.038 0.044 −0.857 0.391
Ordinal scale (3) −0.055 0.042 −1302 0.193
Ordinal scale (4) −0.160 0.081 −1987 0.047
Ordinal scale (5) −0.195 0.080 −2429 0.015
Ordinal scale (6) 0.027 0.033 0.821 0.411

Arterial hypertension (no) 0.069 0.021 3260 0.001
Iscehmic heart disease (no) −0.053 0.020 −2637 0.008

Malignancy (No) −0.120 0.019 −6384 <0.001
eGFR < 30 mL/min 0.195 0.034 5649 <0.001

eGFR 30–60 mL/min −0.090 0.034 −2592 <0.001
p-value < 0.001.

Among comorbidities, most notably malignancy as well as arterial hypertension (HA)
and ischemic heart diseases were associated with mortality, while diabetes mellitus (DM)
and chronic obstructive pulmonary disease (COPD) were not. Interestingly, in this cohort
of 2322 COVID-19 patients, we were not able to show an independent effect of therapies,
BMI, and baseline D-dimers, ALT, or procalcitonin on overall 28-day mortality.

4. Discussion

Chronic kidney disease is an increasing public health issue affecting 8–16% of the
population worldwide [12]. Patients with CKD are highly susceptible to COVID-19 and
are at an increased risk of progression to a severe or critical form of the disease because of
impaired immunity; additionally, they are at enhanced risk of SARS-CoV-2 infection due to
frequent hospital attendance [2,13–18]. The prevalence of CKD in patients with COVID-19
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has been reported in a wide range of approximately 1–47%; however, it is suggested that
the lowest values result from underestimation [16,19–21]. Among patients with COVID-
19 hospitalized in 30 Polish centers included in the current analysis, nearly 20% were
diagnosed with CKD, of which 18% presented severe renal failure. In addition to the worse
patient’s status regarding the severity of COVID-19 when admitted to the hospital, we
found the pre-existing renal disease to be independently associated with higher in-hospital
mortality, especially in those with severe kidney failure, and our findings are in line with the
results of previous studies [13,14,22–26]. The Global Burden of Disease (GBD) collaboration
recently estimated the risk factors for severe COVID-19 worldwide using results from
international databases and large multimorbidity studies from different countries, and
determined that CKD is a condition conveying the highest risk for the severe presentation
of the disease and COVID-19-related death [27]. In the current study, no difference in
mortality was demonstrated between dialysis and non-dialysis dependent patients with
severe renal failure, but it must be emphasized that the group of dialysis patients in the
analyzed cohort was relatively small—only 14 patients. However, our findings of the
comparable death risk regardless of the dialysis are consistent with observations from the
study conducted by Flythe et al.

The reported death rates of 50% in 143 dialysis and 521 non-dialysis dependent
individuals with CKD and 35% in 3600 non-CKD patients are higher than those noted in
our analysis, but it is noteworthy that the abovementioned study included only critically
ill patients with COVID-19 treated in intensive care units (ICU) [23]. The investigation
performed by Yang et al. in 836 patients revealed in-hospital mortality rates of 9%, 50%,
and 66.7% in non-CKD, non-dialysis dependent CKD, and dialysis patients, respectively.
Of note, the proportions of individuals with the moderate presentation of COVID-19 were
similar among those without and with non-dialysis dependent CKD (73.7% and 75%,
respectively), and much lower in dialysis patients (40%), who were more frequently scored
as severe cases on admission, which has had an impact on the fatal outcome [25].

The negative impact on the outcome was demonstrated for the baseline oxygen
saturation corresponding to the severity of COVID-19 on admission—35.5% of patients
with moderate and almost 56% with severe renal failure classified at baseline as SpO2 ≤
90% died compared to a 16.5% mortality rate among non-CKD individuals. The category 5
in an ordinal scale on admission associated with the need for oxygen supplementation was
an independent factor related to higher mortality, and our findings are consistent with the
results of the other studies [28,29].

We confirmed older age as an independent strong predictor for in-hospital mortality,
which is in line with previous reports and calculations performed by GBD collaboration
in patients with CKD [2,3,15,22,23,27,30]. On the contrary, Cai et al., in a meta-analysis
of 12 studies including CKD patients, documented a higher mortality rate in those below
70 years compared to older patients, explaining this finding by the more frequent rate of
the other comorbidities with stronger than CKD association with increased risk of death
among the elderly [14].

We did not demonstrate gender as a factor influencing the clinical status on admission
and in-hospital mortality in CKD patients, and among those with severe renal failure, the
death rate was nearly equal between females and males. Thus, the results of our study
differ from other reports documenting a higher risk of severe course and COVID-19-related
death rate in males [2,4,22,27,30,31].

In the current analysis, patients with CKD presented significantly increased baseline
leukocyte and neutrophil counts, a higher level of inflammatory markers, including CRP,
PCT, and IL-6 concentration, as well as D-dimer level compared to patients without CKD.
Those parameters were increased in direct proportion to the degree of renal impairment
and probably corresponded to a proinflammatory state. The high CRP concentration, the
increased neutrophils, and the decreased platelet counts on admission were independently
associated with a significantly higher in-hospital death rate in patients with CKD, which
supported results from other studies [22,23,25,30,32,33]. Among comorbidities, arterial
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hypertension, ischemic heart disease, and malignancy were found to be independent
negative predictors of 28-day survival and these findings, whereas diabetes and COPD
were not. The impact of coexisting diseases was investigated in many studies and results
are divergent depending on the analyzed population, sample size, and the nature of the
study. Meta-analysis performed among Iranian patients by Merjalili et al. revealed that
diabetes was associated with higher mortality, while arterial hypertension was not [26].
Park et al. analyzed the Korean population and found both diabetes and hypertension to
be risk factors for death in the course of COVID-19 [34]. The same results were achieved
by Gupta et al. among Indian patients [35]. Chen et al. demonstrated only ischemic heart
disease and cerebrovascular disease to be independently associated with high mortality in
Chinese patients [36]. According to the results of the meta-analysis conducted by Chaoqun
et al., the presence of cerebrovascular disease, DM, COPD, malignancy, and hypertension
was related to higher mortality in the course of COVID-19 [15]. Factors associated with an
increased risk of death documented by Wiliamson et al. included ischemic heart disease,
DM, and malignancy, especially hematological [2]. It should be pointed out that the
percentage of diabetes among patients with severe renal failure was significantly higher
compared to those with moderate kidney impairment and non-CKD individuals, which
allows us to suppose that diabetic nephropathy is responsible for some cases of ESKD.

Of COVID-19-related medications, dexamethasone and tocilizumab were used more
frequently in patients with CKD, probably as a result of more severe clinical presentation of
the disease, so we were not able to show an independent effect of those therapies. According
to the summary of product characteristics, the application of RDV was significantly lower
in CKD patients; however, five individuals with severe renal failure scored at baseline in
category 5 on an ordinal scale and received off-label RDV, and one of them died; however, it
should be pointed out that in the remaining four patients no deterioration in renal function
was documented [37]. Similar observations in a small series of 20 patients with ESKD
treated with RDV were published by Pettit et al., where therapy appeared to be relatively
safe and the potential benefit outweighed the theoretical risk of renal toxicity [38].

We are aware of several limitations of our study associated with its retrospective
design—the analyses were based on the clinically available electronic captured data with
possible entry errors, a lack of information about the causes of CKD, and in some cases
a lack of confirmation of CKD due to incomplete records, and also missing laboratory
tests in some patients, which did not allow us to assess the impact on the mortality of the
selected parameters. As treatment with RDV and TCZ is not indicated in patients with
eGFR <30 mL/min/1.73 m2 and, in turn, the absence of such treatment may influence the
investigated outcomes, we may overestimate the causal effect of CKD on study endpoints.
Lastly, due to the lack of control laboratory tests during hospitalization in some patients, we
performed analysis taking into consideration the baseline renal status of patients with CKD,
not looking at the development of acute kidney injury (AKI) in the course of COVID-19
in those individuals, although the experience from previous reports showed that AKI is
associated with higher mortality [24,39–41].

However, the strengths of our study include a large number of patients from the
heterogeneous population, covering different parts of the country, which increases the
generalizability of the findings—all of them had a laboratory-confirmed SARS-CoV-2
infection and the patients were followed up for 28 days.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcm10092042/s1, Table S1: Medications for the treatment of comorbidities, Table S2: Patients
with eGFR < 30 mL/min according to dialysis, Table S3: Patients with baseline CRP ≥ 100 mg/L—
outcome according to kidney function, Table S4: Patients with baseline SpO2 ≤ 90%—outcome
according to kidney function, Table S5: Patients with baseline D-dimers ≥ 1000 ng/mL—outcome
according to kidney function.
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Zarębska-Michaluk, D. Management of SARS-CoV-2 infection: Recommendations of the Polish Association of Epidemiologists
and Infectiologists. Annex no. 2 as of 13 October 2020. Pol. Arch. Intern. Med. 2020, 130, 915–918. [CrossRef]

11. Levey, A.S.; Stevens, L.A.; Schmid, C.H.; Zhang, Y.L.; Castro, A.F., 3rd; Feldman, H.I.; Kusek, J.W.; Eggers, P.; Van Lente, F.;
Greene, T.; et al. A new equation to estimate glomerular filtration rate. Ann. Intern Med. 2009, 150, 604–612. [CrossRef]

12. Chen, T.K.; Knicely, D.H.; Grams, M.E. Chronic Kidney Disease Diagnosis and Management: A Review. JAMA 2019, 322,
1294–1304. [CrossRef]

122



J. Clin. Med. 2021, 10, 2042

13. Cheng, Y.; Luo, R.; Wang, K.; Zhang, M.; Wang, Z.; Dong, L.; Li, J.; Yao, Y.; Ge, S.; Xu, G. Kidney disease is associated with
in-hospital death of patients with COVID-19. Kidney Int. 2020, 97, 829–838. [CrossRef]

14. Cai, R.; Zhang, J.; Zhu, Y.; Liu, L.; Liu, Y.; He, Q. Mortality in chronic kidney disease patients with COVID-19: A systematic
review and meta-analysis. Int. Urol. Nephrol. 2021, 1–7. [CrossRef]

15. Ma, C.; Gu, J.; Hou, P.; Zhang, L.; Bai, Y.; Guo, Z.; Wu, H.; Zhang, B.; Li, P.; Zhao, X. Incidence, clinical characteristics and
prognostic factor of patients with COVID-19: A systematic review and meta-analysis. medRxiv 2020. [CrossRef]

16. ERA-EDTA Council; ERACODA Working Group. Chronic kidney disease is a key risk factor for severe COVID-19: A call to
action by the ERA-EDTA. Nephrol. Dial. Transplant. 2021, 36, 87–94. [CrossRef]

17. Singh, A.K.; Gillies, C.L.; Singh, R.; Singh, A.; Chudasama, Y.; Coles, B.; Seidu, S.; Zaccardi, F.; Davies, M.J.; Khunti, K. Prevalence
of co-morbidities and their association with mortality in patients with COVID-19: A systematic review and meta-analysis. Diabetes
Obes. Metab. 2020, 22, 1915–1924. [CrossRef] [PubMed]

18. Henry, B.M.; Lippi, G. Chronic kidney disease is associated with severe coronavirus disease 2019 (COVID-19) infection. Int. Urol.
Nephrol. 2020, 52, 1193–1194. [CrossRef]

19. Russo, E.; Esposito, P.; Taramasso, L.; Magnasco, L.; Saio, M.; Briano, F.; Russo, C.; Dettori, S.; Vena, A.; Di Biagio, A.; et al.
GECOVID working group. Kidney disease and all-cause mortality in patients with COVID-19 hospitalized in Genoa, Northern
Italy. J. Nephrol. 2021, 34, 173–183. [CrossRef] [PubMed]

20. Askari, H.; Sanadgol, N.; Azarnezhad, A.; Tajbakhsh, A.; Rafiei, H.; Safarpour, A.R.; Gheibihayat, S.M.; Raeis-Abdollahi, E.;
Savardashtaki, A.; Ghanbariasad, A.; et al. Kidney diseases and COVID-19 infection: Causes and effect, supportive therapeutics
and nutritional perspectives. Heliyon 2021, 7, e06008. [CrossRef] [PubMed]

21. Emami, A.; Javanmardi, F.; Pirbonyeh, N.; Akbari, A. Prevalence of Underlying Diseases in Hospitalized Patients with COVID-19:
A Systematic Review and Meta-Analysis. Arch. Acad. Emerg. Med. 2020, 8, e35.

22. Ozturk, S.; Turgutalp, K.; Arici, M.; Odabas, A.R.; Altiparmak, M.R.; Aydin, Z.; Cebeci, E.; Basturk, T.; Soypacaci, Z.; Sahin, G.; et al.
Mortality analysis of COVID-19 infection in chronic kidney disease, haemodialysis and renal transplant patients compared with
patients without kidney disease: A nationwide analysis from Turkey. Nephrol. Dial. Transplant. 2020, 35, 2083–2095. [CrossRef]

23. Flythe, J.E.; Assimon, M.M.; Tugman, M.J.; Chang, E.H.; Gupta, S.; Shah, J.; Sosa, M.A.; Renaghan, A.D.; Melamed, M.L.;
Wilson, F.P.; et al. STOP-COVID Investigators. Characteristics and Outcomes of Individuals With Pre-existing Kidney Disease
and COVID-19 Admitted to Intensive Care Units in the United States. Am. J. Kidney Dis. 2021, 77, 190–203.e1. [CrossRef]
[PubMed]

24. Coca, A.; Burballa, C.; Centellas-Pérez, F.J.; Pérez-Sáez, M.J.; Bustamante-Munguira, E.; Ortega, A.; Dueñas, C.; Arenas, M.D.;
Pérez-Martínez, J.; Ruiz, G.; et al. Outcomes of COVID-19 among Hospitalized Patients with Non-dialysis CKD. Front. Med. 2020,
7, 615312. [CrossRef]

25. Yang, D.; Xiao, Y.; Chen, J.; Chen, Y.; Luo, P.; Liu, Q.; Yang, C.; Xiong, M.; Zhang, Y.; Liu, X.; et al. COVID-19 and chronic renal
disease: Clinical characteristics and prognosis. QJM 2020, 113, 799–805. [CrossRef] [PubMed]

26. Mirjalili, H.; Dastgheib, S.A.; Shaker, S.H.; Bahrami, R.; Mazaheri, M.; Sadr-Bafghi, S.M.H.; Sadeghizadeh-Yazdi, J.; Nea-
matzadeh, H. Proportion and mortality of Iranian diabetes mellitus, chronic kidney disease, hypertension and cardiovascular
disease patients with COVID-19: A meta-analysis. J. Diabetes Metab. Disord. 2021, 1–13. [CrossRef]

27. Clark, A.; Jit, M.; Warren-Gash, C.; Guthrie, B.; Wang, H.H.X.; Mercer, S.W.; Sanderson, C.; McKee, M.; Troeger, C.; Ong, K.L.; et al.
Centre for the Mathematical Modelling of Infectious Diseases COVID-19 working group. Global, regional, and national estimates
of the population at increased risk of severe COVID-19 due to underlying health conditions in 2020: A modelling study. Lancet
Glob. Health. 2020, 8, e1003–e1017. [CrossRef]

28. Xie, J.; Covassin, N.; Fan, Z.; Singh, P.; Gao, W.; Li, G.; Kara, T.; Somers, V.K. Association between Hypoxemia and Mortality in
Patients with COVID-19. Mayo Clin Proc. 2020, 95, 1138–1147. [CrossRef] [PubMed]

29. Pan, F.; Yang, L.; Li, Y.; Liang, B.; Li, L.; Ye, T.; Li, L.; Liu, D.; Gui, S.; Hu, Y.; et al. Factors associated with death outcome in
patients with severe coronavirus disease-19 (COVID-19): A case-control study. Int. J. Med. Sci. 2020, 17, 1281–1292. [CrossRef]

30. Hsu, C.M.; Weiner, D.E.; Aweh, G.; Miskulin, D.C.; Manley, H.J.; Stewart, C.; Ladik, V.; Hosford, J.; Lacson, E.C.; Johnson, D.S.; et al.
COVID-19 Infection among US Dialysis Patients: Risk Factors and Outcomes from a National Dialysis Provider. Am. J. Kidney Dis.
2021, 77, 748–756. [CrossRef]

31. Gebhard, C.; Regitz-Zagrosek, V.; Neuhauser, H.K.; Morgan, R.; Klein, S.L. Impact of sex and gender on COVID-19 outcomes in
Europe. Biol. Sex Differ. 2020, 11, 29. [CrossRef]

32. Liu, W.; Tao, Z.W.; Wang, L.; Yuan, M.L.; Liu, K.; Zhou, L.; Wei, S.; Deng, Y.; Liu, J.; Liu, H.G.; et al. Analysis of factors associated
with disease outcomes in hospitalized patients with 2019 novel coronavirus disease. Chin. Med. J. 2020, 133, 1032–1038. [CrossRef]

33. Valeri, A.M.; Robbins-Juarez, S.Y.; Stevens, J.S.; Ahn, W.; Rao, M.K.; Radhakrishnan, J.; Gharavi, A.G.; Mohan, S.; Husain, S.A.
Presentation and Outcomes of Patients with ESKD and COVID-19. J. Am. Soc. Nephrol. 2020, 31, 1409–1415. [CrossRef]

34. Park, B.E.; Lee, J.H.; Park, H.K.; Kim, H.N.; Jang, S.Y.; Bae, M.H.; Yang, D.H.; Park, H.S.; Cho, Y.; Lee, B.Y.; et al. Daegu COVID-19
Research Project. Impact of Cardiovascular Risk Factors and Cardiovascular Diseases on Outcomes in Patients Hospitalized with
COVID-19 in Daegu Metropolitan City. J. Korean Med. Sci. 2021, 36, e15. [CrossRef] [PubMed]

35. Gupta, A.; Nayan, N.; Nair, R.; Kumar, K.; Joshi, A.; Sharma, S.; Singh, J.; Kapoor, R. Diabetes Mellitus and Hypertension Increase
Risk of Death in Novel Corona Virus Patients Irrespective of Age: A Prospective Observational Study of Co-morbidities and
COVID-19 from India. SN Compr. Clin. Med. 2021, 3, 937–944. [CrossRef]

123



J. Clin. Med. 2021, 10, 2042

36. Chen, R.; Liang, W.; Jiang, M.; Guan, W.; Zhan, C.; Wang, T.; Tang, C.; Sang, L.; Liu, J.; Ni, Z.; et al. Medical Treatment Expert
Group for COVID-19. Risk Factors of Fatal Outcome in Hospitalized Subjects with Coronavirus Disease 2019 from a Nationwide
Analysis in China. Chest 2020, 158, 97–105. [CrossRef]

37. Veklury—Summary of Product Characteristics. Available online: https://www.ema.europa.eu/en/documents/product-
information/veklury-epar-product-information_pl.pdf (accessed on 21 March 2021).

38. Pettit, N.N.; Pisano, J.; Nguyen, C.T.; Lew, A.K.; Hazra, A.; Sherer, R.; Mullane, K. Remdesivir Use in the Setting of Severe Renal
Impairment: A Theoretical Concern or Real Risk? Clin. Infect. Dis. 2020, ciaa1851. [CrossRef] [PubMed]

39. Kant, S.; Menez, S.P.; Hanouneh, M.; Fine, D.M.; Crews, D.C.; Brennan, D.C.; Sperati, C.J.; Jaar, B.G. The COVID-19 nephrology
compendium: AKI, CKD, ESKD and transplantation. BMC Nephrol. 2020, 21, 449. [CrossRef] [PubMed]

40. Adapa, S.; Chenna, A.; Balla, M.; Merugu, G.P.; Koduri, N.M.; Daggubati, S.R.; Gayam, V.; Naramala, S.; Konala, V.M. COVID-19
Pandemic Causing Acute Kidney Injury and Impact on Patients with Chronic Kidney Disease and Renal Transplantation. J. Clin.
Med. Res. 2020, 12, 352–361. [CrossRef] [PubMed]

41. Egbi, O.G.; Adejumo, O.A.; Akinbodewa, A.A. Coronavirus infection and kidney disease: A review of current and emerging
evidence. Pan Afr. Med. J. 2020, 37, 149. [CrossRef]

124



Journal of

Clinical Medicine

Article

HGF, IL-1α, and IL-27 Are Robust Biomarkers in Early Severity
Stratification of COVID-19 Patients

Álvaro Tamayo-Velasco 1,†, Pedro Martínez-Paz 2,3,†, María Jesús Peñarrubia-Ponce 1, Ignacio de la Fuente 1,

Sonia Pérez-González 1, Itziar Fernández 4, Carlos Dueñas 5, Esther Gómez-Sánchez 2,3,6,*,‡,

Mario Lorenzo-López 2,3,6, Estefanía Gómez-Pesquera 2,3,6, María Heredia-Rodríguez 2,3,7,‡,

Irene Carnicero-Frutos 8,9, María Fe Muñoz-Moreno 8, David Bernardo 10, Francisco Javier Álvarez 3,11,

Eduardo Tamayo 2,3,6,§ and Hugo Gonzalo-Benito 3,8,9,§

Citation: Tamayo-Velasco, Á.;

Martínez-Paz, P.; Peñarrubia-Ponce,

M.J.; de la Fuente, I.; Pérez-González,

S.; Fernández, I.; Dueñas, C.;

Gómez-Sánchez, E.; Lorenzo-López,

M.; Gómez-Pesquera, E.; et al. HGF,

IL-1α, and IL-27 Are Robust

Biomarkers in Early Severity

Stratification of COVID-19 Patients. J.

Clin. Med. 2021, 10, 2017. https://

doi.org/10.3390/jcm10092017

Academic Editor: Sandra Ciesek

Received: 20 April 2021

Accepted: 5 May 2021

Published: 8 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Hematology, University Clinical Hospital, 47003 Valladolid, Spain;
alvarotv1993@gmail.com (Á.T.-V.); mpenarrubia@saludcastillayleon.es (M.J.P.-P.);
ifuentegr@saludcastillayleon.es (I.d.l.F.); sperezgon@saludcastillayleon.es (S.P.-G.)

2 Department of Surgery, Faculty of Medicine, University of Valladolid, 47005 Valladolid, Spain;
pedrojose.martinez@uva.es (P.M.-P.); mlorenzol@saludcastillayleon.es (M.L.-L.);
egomezp@saludcastillayleon.es (E.G.-P.); maria_her_05@hotmail.com (M.H.-R.); tamayo@med.uva.es (E.T.)

3 BioCritic (Group for Biomedical Research in Critical Care Medicine), University of Valladolid,
47005 Valladolid, Spain; alvarez@med.uva.es (F.J.Á.); hgonzalob@saludcastillayleon.es (H.G.-B.)

4 IOBA (Institute of Applied Ophthalmobiology), University of Valladolid, 47011 Valladolid, Spain;
itziar.fernandez@uva.es

5 Department of Internal Medicine, University Clinical Hospital, 47003 Valladolid, Spain;
jduenas@saludcastillayleon.es

6 Department of Anaesthesiology & Critical Care, University Clinical Hospital, 47003 Valladolid, Spain
7 Department of Anaesthesiology & Critical Care, University Hospital, 37007 Salamanca, Spain
8 Research Unit, University Clinical Hospital, 47003 Valladolid, Spain;

icarnicerof@saludcastillayleon.es (I.C.-F.); mfmunozm@saludcastillayleon.es (M.F.M.-M.)
9 Institute of Health Sciences of Castile and Leon (IECSCYL), 47003 Valladolid, Spain
10 Mucosal Immunology Laboratory, Institute of Biology and Molecular Genetics (IBGM), University of

Valladolid, 47005 Valladolid, Spain; d.bernardo.ordiz@gmail.com
11 Pharmacological Big Data Laboratory, Pharmacology, Faculty of Medicine,

University of Valladolid, 47005 Valladolid, Spain
* Correspondence: esthergzam@hotmail.com
† Equal contribution.
‡ Equal contribution.
§ Equal contribution.

Abstract: Pneumonia is the leading cause of hospital admission and mortality in coronavirus disease
2019 (COVID-19). We aimed to identify the cytokines responsible for lung damage and mortality.
We prospectively recruited 108 COVID-19 patients between March and April 2020 and divided
them into four groups according to the severity of respiratory symptoms. Twenty-eight healthy
volunteers were used for normalization of the results. Multiple cytokines showed statistically
significant differences between mild and critical patients. High HGF levels were associated with the
critical group (OR = 3.51; p < 0.001; 95%CI = 1.95–6.33). Moreover, high IL-1α (OR = 1.36; p = 0.01;
95%CI = 1.07–1.73) and low IL-27 (OR = 0.58; p < 0.005; 95%CI = 0.39–0.85) greatly increased the risk
of ending up in the severe group. This model was especially sensitive in order to predict critical status
(AUC = 0.794; specificity = 69.74%; sensitivity = 81.25%). Furthermore, high levels of HGF and IL-1α
showed significant results in the survival analysis (p = 0.033 and p = 0.011, respectively). HGF, IL-1α,
and IL 27 at hospital admission were strongly associated with severe/critical COVID-19 patients and
therefore are excellent predictors of bad prognosis. HGF and IL-1α were also mortality biomarkers.

Keywords: coronavirus disease 2019; cytokines; severity; prognosis; mortality
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1. Introduction

In December 2019, a new strain of coronavirus, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), was recognized to have emerged in Wuhan, China. Along
with SARS-CoV [1] and Middle East respiratory syndrome-coronavirus (MERS-CoV),
SARS-CoV-2 is the third coronavirus that causes severe respiratory disease in humans,
called coronavirus disease 2019 (COVID-19) [2]. The epidemiology of the disease is not
completely understood [3]. After a median incubation period of approximately 5 days,
around half of patients present mild or no symptoms [4]. The others present moderate or
severe respiratory disease including 20% of them who present serious illness with high
fever and pneumonia [5], leading to acute respiratory distress syndrome (ARDS) [6].

Although its pathophysiology has not been fully understood [7], it is clear now that
COVID-19 pathology arises from a primary deficit in type I interferon production followed
by a dysregulated monocyte/macrophage infiltration which, in turn, drive an exacerbated
adaptive immune response [8].Viral infection leads to rapid activation of innate immune
cells, especially in patients who develop severe disease. The infection induces lympho-
cytopenia that primarily affects CD4+ T cells, including effector, memory, and regulatory
T cells 3 [9,10]. Some biomarkers are related to moderate and severe COVID-19 infection
like low lymphocytes absolute numbers [11] or increased levels of serum C-reactive pro-
tein (CRP), hypoalbuminemia, alanine aminotransferase, lactate dehydrogenase, ferritin,
and/or D-dimer [12,13]. Indeed, these patients display increased levels of proinflammatory
cytokines in serum like IL-1B, IL-6, IL-12, IFNγ, IP10, or MCP1/CCL2 [14,15] which are
related to T helper 1 (Th1) cell responses. Moreover, the more severe patients (including
those which require ICU admission) display higher plasma levels of GCSF, IP10, MCP1,
MIP1A, and TNFα suggesting an association with the severity degree [16–18].

Based on this background, studies attribute the systemic impact of COVID-19 disease
to a cytokine storm; a kind of ARDS induced by cytokine release syndrome (SRC) [19]
or hemophagocytic lymphohistiocytosis (SHLH) [20], similar to that described in SARS-
CoV and MERS-CoV patients. In this regard, and in order to confirm this point, most
studies focused on the characterization of the cytokine response in COVID-19 patients are
retrospective, present small series of patients, and/or are focused on a limited number
of cytokines making them not suitable to understand the pathogenesis characterizing
the cytokine release syndrome [5,12,16,18]. Moreover, the identification of prognosis
biomarkers remains an urgent need.

In this regard, here we aimed to perform a cytokine array in plasma samples from a
prospective COVID-19 cohort, aiming not just to characterize the cytokine storm but also
to identify the early biomarkers of severity as well and mortality outcome.

2. Material and Methods

2.1. Patient Selection

A total of 108 adult patients, over 18 years, who were diagnosed with COVID-19 and
admitted at the “Hospital Clínico Universitario” (Valladolid, Spain) were prospectively
recruited between 24th of March and 11th of April 2020. Positive result in severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection was confirmed in all patients
by polymerase chain reaction on nasopharyngeal samples. Patients with of other acute
diseases, infections, or chronic terminal illness were not included. In addition, we also
included 28 age- and gender-matched healthy volunteers for the normalization of the
analytical data of the cytokines. The study was approved by the Hospital’s Clinical Ethics
Committee (CEIm) and the approval was obtained from all study participants (cod: PI 20-
1717). This study followed the code of ethics of the World Medical Association (Declaration
of Helsinki).

2.2. Biological Samples

We prospectively recruited plasma samples from each patient at 9 am immediately
after their first night in the hospital in order to prevent circadian variations. Blood was
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collected in 3.2% sodium citrate tubes and centrifuged at 2000× g for 20 min at room
temperature. The resulting plasma was aliquoted and directly frozen at −80 ◦C until used.

2.3. Degrees of Severity

Patients were divided into four groups based on their subsequent clinical outcome
according to the severity of the respiratory symptoms: (i) Mild (n = 34): pneumonia—
Adolescent or adult with clinical signs of pneumonia (fever, cough, dyspnea, fast breathing)
but no signs of severe pneumonia, including SpO2 ≥ 90% on room air; (ii) moderate
(n = 26): adolescent or adult with clinical signs of pneumonia (fever, cough, dyspnea, fast
breathing) plus one of the following: respiratory rate > 30 breaths/min; severe respiratory
distress; or SpO2 < 90% on room air- [200 mmHg < PaO2/FiO2a ≤ 300 mmHg (with PEEP
or CPAP ≥ 5 cmH2O, or non-ventilated]; (iii) severe (n = 16): adolescent or adult with
clinical signs of pneumonia (fever, cough, dyspnea, fast breathing) plus one of the following:
respiratory rate > 30 breaths/min; severe respiratory distress; or SpO2 < 90% on room
air [100 mmHg < PaO2/FiO2 ≤ 200 mmHg (with PEEP ≥ 5 cmH2O, or non-ventilated];
(iv) critical (n = 32): adolescent or adult with clinical signs of pneumonia (fever, cough,
dyspnea, fast breathing) plus one of the following: respiratory rate >30 breaths/min; severe
respiratory distress; or SpO2 < 90% on room air [100 mmHg < PaO2/FiO2 ≤ 200 mmHg
(with PEEP ≥ 5 cmH2O] and mechanical ventilation. This classification is based on the
WHO guide [21].

2.4. Cytokines and Chemokines Analysis

Plasma aliquots at hospital admission were analyzed, in duplicate, for the quantifica-
tion of soluble mediators by the kit 45-plex Human XL Cytokine Luminex Performance
Panel (R&D) following the manufacturer’s guidelines and recommendations. Cytokines
or chemokines included in the Panel were BDNF, EGF, Eotaxin (also known as CCL11),
FGF-2, GM-CSF, GRO-α (CXCL1), HGF, IFN-α, IFN-γ, IL-1α, IL-1β, IL-10, IL-12 p70, IL-13,
IL-15, IL-17a (CTLA-18), IL-18, IL-1RA, IL-2, IL-21, IL-22, IL-23, IL-27, IL-31, IL-4, IL-5,
IL-6, IL-7, IL-8 (CXCL8), IL-9, IP-1 beta (CCL4), IP-10 (CXCL10), LIF, MCP-1 (CCL2), MIP-
1α (CCL3), NGF-β, PDGF-BB, PIGF-1, RANTES (CCL5), SCF, SDF-1α, TNF-α, TNF-β,
VEGF-A, VEGF-D.

2.5. Variables

Demographic, clinical and analytical data (leukocytes, lymphocytes, neutrophils,
platelets, bilirubin, creatinine, glucose, troponin Ths, C-reactive protein (CRP), lactate
dehydrogenase (LDH), ferritin, procalcitonin, and D-dimer) of each patient were also
recorded to describe the clinical phenotype.

2.6. Statistical Analysis

Statistical analysis was performed by a PhD-licensed statistician (co-author IF) using
the R statistical package version 4.0.2 (R Core Team; Foundation for Statistical Computing,
Vienna, Austria; URL: https://www.R-project.org/, accessed on 5 April 2021). Statistical
significance was set at p ≤ 0.05.

To impute cytokine values below the assay detection limit, robust regression on order
statistics was used: this method performs a regression to impute low values assuming log-
normal quantiles for samples with a detection rate of at least 20%, after checking that the
data follow a log-normal distribution. To accomplish this, the non-detects and data analysis
(NADA) R package was used [Lopaka, 2017] [22]. Molecules detected in less than 20% of
the samples were not statistically analyzed any further. Cytokine expression data were
transformed using the logarithmic base 2 scale. Continuous variables are represented as
[median, (interquartile range, IQR)], while categorical variables are represented as [%, (n)].

The strength of each biomarkers was evaluated at the individual level to determine
the pulmonary severity of the patient. The main variable was severity, which is an ordinal
variable with four levels. The first model to be fitted was an ordinal logistic regression
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model or proportional odds model [Hosmer & Lemeshow, 2000]. To confirm this, the
proportional odds model was compared with a multinomial logistic regression one through
the likelihood ratio test. However, in none of the cases was it possible to assume this
hypothesis, so multinomial models were fitted.

Biomarkers associated with the severity at the 10% significance level were identified as
potential biomarkers and they were evaluated simultaneously to fit a multivariable model.

The leave-one-out-cross-validation (LOOCV) procedure was used to estimate the
prediction accuracy of the final fitted models, and receiver operation characteristic (ROC)
curve analysis was used to assess their discriminate ability. The final models were evaluated
according to the area under the ROC curve (AUC). In addition, sensitivity and specificity
were obtained by setting an optimal threshold.

A survival analysis was also performed with the final panel of cytokines identified
by the multivariable models. The outcome was tested related to T2 (time since the hos-
pitalization until death/end of the survey). For survivals, the days of follow-up were
hospitalization time or 28 days in outpatients after leaving the hospital. The Kaplan-Meier
survival function was used by the log-rank test to determine differences in survival rates,
considered different when p < 0.05. The cut-off point is established in each cytokine select-
ing the one with the greatest area under the ROC curve (AUC) in the individual model.

3. Results

Our cohort had a median age of 67 years, mostly male (63.26%). The control group of
healthy volunteers had a median age of 61 years and most of them (57.1%) were also male.
Patients were divided into four severity degrees based on the subsequent outcome during
their hospital stay: (i) mild [n = 34, 31.5%, IC 95% (23.07–41.23)], (ii) moderate [n = 26,
24.1%, IC 95% (16.59–33.43)], (iii) severe [n = 16, 14.8%, IC 95% (8.96–23.24)], and (iv) critical
[n = 32, 29.6%, IC 95% (21.43–39.3)] defined by their need of oxygen supplementation.

Patient clinical and analytical profile at hospital admission are shown in Table 1.
Patient’s group did not differ regarding age, gender, or comorbidities. However, ferritin,
D-dimer, leukocytes, neutrophils, procalcitonin, and glycaemia displayed higher levels
with the greater severity. On the other hand, lymphocytes, platelets, and PaO2/FiO2 were
decreased in critical patients. Length of hospital stay was also increased according to the
severity (8 days, 8 days, 13.5 days and 26.5 days respectively). Mortality was also higher in
severe [50% (8 patients)] and critical [43.8% (14 patients)] patients compared with moderate
[3.8% (1 patients)] and mild [2.9% (1 patients)].

To impute low values assuming log-normal quantiles for samples, a detection rate of
at least 20% is required. Under these conditions, eight cytokines (FGF-2, IL-12, IL-21, IL-23,
IL-31, IL-9, NGF-β, and TNF-β) were therefore excluded from the analysis (Supplement
Table S1). Median values of each cytokine according to the severity degree are shown in
Supplement Table S2. Based on a likelihood ratio test (Supplement Table S3), the most
plausible model in all cases is the multinomial one. Hence, we performed individual
multinomial models using the mild group as a reference (Figure 1a–c).

The comparison of mild with moderate (Figure 1a) or severe (Figure 1b) patients
was not statistically significant for any of the studied cytokines although Eotaxin, IL1-α,
Il-27, IL-5, and PIGF1 were borderline in the latter. Nevertheless, the comparison of mild
with patients who ended up critical displayed statistical differences for several cytokines.
Hence, HGF, PDGFBB, PIGF1, IL-1α, MCP1, and VEGFA were over-expressed at hospital
admission in the critical group by 3.83, 1.38, 1.15, 1.13, 1.5, 1.31 times respectively. On the
contrary, IL-15 and IL-2 were under-expressed in the critical patients at hospital admission
by 1.56 (1/0.64) and 1.47 (1/0.68).

The best multivariable model based on these molecules is the one with four cytokines:
HGF, IL1a, IL2, and IL27 (Table 2). The sex- and age-adjusted odds ratios are shown
in Table 3. This analysis revealed an association between high levels of HGF and IL-1α
coupled with low levels of IL-27 at hospital admission as bad prognosis predictors as
these patients ended up in the severe or the critical group. In this regard, patients with
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twice the expression of HGF at admission had 3.51 times more chances of being critical
than mild [OR: 3.51; p < 0.001; CI 95% (1.95–6.33)]. In a similar manner, if IL-1α [OR: 1.36;
p = 0.01; CI 95% (1.07–1.73)] or IL-27 [OR: 0.58; p < 0.005; CI 95% (0.39–0.85)] were over-
or under-expressed at admission, the risk of being in the severe group was 1.36 and 1.74
respectively (1/0.5753) referred to as the mild group.

Table 1. Clinical characteristics of the patients.

Mild
(n = 34)

Moderate
(n = 26)

Severe
(n = 16)

Critical
(n = 32)

p Value

Age [median (IQR)] 68 (18) 65 (17) 75 (14) 70 (16) 0.121

Male [%(n)] 45.2% (14) 61.5% (16) 62.5% (10) 54.8% (17) 0.568

-Comorbidities, [%(n)]

Use of tobacco 8.80% (3) 3.80% (1) 6.3% (1) 12.5% (4) 0.679

Use of alcohol 5.90% (2) 0% (0) 0% (0) 3.1% (1) 0.488

Coronary cardiopathy 8.8% (3) 11.5% (3) 12.5% (2) 6.30% (2) 0.870

Valvular disease 5.90% (2) 0% (0) 12.5% (2) 0% (0) 0.104

Atrial fibrillation 17.6% (6) 3.80% (1) 18.8% (3) 6.3% (2) 0.206

Diabetes 11.8% (4) 11.5% (3) 18.8% (3) 25% (8) 0.435

Hypertension 50% (17) 34.6% (9) 56.3% (9) 46.9% (15) 0.521

Liver disease 0% (0) 0% (0) 0% (0) 6.3% (2) -

COPD 0% (0) 7.7% (2) 18.8% (3) 6.3% (2) 0.094

Kidney disease 2.90% (1) 0% (0) 0% (0) 6.3% (2) 0.452

Asthma 11.8% (4) 3.80% (1) 0% (0) 3.1% (1) 0.268

-Laboratory, [median (IQR)]

Glucemia (mg/dL) 90 (13) 109 (56) 120 (59) 209 (99) <0.001

Leukocytes (n º/mL) 4620 (2880) 6990 (3020) 6630 (3480) 7900 (8680) <0.001

Lymphocytes (n º/mL) 1000 (430) 1000 (1000) 1120 (531) 440 (455) <0.001

Neutrophil (n º/mL) 3215 (2420) 4945 (2380) 5315 (3450) 7045 (7800) <0.001

Procalcitonin (ng/mL) 0.06 (0) 0.05 (0) 0.15 (1) 0.24 (0) <0.001

CRP (mg/L) 76.5 (88) 73.5 (106) 127.0 (113) 97.0 (153) 0.250

Creatinine (mg/dL) 0.81 (0) 0.78 (0) 0.88 (0) 0.89 (1) 0.242

Total bilirubin (mg/dL) 0.40 (0) 0.5 (0) 0.65 (0) 0.50 (1) 0.187

Platelet (cell/mm3) (82,000) 232,500 (171,000) 198,500 (108,500) 216,500 (108,000) 0.005

Ferritin (ng/mL) 587 (600) 674 (906) 1025 (938) 1700 (1093) <0.001

D-dimer (ng/mL) 547 (333) 693 (702) 1083 (1398) 1847 (1823) <0.001

PaO2/FiO2 371 (48) 304 (94) 238 (102) 127 (44) <0.001

-Hospital meters, [median (IQR)]

Length of hospital stay (days) 8 (4) 8 (6) 13.5 (10) 26.5 (39) <0.001

Length of ICU stay (days) 0 (0) 0 (0) 0 (0) 18.5 (14) 0.172

Intubation time (days) 0 (0) 0 (0) 0 (0) 14 (12) 0.172

-Mortality, [%(n)]

90-days mortality 2.9% (1) 3.8% (1) 50% (8) 43.8% (14) <0.001

28-days mortality 0% (0) 3.8% (1) 43.8% (7) 37.5% (12) <0.001

Continuous variables are represented as [median, (interquartile range, IQR)]; categorical variables are represented as [%, (n)]; COPD,
chronic obstructive pulmonary disease; CRP, C-reactive protein.
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Figure 1. Individual multinomial models using the mild group as a reference. (a) Moderate. (b) Se-
vere. (c) Critical.
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Table 2. Identification of the best multivariable model following AIC (“Akaike’s Information Criterion”).

Int. Age Sex HGF IL-1α IL-15 IL-2 IL-27 IL-5 MCP1 PDGFBB PIGF1 VEGFA AIC

M0
√ √ √

301.7077
M1

√ √ √ √
268.1021

M2
√ √ √ √ √

268.3859
M3

√ √ √ √ √ √
265.8642

M4
√ √ √ √ √ √ √

264.8347
M5

√ √ √ √ √ √ √ √
265.6192

M6
√ √ √ √ √ √ √ √ √

267.9954
M7

√ √ √ √ √ √ √ √ √ √
271.669

M8
√ √ √ √ √ √ √ √ √ √ √

274.8803
M9

√ √ √ √ √ √ √ √ √ √ √ √
278.3977

M10
√ √ √ √ √ √ √ √ √ √ √ √ √

282.1787

Int, intercept.

Table 3. Different multivariable models according to the degrees of severity.

Severity Effect p Value OR
CI 95%

Low High

Moderate

Age 0.573 0.9883 0.9486 1.0296
Sex = Female 0.1648 0.4618 0.1553 1.3735

HGF 0.7528 1.0853 0.652 1.8066
IL1a 0.4346 1.081 0.8891 1.3144
IL2 0.067 0.57 0.3124 1.0401

IL27 0.487 1.1148 0.8206 1.5144

Severe

Age 0.0452 1.0687 1.0014 1.1405
Sex = Female 0.1504 0.3517 0.0847 1.4611

HGF 0.2144 1.5301 0.7818 2.9946
IL1a 0.0109 1.3634 1.0741 1.7308
IL2 0.4125 1.4144 0.6172 3.2414
IL27 0.0057 0.5753 0.3888 0.8511

Critical

Age 0.13 0.9615 0.9139 1.0116
Sex = Female 0.758 0.8242 0.241 2.8192

HGF <0.0001 3.5122 1.9495 6.3276
IL1a 0.1977 1.134 0.9365 1.3731
IL2 0.1105 0.5776 0.2943 1.1334

IL27 0.8571 0.9677 0.6772 1.383
CI, confidence interval; OR, odds ratio.

The fitted models are used to estimate the predicted probabilities and their associated
confidence bands of severity group. These estimated probabilities are visualized as effect
plots in Figure 2a–c. We clearly see how the chances of ending up in a critical condition were
directly related to higher HGF levels at admission. Hence, HGF levels above 128 pg/mL
(27) imply a 25% chance of being critical while levels above 223 pg/mL increase that critical
risk up to 50%. On the contrary, patients with HGF levels below 64 pg/mL (26) have no risk
(practically 0%) of ending up critical. In the same manner, low IL-1α levels at admission
had a probability over 37% of being mild, while IL-1alpha levels over 1024 pg/mL (210)
had 50% chances of being in the severe group. Last, but not least, lower levels of IL-27
at admission were also associated with the severe group since level under 1 are reflected
in a 50% chance of belonging to the severe group while IL-27 levels over 64 pg/mL (26)
decrease that risk to practically 0%.

Internal validation by the LOOCV procedure shows that AUC is significantly greater
than 0.5 in all severity groups (Table 4), especially in severe group (AUC 0.730) and critical
group (0.794). This model is especially sensitive in order to classify patients who end
up critical (sensitivity = 81.25%). Last, but not least, the survival analysis taking into
account the three statistically significance cytokines included in the multivariable model
was significant for HGF and IL-1α (Figure 3a,b) but not IL-27 (Figure 3c).
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Figure 2. Effect plots of the estimated probabilities of belonging to each severity group according to the level of HGF (a),
IL-1α (b), and IL-27 (c). The log2 level of each cytokine is measured in pg/mL.

Figure 3. Kaplan-Meier survival curves for HGF (a), IL-1α (b), IL-27 (c).
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Table 4. Internal validation in each degree of severity using the AUC (area under the ROC curve).

Mild
Threshold: 0.3597126

Moderate
Threshold: 0.2513263

Severe
Threshold: 0.1438022

Critical
Threshold: 0.2084408

Value
CI 95%

Value
CI 95%

Value
CI 95%

Value
CI 95%

Lower Higher Lower Higher Lower Higher Lower Higher

AUC 0.647 0.535 0.759 0.602 0.477 0.727 0.730 0.624 0.837 0.794 0.701 0.888
Sensitivity (%) 58.82 42.28 75.37 53.85 34.68 73.01 62.5 38.78 86.22 81.25 67.73 94.77
Specificity (%) 70.27 59.86 80.68 65.85 55.59 76.12 73.91 64.94 82.89 69.74 59.41 80.07
Accuracy (%) 66.67 57.78 75.56 62.96 53.86 72.07 72.22 63.77 80.67 73.15 64.79 81.51

CI, confident interval.

4. Discussion

Here we have described, after performing a 45-plex cytokine array on plasma samples
from 108 patients at hospital admission, that five cytokines are statistically significantly
different according to the degrees of severity in COVID-19. Indeed, high levels of HGF
and IL-1α coupled with low levels of IL-27 at admission can predict bad clinical outcome
referred to the patient subset with better prognosis, being especially important the high
level of HGF as predictors of admission in intensive care units. Moreover, this multivariate
model was especially sensitive in order to identify those patients who end up in a critical
status (AUC = 0.794; specificity 69.74%; sensitivity = 81.25%) following hospital admission.
Last, but not the least, we have also described how the combination of high levels of
HGF IL-1 α at admission can predict mortality, showing significant results in the survival
analysis (p = 0.033 and p = 0.011 respectively).

During the last months, several studies have tried to understand the cytokine profile
in patients with COVID-19. Most of them relate severity of lung disease to high levels
of multiple cytokines in blood, according to what has been defined as a cytokine storm.
Indeed, even some authors describe three different clinical phenotypes of COVID-19 based
on cytokines levels [23]. In this regard, Huang et al. suggest that the cytokine storm is
associated with severity after analyzing 27 cytokines in 41 patients as ICU patients had
higher plasma levels of IL-2, IL-7, IL-10, GSCF, IP10, MCP1, MIP1A, and TNFα [18]. In a
similar manner, Liu et al. studied 40 patients, 13 of them severe, and found increased plasma
levels of IL-6, IL-10, IL-2, and IFN-γ levels in severe compared to mild cases [24]. Zhao et al.
included 71 patients, (53 mild and 18 severe) referred 18 healthy volunteers describing
that IL-1RA and IL-10 correlated with disease severity, while Zhang et al. analyzed
in 326 patients finding higher levels of IL-6 and IL-8 in severe or critical patients [25].
Nevertheless, these studies display several limitations like small sample sizes, the study
of few numbers of cytokines, and the lack of well-defined severity degrees. Moreover,
patients who required mechanical ventilation were not usually differentiated from patients
with severe disease despite this aggressive intervention increases cytokine levels. Last, but
not least, these studies usually applied basic statistical approaches. Therefore, and in order
to overcome these limitations, we hereby have analyzed in duplicate the plasma levels of
45 cytokines from an extremely well-categorized cohort of 108 COVID-19 patients which
were classified into severity groups based on their clinical evolution defined by objective
criteria, at the time that we also performed an exhaustive statistical analysis. Hence, we
have considered all confounders by using both univariate and multivariate regression
analysis showing, at least, an internal validation.

Other studies have performed a similar approach to the one here described, like the
one by Han et al. that classified 102 patients into moderate, severe, and critical groups
according to their symptoms. It also presented a control group of healthy volunteers. Such
study showed higher serum levels of TNF-α, IFN-γ, IL-2, IL-4, IL-6, IL-10, and CRP referred
to controls. Using a logistic regression analysis, IL-6 and IL-10 were found to predict disease
severity and the internal validation could further confirm this result [26]. However, they
only analyzed six cytokines and a duplicate analysis was not performed on each sample.
In a similar manner, Meizlish et al. analyzed a cohort with 49 adult patients (40 in the
medical intensive care unit (ICU) and 9 in non-ICU units), as well as 13 non-COVID-19
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healthy volunteers. They analyzed 78 circulating proteins with immunologic functions.
Their study identified a neutrophil activation signature composed of neutrophil activators
(G-CSF, IL-8) and effectors (resistin (RETN), lipocalin-2 (LCN2) and hepatocyte growth
factor (HGF)), which had the greater power to identify critically ill patients [27]. As default,
the small number of patients and the different degrees of pulmonary severity do not differ
in non-ICU patients.

Based on the results displayed by these two studies, and in agreement with ours,
we can conclude that there is no specific cytokine pattern correlating with the disease
severity. On the one hand, high levels of HGF were associated with a risk of up to 3.5
times of being critical with mechanical ventilation. This growth factor, that has already
been related to severity in other studies, primarily elicits its effects on epithelial cells. In
a similar manner, IL-1α, which is a pro-inflammatory cytokine from the innate immune
system mainly produced by macrophages but also epithelial cells, can also predict a bad
prognosis and disease outcome. Hence, both cytokines could be reflecting the tissue
damage elicited by the macrophage infiltration to the lungs [28,29]. Indeed, these findings
suggest the implication of non-immune cells in COVID-19 in agreement with the results
from Lucas et al. [30] who proved how increased stromal growth factors involved in tissue
repairing were associated with a favorable immune signature. Hence, it seems obvious
now that the crosstalk between immune and stromal cells in the lungs may shape the fate
of the immune response and, with that, the outcome of the patient evolution.

We have also found how low level of IL-27, which belongs to the IL-12 family and
is therefore involved in Th1 differentiation, is a good prognosis biomarker in COVID-19
patients. Together, these results suggest that, although in our hands the cytokine storm
may not be the trigger of the bilateral pneumonia, there is certainly a mixed and altered
cytokine profile which drives disease progression and inflammation as highlighted by the
fact that high HGF levels combined with low IL-27 levels are revealed as early mortality
markers. We are nevertheless aware that we have not found increased levels of IL-6 levels
to be relevant in our cohort as many studies have already reported [31,32]. One possible
explanation is that, in our case, we simultaneously determined the levels of 45 cytokines in
a large cohort and performed a multivariate analysis. Hence, the single effect of IL-6 may
be diluted in favor of the combined of several other cytokines. Nevertheless, the moment
when the samples were obtained may also provide an explanation. Indeed, our cohort was
recruited during the worst days of the pandemics in Spain between March and April 2020,
when some patients were immediately transferred into the ICU after arriving to the hospital.
Hence, given that our cohort also displayed high levels of CRP (a downstream mediator
of IL-6), we cannot discard the possibility that IL-6 was higher and driving inflammation
in previous stages of the disease before the patients were admitted to the hospital and
therefore recruited.

Since the beginning of this health crisis, treatment strategies in the most severe cases
were aimed at blocking interleukins like IL-6 (Tocilizumab), IL-1 (Anakinra), and TNFα (In-
fliximab, Adalimumab, etc.,) [33]. The REMAP-CAP and RECOVERY studies show modest
but significant improvement in mortality [34,35] and these findings were confirmed in the
Cochrane review showing high certainty of improvement in 28 day mortality in patients
who received IL-6 blockade (RR 0.89, 95% CI 0.82–0.97). The use of dexamethasone at two
drops for 10 days decreased mortality at day 28 in patients who were receiving invasive
mechanical ventilation [36]. Nevertheless, and as a corticosteroid, this approach did not
identify the key immune components involved in this process. According to this, and the
results hereby reported, it is to be expected that these strategies entail a modest reduction
in mortality since increased levels of IL-6, IL-1, or TNFα are not directly responsible to
drive disease severity in these patients. Therefore, and although the increased levels of
plasma cytokines in COVID-19 patients has been largely reported, the identification of
disease progression and severity biomarkers remains an urgent need. In this regard, we
hereby report that HGF, IL1α, and IL27 contribute to the deterioration of the disease and
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the adverse outcome of COVID-19 revealing these three compounds as novel biomarkers
but as future therapeutic targets in COVID-19.

We are aware of the main limitations of our study. (i) Our study did not include
a large sample size. Perhaps, we should have performed previously a statistical power
analysis. Nevertheless, our sample size is consistent with previous reports [18,24,25,30].
We were very careful with the recruitment and analysis of plasma samples, at the same time
each day and with a duplicate analysis, in order to avoid circadian variations. Therefore,
we intended to get samples as homogeneous as possible. (ii) Lack of external validation.
Therefore, we consider that validating the model in a different cohort of patients in the
future would be essential to give consistency to the results. (iii) The most relevant buffering
system in the COVID-cytokine storm is the IL-6: sIL-6R:sgp130 system in trans signaling,
which has been described in recent publications [37,38]. Thus, an inherent limitation of
these multi-PLEX cytokine studies is that they typically only measure the cytokine itself,
whereas there are other aspects of these cytokine signaling pathways that are omitted.

Our study characterized the plasma cytokine profile of COVID-19 patients at hospital
admission, based on their subsequent clinical evolution into four well-defined degrees of
severity, revealing that HGF, IL-1α, and IL27 were strongly associated with disease severity
and could be used as excellent predictors of bad prognosis. Indeed, HGF and IL-1α are
also mortality biomarkers. Therefore, the early detection of HGF, IL-1α, and IL27 plasma
levels in patients in COVID-19 patients can provide useful information for getting quickly
intensive treatment as well as providing possible therapeutic targets.
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a multinomial model.
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Abstract: Despite direct viral effect, the pathogenesis of coronavirus disease 2019 (COVID-19) in-
cludes an overproduction of cytokines including interleukin 6 (IL-6). Therefore, tocilizumab (TOC), a
monoclonal antibody against IL-6 receptors, was considered as a possible therapeutic option. Patients
were selected from the SARSTer database, containing 2332 individuals with COVID-19. Current
study included 825 adult patients with moderate to severe course. Analysis was performed in
170 patients treated with TOC and 655 with an alternative medication. The end-points of treatment
effectiveness were death rate, need for mechanical ventilation, and clinical improvement. Patients
treated with TOC were balanced compared to non-TOC regarding gender, age, BMI, and prevalence
of coexisting conditions. Significant effect of TOC on death was demonstrated in patients with
baseline IL-6 > 100 pg/mL (hazard ratio [HR]: 0.21, 95% confidence interval [CI]: 0.08–0.57). The
best effectiveness of TOC was achieved in patients with a combination of baseline IL-6 > 100 pg/mL
and either SpO2 ≤ 90% (HR: 0.07) or requiring oxygen supplementation (HR: 0.18). Tocilizumab
administration in COVID-19 reduces mortality and speeds up clinical improvement in patients with
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a baseline concentration of IL-6 > 100 pg/mL, particularly if they need oxygen supplementation
owing to the lower value of SpO2 ≤ 90%.

Keywords: COVID-19; SARS-CoV-2; interleukin-6; tocilizumab; therapy

1. Introduction

A novel coronavirus named severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) was identified in December 2019 and found to be responsible for an outbreak
of respiratory tract infections discovered in Wuhan, China. The outbreak of the disease
known as a coronavirus disease 2019 (COVID-19) was announced as a global pandemic
by the World Health Organization (WHO) in March 2020. The search for effective therapy
focused on repurposing of approved drugs with confirmed activity against other viruses,
that included, for example, remdesivir (RDV), which was previously studied for the treat-
ment of Ebola virus disease as well as SARS-CoV-1 and middle east respiratory syndrome
(MERS) coronaviruses [1,2]. Based on findings from phase III clinical trials and real-world
experience study, RDV received both American and European authorization [3–5]. Recom-
mendations were also given to low-molecular-weight heparin and dexamethasone [6,7].
However, the pathogenesis of COVID-19 is complicated and includes, in addition to direct
viral effect and coagulopathy, an overproduction of proinflammatory cytokines termed a
cytokine storm, which is responsible for organ damage and is considered a major reason for
death due to COVID-19 [8]. Unfortunately, standard anti-inflammatory treatments appear
to be insufficient for controlling the cytokine storm. Concentrations of several proinflam-
matory cytokines, including interleukin (IL)-6, are substantially increased in patients with
severe COVID-19 [9]. Higher concentrations of IL-6 was shown to be associated with faster
progression of the disease and worse prognosis. Therefore, tocilizumab (TOC), an inhibitor
of the IL-6 receptors, was considered as a possible therapeutic option [9–11]. Data from
several studies have been contradictory mostly because of the difficulties in the selection of
optimal population and finding the proper stage of the disease for administration [12–14].
Although the most recent randomized, double-blind, placebo-controlled trial by Stone et al.
was not able to confirm the effectiveness of TOC, authors did not exclude the possible
benefit from interleukin-6 receptor blockade in some patient populations because of wide
confidence intervals for efficacy comparisons [14].

The purpose of the study is to search for the population of patients with severe
COVID-19, which could obtain maximal benefit from the administration of tocilizumab,
and identify the predictors of response to the treatment with this drug.

2. Materials and Methods

Patients were selected from the SARSTer national database, which included 2332 patients
treated between 1 March and 31 October 2020 in 30 Polish centers. This ongoing project,
supported by the Polish Association of Epidemiologists and Infectiologists, is a national
real-world experience study assessing treatment in patients with COVID-19. The decision
about the treatment regimen was taken entirely by the treating physician concerning
current knowledge and recommendations of the Polish Association of Epidemiologists
and Infectiologists [15–17]. The SARSTer study was approved by the Ethical Committee of
the Medical University of Białystok. If necessary, the local bioethics committees approved
experimental use of drugs in patients with COVID-19. Patients aged below 18 years, those
with oxygen saturation >95%, or acute respiratory distress syndrome (ARDS) at baseline
were excluded from the database of 2332 patients. As a result, the current study included
825 adult patients with moderate to severe course of the disease.

Among those 825 patients, the retrospective analysis was carried out in 170 patients
treated with tocilizumab (RoActemra, Roche Pharma AG) and 655 patients who did not
receive this medication as well as any other monoclonal antibody directed against cytokine
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receptors. Tocilizumab was administered intravenously at 8 mg/kg (maximum dose:
800 mg) in a single dose (1-h infusion) after exclusion of severe bacterial and HBV infection.
If no improvement was observed, the second dose was considered after 8 to 12 h (admin-
istered in 42% patients) according to the national recommendations [15–17]. Data were
entered retrospectively and submitted online by a web-based platform operated by Tiba
sp. z o.o. Parameters collected at baseline included age, gender, body mass index (BMI),
coexisting conditions, other medication-related to COVID-19, clinical status at admission,
and adverse events. Baseline clinical status at hospital admission was classified according
to oxygen saturation (SpO2) 91–95%, or SpO2 ≤ 90%, as well as based on the score on an
ordinal scale.

The end-points of treatment effectiveness were rate of death, need for mechanical
ventilation, and clinical improvement in the ordinal scale based on WHO recommendations
modified to fit the specificity of the national health care system. Clinical improvement was
defined as at least a 2-point decrease from baseline to 14, 21, and 28 days of hospitaliza-
tion. The ordinal scale was scored as follows: (1) unhospitalized, no activity restrictions;
(2) unhospitalized, no activity restrictions and/or requiring oxygen supplementation at
home; (3) hospitalized, does not require oxygen supplementation and does not require
medical care; (4) hospitalized, requiring no oxygen supplementation, but requiring medi-
cal care; (5) hospitalized, requiring normal oxygen supplementation; (6) hospitalized, on
non-invasive ventilation with high-flow oxygen equipment; (7) hospitalized, for invasive
mechanical ventilation or extracorporeal membrane oxygenation (ECMO); (8) death.

To identify possible predictors of response to the treatment with TOC, we compared
rates of achieved end-points in patients receiving versus not receiving TOC. The follow-
ing baseline predictors were included: age above 70 years, the need for oxygen high
flow (ordinal scale 6 points) at baseline, clinical worsening during 7 days of hospital-
ization in patients with regular oxygen supplementation at baseline (5 points in origi-
nal scale), SpO2 < 90% at baseline, and several laboratory measures at baseline, such as
IL-6 > 100 pg/mL, C-reactive protein (CRP) > 200 mg/L, neutrophils > 7500/μL, lympho-
cytes > 1200/μL, D-dimer > 1000 μg/L, and procalcitonin > 0.1 ng/mL.

Statistical Analysis

The results are expressed as mean ± standard deviation (SD) or n (%). p values of <0.05
were considered to be statistically significant. The significance of difference was calculated
by Fisher’s exact test for nominal variables and by Mann–Whitney U and Kruskal Wallis
ANOVA for continuous and ordinal variables. Due to the highly variable group size,
the Fisher’s p-values were accompanied by odds ratio (OR) as the effect size measure
independent of the sample size. The association between variables was measured by
Spearman’s rank correlation coefficient and its significance test p-values. Survival analyses
were performed by log-rank (Mantel–Cox) test supported by the Mantel–Haenszel hazard
ratio (MH HR) and its 95% confidence interval as the effect size measure and depicted as
Kaplan–Meier (KM) plots. The threshold value of IL-6, splitting between the low and the
high IL-6 level groups, was found as maximizing the non-TOC vs. TOC hazard ratio value
in the high IL-6 group providing the significant differences between the IL-6 group-specific
KM survival functions (as measured by log-rank test p-value). Univariable comparisons
were calculated by GraphPad Prism 5.1 (GraphPad Software, Inc., La Jolla, CA, USA).

3. Results

Among 825 patients included in the study, 170 received therapy with TOC and 655
did not receive TOC. As shown in Table 1, groups were balanced based on gender, age,
and BMI, but there was a predominance of males in both arms. Patients treated with TOC
more frequently demonstrated a course of the disease with SpO2 ≤ 90% at admission to the
hospital (65.9%) compared to those without TOC (37.7%). Moreover, patients treated with
TOC more often required normal or high flow oxygen supplementation (93.6%) compared
to the non-TOC group (76.8%). The prevalence of coexisting conditions was similar in both
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groups, but patients treated with TOC more frequently received other medications related
to COVID-19 (Table 1).

Table 1. Baseline demographic and clinical characteristics of included patients.

Characteristic
All Patients

n = 825
Tocilizumab

n = 170
No Tocilizumab

n = 655
p

Age

Mean (SD) 63.1 (15.1) 63.2 (13.8) 63.0 (15.4) 0.94
>70 years (%) 267 (32.4) 53 (31.2) 214 (32.7) 0.78

Gender

Female, n (%) 337 (40.8) 60 (35.3) 277 (42.3) 0.11
Male, n (%) 488 (59.2) 110 (64.7) 378 (57.7) 0.11

Body mas index, mean (SD) 28.8 (4.9) 29.7 (4.8) 28.5 (5.0) 0.01
Disease severity at the baseline, n (%)

Oxygen saturation 91–95% 466 (56.5) 58 (34.1) 408 (62.3) <0.001
Oxygen saturation ≤90% 359 (43.5) 112 (65.9) 247 (37.7) <0.001

Score on ordinal scale, n (%)
4. Hospitalized, requiring no oxygen supplementation, but

requiring medical care 163 (19.8) 11 (6.5) 152 (23.2) <0.001

5. Hospitalized, requiring normal oxygen supplementation 615 (74.5) 147 (86.5) 468 (71.5) <0.001
6. Hospitalized, on non-invasive ventilation with high-flow

oxygen equipment 47 (5.7) 12 (7.1) 35 (5.3) 0.36

Coexisting conditions, n (%) 638 (77.3) 131 (77.1) 507 (77.4) 0.91
Other medications related to COVID-19, n (%)

Remdesivir 284 (34.4) 67 (39.4) 217 (33.1) 0.15
Dexamethason 272 (33.0) 83 (48.8) 189 (28.9) <0.001

Covalescent plasma 103 (12.5) 29 (17.1) 74 (11.3) 0.05
Low molecular weight heparin 713 (86.5) 170 (100.0) 543 (82.9) <0.001

As shown in Table 2, the rate of clinical improvement after 21 and 28 days was sig-
nificantly better in patients who did not receive TOC. However, a statistically significant
effect of TOC on rates of death was demonstrated in patients with baseline IL-6 exceed-
ing 100 pg/mL or those needing oxygen supplementation at baseline whose condition
worsened within the initial 7 days of hospitalization (Table 2, Figure 1). As shown with
the Kaplan–Meier analysis, there were no significant differences between TOC and non-
TOC arms when the analysis was carried out in all patients or those with baseline IL-6
concentration below 100 pg/mL. Further analysis included the correlation between IL-
6 concentration and several possible clinical and laboratory indices associated with the
course of the disease. Among patients with baseline SpO2 ≤ 90%, who are potential TOC
recipients, significant correlation was demonstrated among serum concentrations of IL-6
and SpO2, levels of C-reactive protein, procalcitonin D-dimers, as well as white blood cell
and neutrophil counts (Table 3).

Table 2. Tocilizumab effect on rates of death, need for mechanical ventilation, and clinical improvement depending on
possible outcomes predictors.

Outcomes Tocilizumab No Tocilizumab p OR
(95%CI)

Overall

n 170 655

Death, n (%) 19 (11.2) 70 (10.7) 0.89 1.05
(0.61–1.80)

Mechanical ventillation, n (%) 11 (6.5) 39 (6.0) 0.86 1.09
(0.55–2.18)
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Table 2. Cont.

Outcomes Tocilizumab No Tocilizumab p OR
(95%CI)

Overall

Clinical improvement after 14 days, n (%) 70 (41.2) 351 (53.6) 0.004
0.61

(0.43–0.85)

Clinical improvement after 21 days, n (%) 112 (65.9) 492 (75.1) 0.02
0.64

(0.44–0.92)

Clinical improvement after 28 days, n (%) 134 (78.8) 531 (81.1) 0.51 0.87
(0.57–1.32)

Age > 70 years

n 53 215

Death, n (%) 11 (20.8) 49 (22.8) 0.85 0.89
(0.42–1.85)

Mechanical ventillation, n (%) 5 (9.4) 20 (9.3) 1.00 1.02
(0.36–2.84)

Clinical improvement after 14 days, n (%) 16 (30.2) 77 (35.8) 0.52 0.83
(0.43–1.59)

Clinical improvement after 21 days, n (%) 28 (52.8) 124 (57.7) 0.54 0.82
(0.45–1.50)

Clinical improvement after 28 days, n (%) 35 (66.0) 141 (65.6) 1.00 1.02
(0.54–1.92)

The need for oxygen high flow (score 6 in ordinal scale) at baseline

n 14 35

Death, n (%) 4 (28.6) 12 (34.3) 1.00 0.77
(0.20–2.97)

Mechanical ventillation, n (%) 4 (28.6) 8 (22.9) 0.72 1.35
(0.33–5.50)

Clinical improvement after 14 days, n (%) 6 (42.9) 9 (25.7) 0.31 2.17
(0.59–7.97)

Clinical improvement after 21 days, n (%) 9 (64.3) 15 (42.9) 0.21 2.40
(0.67–8.65)

Clinical improvement after 28 days, n (%) 9 (64.3) 17 (48.6) 0.36 1.91
(0.53–6.85)

Clinical worsening during 7 days of hospitalization in patients with regular oxygen supplementation at baseline
(5 points in original scale)

n 41 55

Death, n (%) 18 (43.9) 37 (67.3) 0.04
0.38

(0.16–0.88)

Mechanical ventillation, n (%) 20 (48.8) 23 (41.8) 0.54 1.32
(0.59–3.00)

Clinical improvement after 14 days, n (%) 0 2 (3.6) 0.51 -

Clinical improvement after 21 days, n (%) 1 (2.4) 8 (14.5) 0.07 0.15
(0.01–1.23)

Clinical improvement after 28 days, n (%) 14 (34.1) 12 (21.8) 0.24 1.85
(0.75–4.61)
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Table 2. Cont.

Outcomes Tocilizumab No Tocilizumab p OR
(95%CI)

SpO2 ≤ 90% at the baseline

n 125 247

Death, n (%) 23 (17.6) 52 (21.1) 0.59 0.84
(0.49–1.46)

Mechanical ventillation, n (%) 23 (17.6) 30 (11.7) 0.12 1.63
(0.90–2.95)

Clinical improvement after 14 days, n (%) 41 (32.8) 106 (42.5) 0.07 0.65
(0.41–1.10)

Clinical improvement after 21 days, n (%) 66 (52.8) 156 (62.8) 0.06 0.65
(0.42–1.01)

Clinical improvement after 28 days, n (%) 83 (66.4) 173 (69.6) 0.47 0.84
(0.53–1.34)

IL-6 > 100 pg/mL at baseline

n 56 42

Death, n (%) 6 (10.7) 13 (31.0) 0.02
0.27

(0.10–0.78)

Mechanical ventillation, n (%) 7 (12.5) 7 (16.7) 0.57 0.71
(0.23–2.20)

Clinical improvement after 14 days, n (%) 22 (39.3) 14 (33.3) 0.67 1.29
(0.56–2.99)

Clinical improvement after 21 days, n (%) 35 (62.5) 19 (45.2) 0.10 2.02
(0.89–4.55)

Clinical improvement after 28 days, n (%) 41 (73.2) 23 (54.8) 0.08 2.26
(0.97–5.27)

CRP > 200 mg/L at the baseline

n 39 61

Death, n (%) 6 (15.4) 13 (21.3) 0.60 0.74
(0.25–2.17)

Mechanical ventillation, n (%) 6 (15.4) 10 (16.4) 1.00 0.92
(0.31–2.79)

Clinical improvement after 14 days, n (%) 12 (30.8) 17 (27.9) 0.82 1.15
(0.48–2.78)

Clinical improvement after 21 days, n (%) 20 (51.3) 35 (57.4) 0.68 0.78
(0.35–1.75)

Clinical improvement after 28 days, n (%) 27 (69.2) 39 (63.9) 0.67 1.27
(0.54–2.99)

Neutrophils > 7500/μL at the baseline

n 39 90

Death, n (%) 7 (17.9) 23 (25.6) 0.49 0.63
(0.25–1.64)

Mechanical ventillation, n (%) 2 (5.1) 8 (8.9) 1.00 0.55
(0.11–2.73)

Clinical improvement after 14 days, n (%) 15 (38.5) 33 (36.7) 0.84 1.08
(0.50–2.34)

Clinical improvement after 21 days, n (%) 23 (59.0) 51 (56.7) 0.84 1.10
(0.51–2.35)

Clinical improvement after 28 days, n (%) 28 (71.8) 59 (65.6) 0.54 1.34
(0.59–3.04)
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Table 2. Cont.

Outcomes Tocilizumab No Tocilizumab p OR
(95%CI)

Lymphocytes > 1200/μL at the baseline

n 47 239

Death, n (%) 1 (2.1) 20 (8.4) 0.22 0.24
(0.03–1.82)

Mechanical ventillation, n (%) 0 8 (3.3) 0.36 -

Clinical improvement after 14 days, n (%) 28 (59.6) 142 (59.4) 1.00 1.01
(0.53–1.90)

Clinical improvement after 21 days, n (%) 36 (76.6) 192 (80.3) 0.55 0.80
(0.38–1.69)

Clinical improvement after 28 days, n (%) 43 (91.5) 201 (84.1) 0.26 2.03
(0.69–6.00)

D-dimers > 1000 μg/L at the baseline

n 75 221

Death, n (%) 12 (16.0) 45 (20.4) 0.50 0.74
(0.37–1.50)

Mechanical ventillation, n (%) 7 (9.3) 21 (9.5) 1.00 0.98
(0.40–2.41)

Clinical improvement after 14 days, n (%) 25 (33.3) 101 (45.7) 0.08 0.59
(0.34–1.03)

Clinical improvement after 21 days, n (%) 43 (57.3) 143 (64.7) 0.27 0.73
(0.43–1.25)

Clinical improvement after 28 days, n (%) 54 (72.0) 158 (71.5) 1.00 1.02
(0.57–1.84)

Procalcitonin > 0.1 ng/mL at the baseline

n 92 193

Death, n (%) 18 (19.6) 44 (22.8) 0.64 0.82
(0.44–1.52)

Mechanical ventillation, n (%) 10 (10.9) 25 (13.0) 0.70 0.82
(0.37–1.79)

Clinical improvement after 14 days, n (%) 34 (37.0) 74 (38.3) 0.89 0.94
(0.56–1.57)

Clinical improvement after 21 days, n (%) 53 (57.6) 117 (60.6) 0.70 0.88
(0.53–1.46)

Clinical improvement after 28 days, n (%) 68 (73.9) 128 (66.3) 0.22 1.44
(0.83–2.50)

Bold: statistical significance.

To improve the predictive value, a combination of several measures was also analyzed.
As shown in Table 4, the best effectiveness of TOC administration can be achieved in
patients with serum IL-6 > 100 pg/mL and either SpO2 ≤ 90% or requiring normal or high-
flow oxygen supplementation. Statistically significant effectiveness was achieved regarding
the risk of death, the need for mechanical ventilation, as well as clinical improvement after
21 and 28 days (Table 4). Significantly better survival among such patients treated with
TOC was also demonstrated with a Kaplan–Meier analysis (Figure 2).
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Figure 1. Kaplan–Meier graphs demonstrating the effect of tocilizumab versus no tocilizumab
administration on patients’ survival depending on the obtained optimal threshold baseline serum
concentration of interleukin 6. The hazard ratios (HR) and their 95% confidence intervals are provided
as well as the log-rank test p-values.

Table 3. Correlations between baseline serum IL-6 vs. selected clinical and laboratory indices.

IL-6 Versus
All Patients

(n = 825)
SpO2 ≤ 90%

(n = 372)
SpO2 91–95%

(n = 453)

rs p rs p rs p

Age 0.15 <0.001 0.07 0.32 0.18 0.002

BMI 0.01 0.86 −0.03 0.63 0.01 0.89

SpO2 −0.33 <0.001 −0.19 0.003 −0.31 <0.001

CRP 0.58 <0.001 0.44 <0.001 0.68 <0.001

Procalcitonin 0.40 <0.001 0.37 <0.001 0.36 <0.001

WBC 0.26 <0.001 0.22 <0.001 0.25 <0.001

Lymphocytes −0.21 <0.001 −0.05 0.42 −0.28 <0.001

Neutrophils 0.32 <0.001 0.23 <0.001 0.37 <0.001

Platelets −0.10 0.04 −0.10 0.14 −0.13 0.03

D-dimers 0.28 <0.001 0.20 0.003 0.27 <0.001

ALT 0.13 0.03 0.10 0.13 0.10 0.09
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Table 4. Tocilizumab effect on rates of death, need for mechanical ventilation, and clinical improvement depending on
combinations of possible outcomes predictors.

Outcomes Tocilizumab No Tocilizumab p OR
(95%CI)

Baseline IL6 > 100 pg/mL and requiring normal or high-flow oxygen supplementation (5 or 6 scores in ordinal scale)

n 53 34

Death, n (%) 8 (15.1) 13 (38.2) 0.02
0.18

(0.06–0.52)

Mechanical ventillation, n (%) 8 (15.1) 7 (20.6) 0.57 0.68
(0.22–2.10)

Clinical improvement after 14 days, n (%) 20 (37.7) 10 (29.4) 0.49 1.45
(0.58–3.66)

Clinical improvement after 21 days, n (%) 33 (62.3) 13 (38.2) 0.047
2.66

(1.10–6.47)

Clinical improvement after 28 days, n (%) 38 (71.7) 16 (47.1) 0.02
2.85

(1.16–7.01)

Baseline IL6 > 100 pg/mL and SpO2 < 90%

n 37 24

Death, n (%) 4 (10.8) 12 (50.0) <0.001
0.07

(0.02–0.27)

Mechanical ventillation, n (%) 2 (5.4) 7 (29.2) 0.02
0.14

(0.03–0.74)

Clinical improvement after 14 days, n (%) 12 (32.4) 3 (12.5) 0.12 3.36
(0.83–13.52)

Clinical improvement after 21 days, n (%) 24 (64.9) 6 (25.0) 0.004
5.53

(1.76–17.40)

Clinical improvement after 28 days, n (%) 28 (75.7) 9 (37.5) 0.004
5.18

(1.70–17.84)

Baseline IL6 > 100 pg/mL and CRP > 200 mg/L

n 32 26

Death, n (%) 5 (15.6) 7 (26.9) 0.34 0.50
(0.14–1.82)

Mechanical ventillation, n (%) 1 (3.1) 4 (15.4) 0.16 0.18
(0.02–1.70)

Clinical improvement after 14 days, n (%) 11 (34.4) 8 (30.8) 1.00 1.18
(0.39–3.57)

Clinical improvement after 21 days, n (%) 18 (56.3) 15 (57.7) 1.00 0.94
(0.33–2.68)

Clinical improvement after 28 days, n (%) 24 (75.0) 18 (69.2) 0.77 1.33
(0.42–4.23)

Baseline IL6 > 100 pg/mL and CRP > 200 mg/L and SpO2 < 90%

n 21 13

Death, n (%) 4 (19.0) 5 (38.5) 0.26 0.37
(0.08–1.80)

Mechanical ventillation, n (%) 1 (4.8) 3 (23.1) 0.27 0.17
(0.01–1.81)

Clinical improvement after 14 days, n (%) 6 (28.6) 3 (23.1) 1.00 1.33
(0.27–6.61)

Clinical improvement after 21 days, n (%) 11 (52.4) 5 (38.5) 0.49 1.76
(0.43–7.19)

Clinical improvement after 28 days, n (%) 15 (71.4) 8 (61.5) 0.71 1.56
(0.36–6.76)
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Figure 2. Kaplan–Meier graphs demonstrating the effect of tocilizumab versus no tocilizumab administration on patients’
survival depending on baseline serum concentration of interleukin 6. The hazard ratios (HR) and their 95% confidence
intervals are provided as well as the log-rank test p-values.

TOC

Adverse events related to therapy were infrequent and reported in 21.7% and 17.3% of
patients in TOC and non-TOC arms, respectively. As shown in Table 5, the most frequent
was an elevation of ALT activities, diarrhea, and prolonged QT interval. Prevalence of
adverse events was similar in both arms (Table 5). No secondary infections were noticed in
patients treated with TOC.

Table 5. Prevalence of adverse events.

Adverse Events Tocilizumab No Tocilizumab p

n 170 655

ALT elevation, n (%) 17 (10.0) 40 (6.1) 0.09

Diarrhea, n (%) 8 (4.7) 39 (5.9) 0.71

Prolonged QT interval, n (%) 3 (1.8) 11 (1.7) 1.00

Nausea, n (%) 2 (1.2) 12 (1.8) 0.75

Other, n (%) 7 (4.7) 11 (1.7) 0.07

All adverse events, n (%) 37 (21.7) 113 (17.3) 0.18

4. Discussion

Uncontrolled immune activation with high-level release of various pro-inflammatory
cytokines is a hallmark of not only the lung damage but also multiorgan damage during
later phases of COVID-19. It is usually termed as a “cytokine storm” and observed mainly
during the second and third week of symptomatic disease in patients with severely im-
paired oxygen saturation [18]. Unsurprisingly, anti-cytokine agents including anti-IL-1R
and anti-IL6R antagonists were among important candidates in the therapy of later stages
of COVID-19. One of the rationales was a good suppressive effect of tocilizumab in cytokine
release syndrome during CAR T-cells therapy [19]. Regardless of the pathophysiological
link, various randomized and observational studies of TOC, while suggesting some benefit,
did not bring clear evidence supporting its use in COVID-19. This may reflect the unique
features of individual immune responses to pathogens, as well as the necessity of a com-
plex and personalized approach in prescribing and timing immunomodulatory treatment.
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Proposing clinical trial protocol taking such diversity into account proves to be challenging;
thus, personalized medicine relies on observational research and real-life experiences.

Results of our real-world evidence study could not only potentially explain the lack of
effect of TOC observed in other studies but also provide information on the optimal use of
this agent. In our cohort, similar to the first two randomized controlled trials (RCT), TOC
did not decrease overall mortality in hospitalized patients with COVID-19. In the first study
by Stone JH et al. [14], 83% of 243 COVID-19 subjects requiring oxygen supplementation
but not mechanical ventilation were randomized to TOC (8 mg/kg, single dose) or placebo.
In this study, the hazard ratio (HR) for death was 0.83, which was not significant, with
broad 95% confidence intervals (0.38 to 1.81, p = 0.64) suggesting heterogeneity of effect
probably depending on other clinical variables not found in the publication. In another
RCT by Hermine et al. [12] including 131 patients with COVID-19 pneumonia requiring
oxygen supplementation but not mechanically ventilated, 64 were randomized to TOC
(8 mg/kg, twice) or placebo. Likewise, the adjusted HR for 28-day mortality was 0.92
(90%CI 0.33–2.53). On the other hand, on day 14 in TOC-group, 12% fewer patients needed
non-invasive or mechanical ventilation, or 12% less died (HR 0.58; 90%CI 0.33–1.00). Only
the most recent and largest RCT by Salama et al. [13] showed a survival benefit in patients
treated with TOC. In this study, 377 subjects with COVID-19 pneumonia, 64% requiring low-
flow and 26% on non-invasive and high flow oxygen supplementation, were randomized
to TOC (n = 259, 8 mg/kg, one or two doses) or placebo. By day 28, HR for mechanical
ventilation or death was 0.56 (95%CI: 0.33–0.97, p = 0.04), while still the number of patients
who died by that day of any reason was 10.4% in TOC group vs. 8.6% in the placebo group.

Summarizing all aforementioned randomized clinical trials despite a rather homoge-
nous population included, which is patients with COVID-19 pneumonia mainly requiring
oxygen supplementation but not ventilated, it was not possible to visualize the obvious
survival benefit of TOC. Similarly in our study, the overall mortality was comparable
between TOC and non-TOC patients (odds ratio, OR 1.05; 95%CI: 0.61–1.80). Further-
more, the group receiving TOC showed even lesser odds of clinical improvement after
14 and 21 days of therapy (OR 0.61 and 0.64, respectively), while it was comparable to
the standard-of-care therapy at the end of observation, i.e., after 28 days (OR 0.87). On
the other hand, only analyses in specific subgroups showed not only a survival benefit
but also a more rapid clinical improvement in patients treated with TOC. It was quite
striking that in previous studies, mortality HR had quite outsized confidence intervals,
suggesting another factor playing the predictive role of TOC efficacy. Surprisingly enough,
cited above RCT did not evaluate baseline IL-6 serum concentration even when TOC is
aimed at blocking an IL-6 proinflammatory pathway. Indeed, we performed a detailed
subgroup analysis aiming at the development of predictors of TOC response in COVID-19
subjects. Not unpredictably, the best response to TOC concerning decreasing 28-day mor-
tality (OR = 0.27; 95%CI: 0.10–0.78, 11% vs. 31%, p = 0.02) was observed in subjects with
baseline serum IL-6 > 100 pg/mL, while it was not observed in subject with baseline IL-6
50–100 pg/mL and below 50 pg/mL. Importantly, an IL-6 level of more than 100 pg/mL
observed in approximately 18% of all studied patients possibly explain why the differ-
ence was not noted in overall studied groups in the aforementioned RCT but also in our
study. This observation also underlines the pathogenetic complexity of cytokine imbalance
during COVID-19. It is known that cytokine storm in COVID-19 consists of various, not
necessarily overlapping, soluble immune mediators (SIMs) including IL-1β, IL-6, IL-8,
and tumor necrosis factor-alpha (TNF-α) which could yield different predictive value [20].
Interestingly, Mathew et al. [21] in their elegant study had shown at least three different
immunotypes of COVID-19, 1–3, depending on the cluster of differentiation of (CD)4+ cell,
CD8+ cell, and B-cell, and plasmablasts activation/exhaustion, which was associated with
different outcomes but also most likely with different levels of cytokines. Interestingly,
despite baseline IL-6, the effect of TOC in our study did not depend on baseline CRP,
D-dimer, or lymphocyte concentrations, which are also regarded as factors associated with
prognosis [22].
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Another important finding of our study was that the highest reduction in mortality,
the need for mechanical ventilation, and best clinical improvement at day 28 in patients
receiving TOC vs. standard-of-care (SOC) therapy was observed in patients with baseline
IL-6 > 100 pg/mL and SpO2 < 90% (11 vs. 50%, 5 vs. 29%, and 75 vs. 37%, respectively),
which was not the case in subjects with SpO2 ≥ 90%. This observation might further
underline that in subjects with severe hypoxia, further deregulation between IL-6 levels and
other cytokines is present and possibly IL-6 activation is deeper and not counterbalanced
by regulatory mechanism, which could explain why the effect of TOC is more significant.
In addition, in our study, correlation analyses showed the correlation pattern of IL-6 and
some soluble immune mediators are different in patients with oxygen saturation lower and
higher/equal to 90%.

The results of our study should be taken with some caution because of its retrospective
real-world evidence design and because of the smaller number of participants in some
subgroup analyses. Moreover, some patients in both arms received additional medication,
which could affect the outcome of the disease. On the other hand, patients receiving TOC
and non-TOC SOC therapies seem to be well balanced with regard to comorbidities and
co-medications for COVID-19, and undoubtedly its advantage is the assessment of baseline
serum IL-6 concentration. Indeed, while only one other single-center study showed a
beneficial effect of TOC mainly in patients with higher IL-6 [23], our data in a real-world
large dataset seems to guide the effective use of TOC in COVID-19. Safety profile of TOC in
our study was good. Adverse events were infrequent and mild. However, risk of secondary
infections should always be considered [24].

5. Conclusions

In conclusion, the possible benefit from the treatment of COVID-19 with tocilizumab
can be achieved in selected subpopulations only. This regimen can reduce mortality and
the need for mechanical ventilation in patients with a baseline concentration of interleukin
6 exceeding 100 pg/mL, particularly if they need oxygen supplementation due to oxygen
saturation of ≤90%. Patients who worsened within the initial 7 days of hospitalization can
also obtain some benefits from tocilizumab administration, but it should be clarified in
further studies on a larger number of patients.
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Abstract: Background: Among the several therapeutic options assessed for the treatment of coro-
navirus disease 2019 (COVID-19), tocilizumab (TCZ), an antagonist of the interleukine-6 receptor,
has emerged as a promising therapeutic choice, especially for the severe form of the disease. Proper
synthesis of the available randomized clinical trials (RCTs) is needed to inform clinical practice.
Methods: A systematic review with a meta-analysis of RCTs investigating the efficacy of TCZ in
COVID-19 patients was conducted. PubMed, EMBASE, and the Cochrane COVID-19 Study Register
were searched up until 30 April 2021. Results: The database search yielded 2885 records; 11 studies
were considered eligible for full-text review, and nine met the inclusion criteria. Overall, 3358 patients
composed the TCZ arm, and 3131 the comparator group. The main outcome was all-cause mortality
at 28–30 days. Subgroup analyses according to trials’ and patients’ features were performed. A trial
sequential analysis (TSA) was also carried out to minimize type I and type II errors. According to
the fixed-effect model approach, TCZ was associated with a better survival odds ratio (OR) (0.84;
95% confidence interval (CI): 0.75–0.94; I2: 24% (low heterogeneity)). The result was consistent in the
subgroup of severe disease (OR: 0.83; 95% CI: 0.74–0.93; I2: 53% (moderate heterogeneity)). However,
the TSA illustrated that the required information size was not met unless the study that was the
major source of heterogeneity was omitted. Conclusions: TCZ may represent an important weapon
against severe COVID-19. Further studies are needed to consolidate this finding.

Keywords: COVID-19 pneumonia; tocilizumab; SARS-CoV-2; COVID-19; meta-analysis; trial
sequential analysis

1. Introduction

Tocilizumab (TCZ) is a humanized monoclonal antibody that, via the binding to solu-
ble and membrane interleukin (IL)-6 receptors, produces inhibition of the proinflammatory
signals [1]. It is commonly used in several types of inflammatory arthritis, in Castleman’s
syndrome, and in cytokine release syndrome secondary to chimeric antigen receptor T cell
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therapies [2]. Given its ability to intercept proinflammatory cascades, TCZ is potentially
useful in all clinical conditions produced by the dysregulation of inflammatory processes,
especially when refractory to other approved treatments [3].

Although the precise pathogenesis of the coronavirus disease 2019 (COVID-19) pneu-
monia remains unsolved, evidence showed that within a complex cytokine storm scenario,
SARS-CoV-2 provokes a dramatic increase in IL-6 levels [4]. Based on this evidence, it was
suggested to use TCZ for improving the patients’ outcomes in COVID-19 pneumonia [5].
Consequently, many clinical studies have been conducted to evaluate the efficacy of this
treatment, and an increasing number of evidence-based medicine analyses can be found in
the literature [6].

However, initial evidence syntheses failed to produce definitive results, especially
owing to the conflicting findings emerging between observational studies and randomized
clinical trials (RCTs) [7]. As matter of fact, in evaluating the effectiveness of drugs for
the treatment of COVID-19, even in high-impact journals, the following methodological
distortions were common among observational studies, particularly dealing with time-to-
event analysis: immortal time bias, confounding bias, and competing risk bias [8].

Despite the rush for a game-changing treatment capable of significantly impacting
the prognosis of COVID-19 patients, clinical practice must rely upon rock-solid evidence,
and well-known RCTs are placed on the top of the hierarchy of evidence [9]. This is the
rationale behind the choice to perform a systematic review and meta-analysis only focused
on RCTs, involving the comparison of TCZ with placebo or standard of care (SoC), for the
treatment of COVID-19.

2. Materials and Methods

This systematic review is PROSPERO registered (registration number: CRD42020226657)
and complies with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement in its 2020 version (PRISMA Statement, Ottawa, ON, Canada) [10].

2.1. Search Strategy

PubMed, EMBASE, and the Cochrane COVID-19 Study Register were searched up
until 30 April 2021 for RCTs to investigate the efficacy of TCZ in COVID-19 patients.
The search was restricted to peer-reviewed articles. Neither geographical nor language
restrictions were applied. The search strategies were designed by two researchers in the
team (A.E.M., L.A.), using appropriate combinations of the following keywords through
Boolean operators: “tocilizumab”, “COVID-19”, “SARS-CoV-2”, “2019-nCoV”, “novel
coronavirus”. Strategies for retrieving articles were adapted according to the databases’
distinctive features. Specific details are provided in Supplementary Table S1. Manual
checking of reference lists and citation tracking of included papers were undertaken in
order to retrieve further articles.

2.2. Screening and Eligibility

Duplicate records were discarded by using the EndNote 20 reference managing soft-
ware (Clarivate, Philadelphia, PA, USA) [11]. A two-step screening process for eligibility
was carried out. First, two authors (M.D.G. and D.M.) excluded ineligible studies by
screening titles and abstracts. Then, another couple of authors (A.C., M.P.) independently
reviewed the full texts of potentially eligible studies for inclusion in the review. Disagree-
ments were resolved through discussion and general consensus. Eligibility was assessed
by resorting to the PICOS (population, intervention, comparators/controls, outcomes and
study design) question format [11,12], as follows:

• Population: Patients affected by COVID-19.
• Intervention: Administration of tocilizumab, alone or in association with other drugs.
• Comparators/controls: SoC, placebo, or any kind of alternative interventions.
• Outcomes: The main outcome of interest was all-cause mortality reported using an

intention-to-treat (not modified) method (28-/30-day mortality, in-hospital mortality,
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overall survival according to the reported results). Secondary outcomes were repre-
sented by clinical success, time to recovery, rate of intensive care unit (ICU) admission,
risk of mechanical ventilation requirement, duration of mechanical ventilation, length
of stay (LOS), safety profile related to pharmacological intervention, toxicity, rate of
secondary infection, and time to hospital discharge.

• Study design: Only RCTs were included.

Studies that did not fulfill the eligibility criteria were excluded. The minimum sample
size required was at least 50 patients per arm.

2.3. Data Extraction

Two authors (A.C. and M.P.) independently abstracted data from each study and the
data were subsequently double entered into a custom-made electronic database (an Excel
spreadsheet) to eliminate data entry errors. Discrepancies were resolved by consensus,
or with a third author (A.E.M.) if necessary. Data compilation used a standardized data
extraction tool to report the following variables of interest: first author; country; sample
size; main population features (e.g., age, gender, comorbidities); criteria of COVID-19
diagnosis; COVID-19 severity; setting (outpatient/in-patient, non-ICU/ICU); intervention
characteristics (TCZ schedule, companion agent if present); comparator features; survival
outcome measures such as number of deaths, odds ratios (ORs), and hazard ratios (HRs);
and follow-up duration. Data regarding the main outcome were extracted for the whole
study population and major subgroups of interest. When necessary, graphical data abstrac-
tion was conducted using open-source software. In addition, the full protocol of each study
was consulted to verify the study objectives, population, and other relevant information
regarding the study design and conduction.

2.4. Data Synthesis and Analysis

To obtain more appropriate estimates of the average treatment effect in the case of
between-study heterogeneity, the pooled estimates of ORs with two-sided 95% CIs were
computed for 28-day mortality. For this aim, a fixed-effect model according to the inverse-
variance method [13], and the random-effect model of DerSimonian and Laird [14], were
adopted. The assumption of homogeneity between studies was tested with Cochran’s
Q statistics, and the measure of the degree of inconsistency across studies was assessed
with Higgins’ I2 index, quantifying heterogeneity as low, moderate, and high, with upper
limits of 25, 50, and 75% for the I2 values, respectively [15]. Predefined subgroups were
analyzed to better understand if the treatment effect changed because of specific trial and
patients characteristics. All results were displayed by specific forest plots. A p-value < 0.05
was considered statistically significant. Sensitivity analysis was carried out according to
the leave-one-out cross validation method that calculates the pooled estimates omitting
one study at a time, to capture some features of the included studies that are able to
influence the pooled estimates. Funnel plots and regression tests, according to the method
reported by Egger [16], were performed to assess the publication bias. Data analysis was
performed using R 3.4.1 software packages (The R Foundation for Statistical Computing,
Wien, Austria) [17,18]. The summary statistics to measure treatment effect were represented
by the OR and presented along with appropriate 95% CI values.

Trial sequential analysis (TSA) was also performed for better interpreting the meta-
analysis results, since it can minimize the risk of making a falsely positive/negative
conclusion, thereby producing more conservative thresholds for statistical significance [19].
TSA combines conventional meta-analysis methodology with repeating significance testing
methods applied to accumulating data in clinical trials. It calculates cumulative z-curves
and uses the law of the iterated logarithm to penalize the Z value and to produce more
conservative meta-analysis results [20]. TSA was performed using TSA software, version
0.9.5.10 Beta (Copenhagen trial unit, https://ctu.dk/tsa/, (accessed on 28 May 2021)).
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2.5. Quality Appraisal

The Cochrane Collaboration tool for assessing risk of bias in RCTs was implemented
to gauge the quality of the included studies [21]. The following items were evaluated: ran-
dom sequence generation; allocation concealment; blinding of participants and personnel;
blinding of outcome assessment; incomplete outcome data; selective reporting; and other
potential sources of bias [21]. Risk of bias for each study was independently assessed by
M.P. and P.D.G., and disagreements were discussed and resolved by consensus between
both reviewers or by consultation with a third reviewer (A.C.).

3. Results

3.1. Study Selection and Characteristics

After de-duplication from an initial total of 2885 records, the titles and abstracts of
1589 studies were screened. Overall, 11 studies were considered eligible for full-text review,
and nine met the inclusion criteria [22–30]. Figure 1 depicts the entire process of study
identification, inclusion, and exclusion. Details of the included studies are available in
Table 1. Overall, nine trials were included, enrolling 3358 patients in the TCZ group and
3131 subjects in the comparator group. Studies were conducted from March 2020 to early
2021 across several countries worldwide; all trials were multicenter. The enrolled patients
suffered from moderate to critical disease, according to the definitions provided by the
United States National Institutes of Health (NIH), as far as the clinical spectrum of SARS-
CoV-2 infection is concerned [31]. Mortality was not always the primary endpoint but was
assessed in all trials at 28 or 30 days except in one study, where researchers investigated in-
hospital mortality [23]. Tocilizumab dosing was quite variable, ranging from 6 to 8 mg/kg,
administered as a single dose or repeated short term.
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Figure 1. PRISMA diagram: results of the literature search and flow diagram for the selection of eligible studies.
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3.2. Risk of Bias

Since the majority of trials (6 out of 9) were open-label studies, performance bias
and detection bias were classified as “high”. The remaining components of risk, such as
selection, attrition, and reporting bias, were classified as “low” for all trials included in this
analysis. The risk-of-bias in each study is reported as Supplemental Figure S1.

3.3. Meta-Analysis of Main Outcome

All nine included RCTs concurred with the main analysis. The raw death rate was
24.8% in the TCZ group (835/3358) and 29.9% (935/3131) in the control group. According
to the fixed-model approach, TCZ was associated with lower mortality in a statistically
significant way (OR: 0.84; 95% CI: 0.75–0.94; I2: 24% (low heterogeneity)). The results were
consistent when implementing a random-effect model, although a widening of the CI was
observed, including the vertical line (OR: 0.87; 95% CI: 0.71–1.07). All results related to the
primary analysis are depicted in the forest plot presented in Figure 2.

Figure 2. Overall meta-analysis of 28/30-day mortality. Abbreviations: OR, odds ratio; 95% CI, confidence intervals at 95%;
Weight (fixed), weight of each study in a fixed-effect model; Weight (random), weight of each study in a random-effect
model. Squares on the hazard ratio plot are proportional to the weight of each study; weighting is based on the inverse
variance method.

3.4. Subgroup Analysis

Pre-planned key subgroup analyses were carried out to explore how the treatment ef-
fect varied across different subsets of studies or patients. When contrasting open label with
placebo-controlled trials (Figure 3), the beneficial effect of TCZ on mortality was confirmed
in the subgroup that included the first type of studies (OR: 0.82; 95% CI: 0.72–0.92; I2: 36%;
fixed-effect model), but the benefit disappeared in the other subgroup (OR: 1.12; 95% CI:
0.75–1.66; I2: 0%; the results were the same according to fixed- and random-effect models),
although not statistically significant. The results obtained when testing for subgroup differ-
ence were also not significant, so no interaction existed between the subtotal estimates for
the subgroups.

Another subgroup analysis concerned the use of TCZ alone or with the SoC, in
addition to the type of comparator: SoC with or without placebo (Figure 4). In the most
numerous subgroup of TCZ versus SoC, even if including only three studies [22,25,27], the
positive effect of TCZ on mortality was apparent (OR: 0.80; 95% CI: 0.71–0.91; I2: 19%; with
the fixed-effect model being the result of the overlapping of the random-effect model), in
contrast to the other subgroups. The results obtained when testing for subgroup difference
were not statistically significant.
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Figure 3. Meta-analysis of 28/30-day mortality in open-label vs. double blind studies. Abbreviations: OR: odds ratio; 95%
CI, confidence intervals at 95%; Weight (fixed), weight of each study in a fixed-effect model; Weight (random), weight
of each study in a random-effect model. Squares on the hazard ratio plot are proportional to the weight of each study;
weighting is based on the inverse variance method.

Figure 4. Pooled comparison of 28-day mortality according to treatment received. Abbreviations: Soc: standard of care;
OR: odds ratio; 95% CI, confidence intervals at 95%; Weight (fixed), weight of each study in a fixed-effect model; Weight
(random), weight of each study in a random-effect model. Squares on the hazard ratio plot are proportional to the weight of
each study; weighting is based on the inverse variance method.
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The last subgroup analysis involved the spectrum of disease severity, after extracting
data on homogeneous categories of patients when data were available (Figure 5). The
impact of TCZ in patients with moderate diseases seemed not to be clinically relevant
(OR for mortality: 1.30; 95% CI: 0.64–2.64; I2: 0%; these values were equal to the results of
fixed-effect and random-effect analysis), whereas it appeared beneficial when considering
severe/critical disease. Nevertheless, in this case, there was a discrepancy between the
fixed-effect model (OR: 0.84; 95% CI: 0.75–0.94; I2: 53%) and random-effect model (OR:
0.89; 95% CI: 0.71–1.18). No significant interaction existed between the subgroups when
considering treatment effects.

Figure 5. Pooled comparison of 28-day mortality according to disease status at baseline. Abbreviations: Soc: standard
of care; OR: odds ratio; 95% CI, confidence intervals at 95%; Weight (fixed), weight of each study in a fixed-effect model;
Weight (random), weight of each study in a random-effect model. Squares on the hazard ratio plot are proportional to the
weight of each study; weighting is based on the inverse variance method.

3.5. Quality Appraisal and Publication Bias

The results of quality assessment are depicted in Figure S2: the major issues were
related to open label studies [22,23,26,28–30] due to the lack of blinding. The results of
stratifying studies according to this criterion (open label versus placebo-controlled) were
already shown in Figure 3. The funnel plots of the primary outcomes of the studies are
presented, along with the results of Egger’s regression test (p = 0.1441), which suggest an
absence of publication bias and small-study effects.

3.6. Sensitivity Analysis

In Table S2, the results of the sensitivity analysis are described. It was performed using
the leave-one-out method and shows that the estimated pooled ORs, obtained excluding
one study at time, are still consistent, even when omitting the study with the highest
weight according to both the fixed-effect (75%) and random-effect 43.4%) models [28] (OR:
0.86; 95% CI: 0.68–1.07). This held true even when omitting the study that was apparently
the major driver of heterogeneity, the TOCIBRAS study [30]: when it was excluded, the
I2 dropped to 0% and the OR for mortality associated with TCZ use was 0.82 (95% CI:
0.74–0.92).
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3.7. Trial Sequential Analysis

In our trial sequential analysis, the type I error risk was set at α = 0.05 with a power of
0.80. In this condition, the required information size (RIS) for the meta-analyzed estimate
was 7786, while our included number was 6489 subjects, even if the cumulative z-curve
crossed above 1.96, which corresponded to the nominal threshold for statistical signifi-
cance, demonstrating that the effect of tocilizumab seems to be more effective in reducing
the 28/30-day mortality (Figure 6A). This conclusion was confirmed when omitting the
TOCIBRAS trial, which was the major source of heterogeneity (Table S2), from TSA, since
the cumulative z-curve also reached the RIS (Figure 6B).

A 

B 

Figure 6. Trial Sequential analysis. (A) TSA of all trials included in meta-analysis. (B) TSA excluding
the TOCIBRAS trial. The vertical red line represents the required information size to demonstrate
or reject the hypothesis of a benefit from tocilizumab treatment, considering an alpha of 5% and a
power of 80%. The blue line represents the cumulative z-curve, while the green line represents the
cumulative z-curve (adjusted (penalized) according to law of the iterated logarithm).
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4. Discussion

The results of our systematic review and meta-analyses are in line with the most recent
development of the recommendations for COVID-19 treatment, which now include TCZ as
an important option for patients with the severe or critical disease [32]. These data need
to be put into context to understand how TCZ has become a potential life-saving agent in
patients with SARS-CoV-2 infection.

Indeed, until mid-2021, the therapeutic armamentarium for patients with COVID-19
was quite bereft of effective weapons. Steroids, particularly dexamethasone, were the first
class of drugs to show benefits in terms of the mortality of patients affected by severe
SARS-CoV-2 infection [33]. Antiviral treatments failed to show any relevant impact on
overall survival. This also applies to hydroxychloroquine/chloroquine [34], studies of
which initially sparked much interest but, with the benefit of hindsight, appear to be biased
by serious flaws inherent to the observational nature of these first studies [35], and more
importantly to remdesivir, which has no or little effect on mortality [36] but might improve
time to recovery and recovery rate [37]. As matter of fact, the window of opportunity
for effective antiviral therapy is very narrow and it is open only in the early phase of the
disease [38] when viral load peaks [39]. Afterward, the dysregulated hyperinflammatory
response dominates in severe cases and is responsible for the most relevant manifesta-
tions [40]. Notably, although no single definition is widely accepted, the cytokine storm
is an umbrella term encompassing many disorders whose shared hallmark is an immune
dysregulation that potentially leads to multiorgan dysfunction [41]. The cytokine storm
may be pathogen-induced, as seen in SARS-CoV-2 infection, iatrogenic, as observed in CAR
(chimeric antigen receptor) T-cell therapy, or may ensue from autoimmune, neoplastic, or
idiopathic causes [41].

Many factors contribute to the pathophysiology of the cytokine storm. Among the
many stands is IL-6, whose circulating concentrations are known to be increased in many
proinflammatory critical care syndromes, including COVID-19 [42]. It is a master cytokine,
produced by—and acting on—immune and non-immune cells in multiple organ systems.
IL-6 exerts pleiotropic effects, not only driving inflammation, fever, and carcinogenesis, but
also regulating metabolism, bone turnover, and hematopoiesis, and thus, is fundamental
for innate and adaptive immunity [42].

In light of its important physiological and anti-inflammatory functions, the blockade
of IL-6 signaling might represent a double-edged sword but has turned out to be effective
in some cytokine storm disorders, such as idiopathic multicentric Castleman’s disease and
CAR T-cell-induced cytokine release syndrome, through monoclonal antibodies that are
directed at the IL-6 receptor (TCZ and sarilumab) or directly target IL-6 (siltuximab) [43].

Elevations in serum IL-6 levels in patients affected by severe COVID-19 have spurred
a renewed interest in this cytokine as a therapeutic target in the broader context of the
cytokine storm syndrome triggered by SARS-CoV-2 infection [5,44]. Despite the logistical
difficulties, several studies have been conducted in a short time. Predictably, observational
studies in particular suffered from relevant methodological limitations that threatened the
validity of their conclusions [45]; moreover, they yielded inconsistent results when pooled
with RCTs in evidence syntheses [46].

The need for high-quality data to inform clinical practice led to research efforts fo-
cusing only on RCTs. A Cochrane review published in March 2021 retrieved data up to
the end of February [47], including eight RCTs investigating TCZ [22–29] and one RCT
testing sarilumab [48], with pooling of the available information with respect to mortality.
TCZ appeared to be effective in reducing 28-day mortality compared with SoC or placebo
(relative risk: 0.89; 95% CI: 0.82 to 0.97; I2: 0.0%), but the evidence was less certain when
considering 60-day mortality, clinical improvement, and adverse events [47]. Remarkably,
the largest trial, the RECOVERY study, was only in pre-print form at that time and its
overall results were partially incomplete [28]. Several factors have been suggested to
explain the differences in clinical outcomes highlighted by the Cochrane review. They
include important differences in trial designs, the features of included patients, stages of
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disease, the use of co-interventions (e.g., the proportion of concomitant steroids), and the
endpoint measurement scales [49].

The full publication of the RECOVERY trial [28] and the accumulation of further
evidence regarding TCZ and other IL-6 blockers led to a prospective meta-analysis (on
27 RCTs) of utmost importance in June 2021. It showed that the use of IL-6 antagonists was
associated with improved survival in COVID-19 patients, but the results were statistically
significant only for TCZ (OR for mortality equal to 0.83; 95% CI: 0.74–0.92) [50]. Coherently
with what was observed in the RECOVERY study, the subgroup of patients who received
also corticosteroids appeared to benefit the most: the mortality risk was even lower (OR:
0.77; 95% CI: 0.68–0.87) [32]. On this basis, the World Health Organization (WHO) issued
a strong recommendation on July 6 to use IL-6 blockers, specifically in patients with
severe/critical disease [31]. This recommendation was maintained by the NIH guidelines
with a specific indication in favor of TCZ plus steroids [51], confirming the setting of
patients with severe COVID-19, and was in line with the recommendation of REMAP-
CAP [23] in addition to RECOVERY [28], and was consistent with definitions of progressive
disease and marked pro-inflammatory status based on concentrations of C-reactive protein
(CRP) being higher than 75 mg/L, a threshold established in the RECOVERY study [28].

Our meta-analysis confirms the usefulness of TCZ in ameliorating the overall survival
of COVID-19 patients, especially when burdened by severe (oxygen saturation < 90% on
room air, respiratory rate > 30 breaths/min, signs of severe respiratory distress) or critical
(acute respiratory distress syndrome, sepsis, septic shock, provision of life-sustaining
therapies such as mechanical ventilation or vasopressor therapy) disease.

The strengths of our work are represented by protocol pre-registration, focusing on the
most important and objective outcome (mortality), the inclusion of only RCTs published
in full after peer-review and by the carrying out of TSA, a powerful tool for clinicians to
assess the conclusiveness of meta-analyses that offers better control of type I (likelihood of
overestimation) and type II (likelihood of underestimation) errors [52]. Taking into account
only publications that appeared in peer-reviewed journals, we had the chance to compute
analyses based on consolidated data, in contrast to the processes used in previous research
syntheses that relied on preliminary results from pre-prints [7,53]. For instance, as to the
primary outcome, early data related to the RECOVERY study described 596 events out
of 2022 patients in the TCZ arm, and 694 deaths out of 2094 subjects in the comparator
group [28]. The final results were 621/2022 and 729/2094, respectively [28]. Regarding
TSA, the conventional meta-analysis demonstrated statistical significance since the z-curve
exceeded the monitoring boundaries to reach the so-called ‘area of benefit’, although the
TSA results demonstrated that the RIS value needed to detect or reject the anticipated
effect with certainty (7967) was not reached. Interestingly, the only previous evidence
regarding synthesis with the TSA of RCTs reached different conclusions, describing a
cumulative z-curve not crossing the boundary of benefit but crossing the one for futility
due to a RIS being estimated as equal to 5622 [53]. However, the TSA conducted by Snow
and colleagues [53] was based on different raw numbers of events and participants; for
instance, the preliminary results of RECOVERY [28], or the 90-day mortality results of
for the REMAP-CAP trial [23], as well as those of other RCTs [26,27]. Nevertheless, in
our study, a sensitivity analysis that excluded the TOCIBRAS trial [30], the paramount
source of heterogeneity in the leave-one-out analysis (by omitting it, the I2 dropped to
0%), showed that the boundary for futility was crossed. At any rate, definitive data from
studies that are not still published, such as the REMDACTA trial that has enrolled patients
affected by severe COVID-19 [54] and whose available results have been already included
in the aforementioned prospective meta-analysis [50], are eagerly awaited since they may
be conducive to a more informative TSA that can be used to establish whether additional
studies are needed to confirm the usefulness of TCZ.

Of course, this study presents some limitations. In particular, owing to the publication
of concurrent similar research syntheses [55,56], we did not explore secondary outcomes
such as progression to mechanical ventilation, time to discharge, LOS, and safety profiles,

166



J. Clin. Med. 2021, 10, 4935

which had already been addressed by previous works. Eventually, we did not perform
meta-regression: in a preceding meta-analysis, there was no evidence of treatment effect
modification by patient characteristics [57]. Nonetheless, conventional meta-analyses may
be biased due to the ecological fallacy (also known as aggregation bias) since average
patient characteristics are regressed against average trial outcomes; instead, individual
patient characteristics should be regressed against the individual outcomes in the context
of an individual patient data meta-analysis [58].

5. Conclusions

TCZ is one of the very few agents that has so far been found to favorably change
the prognosis of patients with severe COVID-19 [59]. Nonetheless, additional RCTs are
still needed to confirm this finding, upheld, beyond any reasonable doubt, by a strong
biological rationale and by the data collected from completed RCTs, and to define the
best schedule, in light of the different dosages administered across studies. Observational
studies may have a complementary role, being instrumental in identifying adverse events
and complications such as secondary bacterial infections that may develop after the usual
follow-up of RCTs. Moreover, avenues for future research may be constituted by individual
patient data meta-analyses and umbrella reviews. The former would allow the investigation
of the effectiveness of treatment at the level of relevant patient subgroups. Granular data
would permit a more precise understanding of the profile of the patients who would
potentially benefit the most from the drug, besides the CRP threshold that is quite generic.
The latter would allow the findings from multiple systematic reviews and meta-analyses
about the review question to be compared and contrasted, and thus, would make it
possible to present a wide picture of the available evidence, highlighting its consistency
or potential discrepancies, in an attempt to explore and detail the underlying reasons for
contradictory results.
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Abstract: The COVID-19 pandemic has sparked a barrage of primary research and reviews. We
investigated the publishing process, time and resource wasting, and assessed the methodological
quality of the reviews on artificial intelligence techniques to diagnose COVID-19 in medical images.
We searched nine databases from inception until 1 September 2020. Two independent reviewers
did all steps of identification, extraction, and methodological credibility assessment of records. Out
of 725 records, 22 reviews analysing 165 primary studies met the inclusion criteria. This review
covers 174,277 participants in total, including 19,170 diagnosed with COVID-19. The methodological
credibility of all eligible studies was rated as critically low: 95% of papers had significant flaws in
reporting quality. On average, 7.24 (range: 0–45) new papers were included in each subsequent
review, and 14% of studies did not include any new paper into consideration. Almost three-quarters
of the studies included less than 10% of available studies. More than half of the reviews did not
comment on the previously published reviews at all. Much wasting time and resources could be
avoided if referring to previous reviews and following methodological guidelines. Such information
chaos is alarming. It is high time to draw conclusions from what we experienced and prepare for
future pandemics.

Keywords: COVID-19; diagnosis; artificial intelligence; medical imaging; systematic umbrella review;
methodological credibility

1. Introduction

In early December, 2019, a new coronavirus epidemic was identified in Wuhan [1].
Coronavirus disease 2019 (COVID-19) is a viral infection spread by direct contact with
people experiencing the illness (from droplets generated by sneezing and coughing)
or indirectly [2]. It is caused by Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2). As of 23 February 2022, over 420 million people have been diagnosed
with COVID-19, with nearly 5.89 million associated deaths [3]. The consecutive waves of
COVID-19 affected many societies, as well as scientific foundations and organisations [4–7].
On 30 January 2020, the World Health Organisation (WHO) issued a public health emer-
gency of international concern (PHEIC) associated with COVID-19 and declared the state
of a pandemic on 11 March 2020 [8].

Disease manifestation is variable, with some infected people remaining asymptomatic
(even up to 57% [9]) and others suffering from mild (including fever, cough, and aches)
to severe (involving lethargy with dyspnoea and increased respiratory rate) and critical
manifestations (requiring mechanical ventilation). It may lead to serious neurological,
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musculoskeletal, or cerebrovascular disorders or may even progress to a life-threatening
respiratory syndrome in some patients [10,11].

Moreover, in 80% of patients, COVID-19 may leave one or more long-lasting symptoms,
with fatigue, headaches, attentional difficulties, anosmia, and memory loss manifesting the
most frequently [12]. Wide-ranging longer-term morbidity has also been described in the
absence of severe initial illnesses [13].

The essence of stopping the significant increase in morbidity is, in addition to treat-
ment, quick diagnostics. The identification of those infected allows for better management
of the pandemic (e.g., isolation, quarantine, hospital admission or admission to the inten-
sive care unit) [14]. Understanding the accuracy of tests and diagnostic features seems
essential to develop effective screening and management methods [15].

As the pandemic unfolded, many ways have been found to diagnose COVID-19. The
primary method for diagnosing COVID-19 is Nucleic Acid Amplification Tests (NAATs).
It utilises respiratory tract samples (mainly from the nasopharynx or oropharynx). How-
ever, some guidelines recommend nasal swabs [16], and some evidence suggests lower
respiratory samples, such as sputum, may have higher sensitivity [17].

From the pandemic onset, chest radiography (X-ray) has been a helpful tool for
COVID-19 diagnosis [18]. Nevertheless, even routine chest radiography does not confirm
that the patient has COVID-19, especially early on [19], so diagnosing based on an X-ray
is challenging. On the contrary, a computed tomography (CT) has been able to discover
COVID-19 abnormalities with sensitivity exceeding 97% [20]. However, it was reported to
have only 25% to 83% specificity for symptomatic patients [21]. Some evidence suggests
it helps to detect COVID-19 earlier than manifested by the positive reverse transcription-
polymerase chain reaction (RT-PCR) test [22,23]. Additionally, from the beginning of the
pandemic, COVID-19 diagnosis based on ultrasound imaging proved to be of sensitivity
and accuracy, which is similar to differentiating with CTs [24].

With the rising role of medical imaging as a diagnostic tool for COVID-19, a question
arose if and to which extent automated tools could be included in clinical diagnosis. Up to
this day, artificial intelligence (AI), or more specifically, deep learning (DL), have started
to play an increasingly vital role in medicine [25]. AI can be employed in the first step
of diagnosis, or the results it produces may be used to confirm hypotheses generated by
clinicians. In some recent studies and clinical trials, AI has been demonstrated to match or
even exceed the performance of expert radiologists, which could potentially offer expedited
and less expensive diagnostics [26–31]. A study and meta-analysis by [32] with 31,587
identified and 82 included studies shows DL is even capable of slightly outperforming
health care professionals in detecting diseases from medical images with a pooled sensitivity
of 87% (vs. 86%) and a pooled specificity of 93% (vs. 91%), respectively.

Since the emergence of the COVID-19 pandemic, around 237,000 related papers (and
growing) have been published [33,34]. The urgency of reporting novel findings and high
pressure to publish COVID-19-related research quickly has been reported to lead to excep-
tions to high standards of quality [35,36], an increase in overlap [37], lowering method-
ological credibility of some of the articles [38], or even accepting papers with numerous
analytical errors [39].

Almost two years after the pandemic onset, it is the right time to start drawing
conclusions [40]. We should also pay attention to the mistakes we have committed and
avoid them in the face of the upcoming threats. The current situation is an opportunity to
learn lessons on dealing with crises.

This systematic umbrella review aims to screen reviews on AI techniques to diagnose
COVID-19 in patients of any age and sex (both hospitalised and ambulatory) using medical
images and assess their methodological quality. Additionally, our goal was to evaluate the
research publishing process and the degree of overlap to assess the legitimacy of creating
new works in the unfolding pandemic.
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2. Materials and Methods

2.1. Data Sources and Searches

In order to determine whether there are any eligible papers, we conducted a pre-
search in the middle of August 2020 via Google Scholar by browsing. Next, we searched
seven article databases (MEDLINE, EMBASE, Web of Science, Scopus, dblp, Cochrane
Library, IEEE Xplore) and two preprint databases (arXiv, OSF Preprints) from inception
to 1 September 2020 using predefined search strategies. In developing the search strategy
for MEDLINE, we combined the Medical Subject Headings (MeSH) and full-text words.
In Text S1, we present the used strategies. No date or language restrictions were adopted.
Additionally, we searched the references of included studies for eligible records.

2.2. Study Selection

We focused on any review (systematic or not) that includes primary studies utilising
AI methods with medical imaging results to diagnose COVID-19. We were particularly
interested in the performance of such classification systems, e.g., accuracy, sensitivity,
specificity. Based on available guidelines [16], we excluded these primary studies that
used reference standards other than assay types (NAATs, antigen tests, and antibody tests)
from nasopharyngeal or oropharyngeal swab samples, nasal aspirate, nasal wash or saliva,
sputum or tracheal aspirate, or bronchoalveolar lavage (BAL) [41].

Additionally, due to overlapping and double referencing of the post-conference articles
(particular chapters), we excluded entire proceedings and post-conference books as they
contain little information about the topics (presented in chapters) per se. However, we did
not exclude reviews (chapters) as they were still present in our search.

The protocol of this review was published [42] and registered [43] on the OSF platform.
Using Endnote X8 (Clarivate Analytics ®) and Rayyan [44], we checked identified ref-

erences for duplicates. P.J., D.S., and P.O. independently screened the remaining references
using the latter application, and subsequently, independently assessed the full texts for
meeting the inclusion criteria.

To improve the understanding of the criteria among the reviewers, we carried out
pilot exercises before the screening of titles and abstracts and full texts assessment. We
achieved consensus via discussion if any conflicts occurred.

2.3. Definitions

We defined the terms used in our eligibility criteria below. Review refers to a paper
identified by authors as a review or a survey. AI refers to computer programs that can
perform tasks as intelligent beings [45]. COVID-19 refers to a disease caused by the SARS-
CoV-2 virus [46]. Imaging refers to individuals’ medical imaging results (e.g., CT scans,
X-rays, ultrasound images) [47,48].

Diagnosis refers to the identification of an illness (here: COVID-19) [49]. Performance
metrics refers to evaluating machine learning algorithms. These measures are utilised to
juxtapose observed data (actual labels) with the predictions of the model [50].

2.4. Data Extraction and Quality Assessment

Before the extraction phase, we checked included preprints for peer-reviewed versions
and included them, if available. We predefined an extraction form, and P.J. and D.S. col-
lected all necessary data independently. We gathered information about authors, funding,
population, models, outcomes—AI diagnostic metrics, and additional analyses.

We also extracted bibliometric data about publishing dates (availability), sending to
the editors (first and last version), and acceptance in a journal or a conference of included
reviews. Moreover, we checked the availability dates for primary studies.

To provide a common understanding of the criteria, we performed calibration exercises
before data extraction and credibility assessment. When the conflict occurred, we discussed
the final version.
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P.J. and D.S. conducted quality evaluations independently. We assessed the method-
ological credibility using AMSTAR 2 [51] with critical items (2, 4, 7, 9, 11, 13, and 15), indi-
cated as such by AMSTAR 2 authors, and not yet validated extended version of QASR [52].

The general quality across the study was evaluated as critically low when more than
one item in a critical domain was considered a flaw [51].

In this paper, we concentrate only on the results of applying AMSTAR 2 (as it is sug-
gested for evaluating systematic reviews [53]), while a full assessment of both instruments
will be included in the next methodologically focused article.

Additionally, we assessed the quality of reporting in included studies using the
Preferred Reporting Items for Systematic Reviews and Meta-analyses for Diagnostic Test
Accuracy (PRISMA-DTA) checklist [54]. We rated each module on the 3-item scale: 0
(no with no compliance), 0.5 (partial yes with fragmentary compliance), 1 (yes with total
compliance). Next, the results were summed, and the overall score was then assigned.

Based on the method of Li et al. [55] and taking into account two more items in the DTA
extension [54] (comparing to the original instrument [56]), we differentiated the quality of
reporting as follows:

• Major flaws when the final score was ≤ 17.0,
• Minor flaws when the final score was ≥ 17.5 and ≤ 23.0,
• Minimal flaws when the final score was ≥ 23.5.

In the case of reviews without meta-analysis, we lowered the cut-offs by 1 point
following PRISMA-DTA [54].

2.5. Data Synthesis and Analysis

In this umbrella review, we focus on the descriptive summary of included papers re-
garding the quality and reporting on the most significant characteristics, such as population,
models, interpretability, and outcomes.

We did not synthesise the results quantitatively because of the quality of included
reviews, the agreement between them, and the percentage of non-reported data (data we
intended to extract, e.g., accuracy of diagnostic methods or AI model type, see Section 3).
Therefore, we do not present a subgroup analysis and investigation of heterogeneity,
sensitivity, and publication bias analyses.

As for the in-depth characteristics, all the primary studies were divided into two
groups: included in one review only and included in at least one review. The studies
included in more than one review were analysed in 2 ways (A and B) considering not
reported data. In analysis A, whenever not reported data from one review occurred together
with a specific value from the other paper, we considered it non-overlapping and excluded
it. In analysis B, we ignored not reported data and included the specific value. After the
exclusion of non-overlapping data for continuous variables, we calculated the statistics,
namely means with ranges.

For diagnostics metrics, we prepared the scatter plots. We considered data regardless of
non-overlapping. Whenever disagreements between reviews occurred (in specific primary
studies), we averaged the values. In case of lack of data (not reported), we provided two
charts with modal imputation and without it.

From the above analyses, we excluded those primary studies, which included more
than one DL model.

We analysed how extensive was the search performed by the authors of the reviews,
i.e., percentage of the identified primary studies available up to the selected date. In the
first case, we considered the reference date, by which we mean the day that the review was
either received, accepted by the editors, or published. In the second analysis, we relaxed
this condition to the date the last cited paper included in the review was available.

Investigating the citations between the reviews, we considered two different scenarios:
citing only published reviews and citing both published and preprint versions.
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We assessed inter-review agreement only if at least two different reviews included
the same paper (and only one DL model). We determined the inter-review agreement
as a percentage of overlapping values within all extracted data (text and non-text) and
subgroups of characteristics (text and non-text) and outcomes. The text variables considered
the dataset used, architecture, and post-processing. The inter-review agreement was
assessed in 2 ways (analyses A and modified B—exclude a pair, instead of ignoring it).

All analyses were conducted using Python 3.7.10 (including libraries: Matplotlib 3.2.2,
Seaborn 0.11.1, Pandas 1.1.5 and NumPy 1.19.5).

3. Results

3.1. Included Studies

After removing duplicates, we screened 725 studies, of which 33 were read in the form
of full texts. In total, we included 22 reviews [57–78] for qualitative synthesis. We followed
PRISMA guidelines [56]. The full study flow is presented in Figure 1.

Figure 1. PRISMA flow chart.

The included and excluded studies (with reasons) are presented in Tables S1 and S2,
respectively. The detailed characteristics of included reviews are shown in Table 1, while
its extended version is ensured in Table S3.
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We present the in-depth characteristics of primary studies in Table S4. Tables S5 and
S6 focus on the non-overlapping between reviews and non-reporting in terms of specific
extracted variables. Figures S1–S6 introduces visualised diagnostic metrics.

Table 1. Detailed characteristics of included reviews.

Variable
Number

(Percentage)
Mean

(Range) 2

Number of reviews with the authors from a specific country
United States of America 8 (18%) NA
Australia 4 (9%) NA
China 4 (9%) NA
India 4 (9%) NA
United Kingdom 3 (7%) NA
Other 22 (49%) NA

Total number of authors of the reviews 171 8 (1–43)

Type of publication
Journal article (mean IF 1: 4.14; range: 0–30.31) 13 (59%) NA

IEEE Access 2 (9%) NA
IEEE Reviews in Biomedical Engineering 2 (9%) NA
Diagnostic and Interventional Imaging 2 (9%) NA
Diabetes & Metabolic Syndrome:
Clinical Research & Reviews 1 (5%) NA

Applied Intelligence 1 (5%) NA
British Medical Journal 1 (5%) NA
Biosensors and Bioelectronics 1 (5%) NA
Machine Vision and Applications 1 (5%) NA
Current Problems in Diagnostic Radiology 1 (5%) NA
Journal of the Indian Medical Association 1 (5%) NA

Preprint article 8 (36%) NA
Conference article 1 (5%) NA

Was the review specified as systematic by the authors?
No 20 (91%) NA
Yes 2 (9%) NA

Number of reviews that searched a given data source 50 5 (3–7)
arXiv 8 (36%) NA
medRxiv 6 (27%) NA
Pubmed/Medline 6 (27%) NA
Google Scholar 6 (27%) NA
bioRxiv 5 (23%) NA
IEEE Xplore 3 (14%) NA
Science Direct 3 (14%) NA
ACM digital library 2 (9%) NA
Springer 2 (9%) NA
MICCAI conference 1 (5%) NA
IPMI conference 1 (5%) NA
Embase 1 (5%) NA
Web of Science 1 (5%) NA
Elsevier 1 (5%) NA
Nature 1 (5%) NA

Number of studies
Reported by review authors as included 358 51 (20–107)
Applicable for this review question (total) 451 21 (1–106)
Applicable for this review question (unique only) 165 7.5 (0–11)

1 Impact Factor; 2 Not Applicable.

None of the reviews provided information about ethnicity, smoking, and comorbidities.
Only one review [68] reported on age and gender proportion as well as the study design
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of discussed primary papers. None of the studies conducted a meta-analysis, but one
summarised the results with the use of averages [71].

The analysed reviews described 165 primary papers (on average: eight primary studies
per review, range: 1–11). Of these, 138 of them were included in at least one review, of
which 73 were included only in one. Only 27 of the primary studies considered more than
one DL model for diagnosis.

3.2. Quality of Included Studies

The general quality of all included studies is critically low (see Figure 2). Six
reviews [62–64,66,68,77] provided full information about sources of funding and conflict
of interest. It was the most satisfied item. None of the studies provided a list of excluded
papers, explanation of eligible study design, and sources of funding in included studies.

Figure 2. Quality graph: our judgements on each AMSTAR 2 item presented as the percentage of all
the included studies; * denotes critical domains.

A heatmap with the authors’ judgements regarding AMSTAR 2 items can be found in
Figure S7. In Figure S8, we also included results per specific review.

In terms of reporting, major flaws are present among 21 of the included papers. Only
one review [68] contains minor flaws (see Figures 3, S9 and S10). The most affected domains
were those concerning additional analyses both in terms of methods and results (all reviews).
Similarly, a summary of evidence was not reported in any review.

On the contrary, 12 of the included papers [57,59,62–64,66,68–71,77,78] reported fully
on funding. Additionally, 11 reviews [57,58,60,65,66,69,70,72,73,76,77] and eight
reviews [57,59,60,65–67,71,77] described the rationale and objectives in the introduction
adequately. These were the most satisfied domains.

The mean overall score of reporting quality across the included reviews equals
6.23 (1.5–17.5). Across all items and studies, the most frequent score was 0 (no) with 67%;
19% of the time, we assessed the items as 0.5 (partially yes). A heatmap with all authors’
judgements regarding PRISMA-DTA items can be found in Figure S9. In Figure S10, we
also included summarised results per specific review.
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Figure 3. Quality of reporting graph: our judgements about each PRISMA-DTA item presented as
averages (with 95% confidence intervals—black lines) across all included studies. Different shades of
blue are used just to improve the chart’s clarity.

3.3. Resources and Time Wasting Analyses

The included studies were published or available online without peer reviewing from
11 April 2020 to 12 October 2020 (see Figure S11). In Figure 4, we presented a cumulative
chart of all 165 primary studies included in the discussed reviews.

Figure 4. The cumulative chart of included, available (by the date), and introduced primary papers
among discussed reviews.

The number of included interesting studies (related to our research question) in
selected reviews ranged from 1 [62–64] to 106 [73]. Moreover, we present the percentage of
articles introduced by (first appear in) a particular review. Figure S11 additionally depicts
the appearance of included reviews and interesting primary studies over time.

Half (50%) of all (165) primary studies (the half-saturation constant) were included at
least once before the end of July 2020. However, the same number of papers was available
for inclusion three months earlier.

Next, we investigated the extent to which review authors performed the search.
Regarding the reference date (see Figure S11), the mean percentage of the primary studies
covered was 14% (1–64). When relaxed, the mean percentage of covered studies increased
to 24% (1–65). More details about the search are presented in Table S7.
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Out of all the studies, 14% did not include any new paper into consideration. The
mean primary studies that were introduced by a particular review was 7.24 (0–45).

Analysing published versions of reviews only, the cross-citing equals 0.81 (0–4). In-
cluding also preprints, 1.1 (0–7) published papers or preprints were quoted by the authors
of the subsequent reviews. Notably, 12 (55%) of reviews did not refer to any previously
available ones at all.

Figures S12–S21 present results regarding the agreement between reviews (pairs of
reviews) in the reporting of characteristics and outcomes.

4. Discussion

Generally, we report that the quality of the included reviews was critically low. Similar
findings were found by Jung et al. [79], who observed lowered methodological credibility in
686 of 14,787 screened COVID-19 papers. Analyses of reviews on COVID-19 by Yu et al. [80]
and Al-Ryalat et al. [81] also showed their unsatisfactory credibility. It adds on top of the
generally low quality of reporting of DL performance from medical images, with a high
risk of bias present in 58 out of 81 of the existing studies (72%) [82].

Poor quality is not related only to COVID-19 and AI. Still, it occurs in many fields
such as bariatric surgery with up to 99% critically low articles [83], psychology with 95%
of papers [84], or methodology where 53 out of 63 publications were of critically low
quality [85].

What is more, we also noticed major flaws in reporting. Nagendran et al. [82] ob-
served the same, but they used the original PRISMA instrument. In our research, three
PRISMA-DTA domains were fully violated by all reviews. Although the authors focused
on diagnostics, they poorly reported on accuracy measures and explicit description of the
extraction process. None of the included studies performed a meta-analysis, similar to
what Adadi et al. [86] found in their study.

The low credibility of evidence and flawed reporting (e.g., population characteristics)
can be associated with a lack of knowledge of reporting standards and clinical practice or
misunderstandings regarding AI methods and additional analyses.

We also observed multiple disagreements between the included reviews. However,
excluding them from synthesis is associated with a vast information loss, e.g., the number
of participants. Inconsistencies were also noticed in the reporting of DL architecture. For
instance, the following names were used across multiple studies: ResNet-18, ResNet18, resnet-
18, 18-layer ResNet. In some of the papers, the architecture was not reported at all. It made
it challenging to group models into similar subsets. Some discrepancy was also observed
in extracting the measurements of AI models performance, e.g., diagnostic effectiveness
metrics. Such negligence may lead to further replicating the errors by subsequent studies
and should be corrected before releasing the paper or soon after in an updated version or
in an associated erratum.

Many of the reviews included in this paper did not strengthen the evidence on using
AI in diagnosing COVID-19 from medical imaging. Those works have not identified
and correctly cited pre-existing primary papers, which is deemed the essence of any
research. Some of the potential explanations are that multiple similar studies might have
been initiated around the same time, and prolonged review times impacted their content.
Alternatively, the research objectives of some articles were broad enough to preclude a
deeper analysis of the use of artificial intelligence in medical imaging.

Wasting may also (or in particular) be observed on the primary studies level. Failure
to consider previous results may lead to publishing new papers describing models similar
to those presented by other researchers. Shockingly, these newer DL architectures rely
sometimes on fewer participants or COVID-19 cases, so they probably reflect reality less
adequately. As researchers suggest, the amount of waste and poor biomedical research
quality is staggering [35,87]. Papers that do not bring any additional evidence to the field
can be considered redundant [88–91].
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Proper reporting of deep learning performance from primary studies is challenging.
Naudé [92] has pointed out some of the significant concerns regarding the adoption of AI
in COVID-19 research, including data availability and its quality. Still, many studies do
not ensure that the utilised code is open-source, which highly limits the reproducibility
of their findings [93,94]. Therefore, we suggest sharing it so that you can react faster and
more effectively from the perspective of the upcoming, similar breakdowns.

On average, when not considering credibility issues, the diagnostic metrics of de-
scribed models exceed the human’s ability to diagnose COVID-19 from medical imag-
ing [32]. Sadly, no evidence of such an advantage could be transferred to any implications
for practice because of not following reporting and quality instruments. It resembles a
situation when a long jumper did not break the world record just because they stepped on
the foul line.

4.1. Study Strengths and Limitations

Our umbrella review has the following strengths. First, the search strategy was
comprehensive. It is based on adequate inclusion criteria related to the research question
and spanned across a wide selection of existing data sources: papers and preprints. This
selection was further expanded by searching the references of included papers to identify
additional works. It is noteworthy that the searches were not limited in terms of format or
language (we imposed no restrictions). The process of our review was rigorous as the study
was preceded by the publication of protocol. We used the most up-to-date and applicable
instruments to assess the credibility and quality of reporting—AMSTAR 2 and PRISMA
with extension for DTA, respectively.

Nevertheless, these two have been designed for reviews in medicine and health
sciences, where the formulation of the research question is structured, the methodology is
validated, and the quantitative synthesis of results is popular.

It must be noted, though, that the vast majority of the included studies focused on a
broader context than purely diagnosing COVID-19 from medical images.

In this study, we have also investigated wasting among the reviews. We based on the
date of publishing of the last included primary study in a specific review. By doing so, we
aimed at assessing the depth of the search performed by the authors. We assumed that if
the authors included a given study, they should have had the required knowledge about
all the papers available before it was released. This approach relaxes the strict requirement
to include all the studies that appeared before the review was published and seems to
measure the quality of the search more objectively.

The level of agreement between reviews differs remarkably depending on the extracted
variable, so without comparing with the primary studies, we cannot be fully convinced
of the data correctness reported in the reviews. In the assessment of the inter-review
agreement, we considered only these reviews that included the same paper (and described
one DL model).

5. Conclusions

The COVID-19 research is quickly moving forward. Each day hundreds of new
papers are published [95–97]. As AI starts to play an increasingly important role in clinical
practice [98,99], it is crucial to evaluate its performance correctly.

In this paper, we synthesised and assessed the quality of the 22 reviews that mention
using AI on COVID-19 medical images. We reviewed them and critically assessed their
reporting and credibility using well-established instruments such as PRISMA-DTA [54]
and AMSTAR 2 [51].

We explored the beginning of the pandemic when much uncertainty and confusion
existed in the world of science. It seems that the number of articles and the pace of their
publishing during the future global outbreaks might be even faster. Thus, it is essential to
draw the appropriate conclusions now and treat this briefing as an opportunity to optimise
work and avoid wasting in publishing.
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In order to accomplish this, we urge the authors of the reviews to use PRISMA [56] and
AMSTAR 2 [51] and the authors of primary studies to follow appropriate tools [100,101].

It is high time to adopt best practices, improve the research quality, and apply higher
scrutiny in filtering out non-constructive contributions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11072054/s1, Table S1: Included studies with dates: first
received, last received, accepted and published; Table S2: Exluded studies [102–112] with rea-
sons; Table S3: Full characteristics of included reviews; Table S4: In-depth characteristics of pri-
mary studies; Table S5: Non-overlapping of in-depth characteristics variables; Table S6: Non-
reporting of in-depth characteristics variables; Figure S1: CT-based COVID-19 diagnosis, without
imputation; Figure S2: CT-based COVID-19 diagnosis, with modal imputation; Figure S3: X-Ray-
based COVID-19 diagnosis, without imputation; Figure S4: X-Ray-based COVID-19 diagnosis, with
modal imputation; Figure S5: COVID-19 diagnosis with full patients number data provided, without
imputation; Figure S6: COVID-19 diagnosis with any patients number data provided, with modal
imputation; Figure S7: Review authors’ judgements about each AMSTAR 2 item across all included
studies; * denotes critical items; Figure S8: AMSTAR 2 score in each included review; Figure S9:
Review authors’ judgements about each PRISMA-DTA item across all included studies; Figure S10:
PRISMA-DTA score in each included review; Figure S11: Appearance of included reviews (verti-
cal lines, reference date, see Table S1 and interesting primary studies (dots)); Table S7: Time and
resource wasting statistics; Figure S12: Level of agreement based on overlapping in extracted data
(characteristics only, without text data) between included reviews; analysis A; Figure S13: Level of
agreement based on overlapping in extracted data (characteristics only) between included reviews;
analysis A; Figure S14: Level of agreement based on overlapping in extracted data (outcomes only)
between included reviews; analysis A; Figure S15: Level of agreement based on overlapping in
extracted data (all variables, without text data) between included reviews; analysis A; Figure S16:
Level of agreement based on overlapping in extracted data (all variables) between included reviews;
analysis A; Figure S17: Level of agreement based on overlapping in extracted data (characteristics
only, without text data) between included reviews; analysis B; Figure S18: Level of agreement based
on overlapping in extracted data (characteristics only) between included reviews; analysis B; Figure

S19: Level of agreement based on overlapping in extracted data (outcomes only) between included
reviews; analysis B; Figure S20: Level of agreement based on overlapping in extracted data (all
variables, without text data) between included reviews; analysis B; Figure S21: Level of agreement
based on overlapping in extracted data (all variables) between included reviews; analysis B; Text S1:
Search Strategies; PRISMA 2020 Checklist.

Author Contributions: Conceptualization, P.J., D.S., and P.O.; methodology, D.S. and P.J.; soft-
ware, P.J. and P.O.; validation, P.J. and D.S.; formal analysis, P.J. and D.S.; investigation, P.J., D.S.
and P.O.; resources, P.J.; data curation, P.J.; writing—original draft preparation, P.J., D.S. and P.O.;
writing—review and editing, P.J., D.S. and P.O.; visualization, P.J. and P.O.; supervision, P.J.; project
administration, P.J.; funding acquisition, P.J. All authors have read and agreed to the published
version of the manuscript.

Funding: Research project supported by program Excellence initiative— research university for the
University of Science and Technology. P.O. was supported by National Institutes of Health (grant
number AI116794).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Code used in this research is available on GitHub: https://github.
com/pawljmlo/covid-ur-wasting (accessed on 25 March 2022). The data presented in this study are
available on request from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

181



J. Clin. Med. 2022, 11, 2054

Abbreviations

The following abbreviations are used in this manuscript:

AI artificial intelligence
BAL bronchoalveolar lavage
COVID-19 Coronavirus disease 2019
CT computed tomography
DL deep learning
NAATs Nucleic Acid Amplification Tests
PHEIC public health emergency of international concern
X-ray radiography
RT-PCR reverse transcription-polymerase chain reaction
SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus 2
WHO World Health Organisation
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