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Preface

Coronavirus disease 2019 (COVID-19) is a serious respiratory disease that results from

infection with severe acute respiratory syndrome coronavirus 2 (SARS-COV-2). Although several

vaccines have been developed and programs implemented globally, patients may present various

complications, including some that are life-threatening.

Different studies have shown several potential acute and chronic complications in patients with

COVID-19. The spectrum of acute complications ranges from respiratory failure to cardiac and

cardiovascular injury, liver and renal disorders, neurologic manifestations, secondary infections, and

coinfections, as well as disseminated intravascular coagulation.

Unfortunately, COVID-19 is not only a short-term infection; patients may also present with

long-term complications. Post-COVID-19 conditions are found more often after severe illness, but

any patient may experience long COVID-19, even those who have mild illness or no symptoms.

Also, due to the intrinsic characteristics of SARS-CoV-2 infection, the elderly and patients

with certain medical conditions have been demonstrated to be particularly at risk for various

complications.

At present, our research critically analyzes and discusses current knowledge on the clinical

characteristics of SARS-CoV-2 infection, focusing on acute and long-term complications.

Elena Cecilia Rosca and Amalia Cornea

Editors
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The coronavirus disease 2019 (COVID-19) pandemic has presented a remarkable chal-
lenge to global health, sparking a surge in research aimed at understanding the multifaceted
impacts of the virus. COVID-19 is a severe respiratory disease caused by severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2). Despite the development of various vaccines
and global programs, some patients may experience life-threatening complications. The
acute complications can range from respiratory failure to cardiac and cardiovascular injury,
liver and renal disorders, neurologic manifestations, secondary infections, coinfections,
and disseminated intravascular coagulation. However, COVID-19 is not only a short-term
infection, but can also present long-term complications. Post-COVID-19 conditions are
more common after severe illness, but any patient can experience long COVID, even those
with mild or no symptoms.

Recent studies have delved into diverse aspects of the impact of the virus, shedding
light on its metabolic, cardiovascular, pediatric, and neurological dimensions.

Acute respiratory distress syndrome (ARDS) is more common than initially thought,
with 10% of intensive care units patients and 23% of mechanically ventilated patients
meeting the criteria [1]. Hospital mortality rates range from 35 to 45%, with a 31% mortality
rate even in rapidly resolved cases [2]. The COVID-19 pandemic has highlighted this critical
care condition [3]. Among ARDS predictors in hospitalized COVID-19 patients, body mass
index (BMI), body fat percentage (BF%), and visceral fat (VF) are significant characteristics,
with obesity emerging as a crucial risk factor for ARDS. Additionally, admission predictors
of ARDS have been delineated: having a very high BMI, SaO2 < 87.5, IL-6 > 59.75, a
low lymphocyte count, being of female sex, and aged <68.5. Obesity was found to be a
significant risk factor for ARDS clinical deterioration. These findings support the need for
targeted interventions in obese patients to mitigate the risk of ARDS [4].

Prognostic markers also include the evaluation of N-terminal pro-brain natriuretic
peptide (NT-pro-BNP) [5]. Studies have revealed that NT-pro-BNP levels and other clinical
parameters are independently associated with in-hospital mortality [6,7]. Furthermore,
mortality has been reported to be increased in patients of older age, with a lower GCS
and PaO2/FiO2 ratio, elevated D-dimer values, INR, creatinine values, and shorter PT.
They showed an increased frequency of heart failure and higher NT-pro-BNP values.
Multivariable logistic regression analysis demonstrated that higher NT-pro-BNP values
and lower PT and PaO2/FiO2 at admission were independent predictors of mortality
during hospitalization. Although further longitudinal studies are needed in order to
confirm these findings, the authors underscore the significance of monitoring NT-pro-BNP
levels in COVID-19 pneumonia patients to identify those at highest risk [7].

A common complication in COVID-19 patients is acute kidney injury (AKI) [8], with
older age, higher admission serum creatinine, an elevated Sequential Organ Failure As-
sessment (SOFA) score, elevated D-dimer, elevated C-reactive protein (CRP) on day 2,
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mechanical ventilation, vasopressor requirement, and azithromycin usage being significant
risk factors [9]. However, the combined use of Tocilizumab and corticosteroids has been
independently associated with reduced AKI risk. Therefore, the early administration of anti-
inflammatory agents may improve clinical outcomes, and anti-inflammatory agents should
be considered when managing COVID-19-associated AKI. Nonetheless, the association of
AKI with the usage of common anti-COVID-19 drugs (e.g., remdesivir, tocilizumab, and
lopinavir/ritonavir) should be further investigated [10], and further research is required to
assess the risks and benefits of Tocilizumab treatment in critically ill COVID-19 patients
with renal impairment [11].

The COVID-19 pandemic has highlighted high-risk groups for poor COVID-19 out-
comes [12], including elderly patients receiving hemodialysis, with factors such as age,
immunosenescence, and increased exposure to infection sources influencing COVID-19
incidence, severity, and mortality. Preventative measures such as regular screening and
vaccination programs have been reported to be crucial to reducing COVID-19 cases and
complications, especially for elderly hemodialysis patients. The pandemic has led to the
development of medications for treating viral and inflammatory diseases, but elderly
hemodialysis patients have been underrepresented in many trials. Nonetheless, contem-
porary treatments for COVID-19 in this population, with an up-to-date guide, are now
available [13].

Shifting the focus to another critical aspect, the elevated serum urea-to-creatinine ratio
(UCR) emerges as a potential proxy for hypovolemia, with a 5-unit increase linked to an 8%
rise in all-cause mortality. Notably, patients with a baseline UCR > 40 face higher odds of
in-hospital death when experiencing > 10 mmol/L increases in serum sodium within the
first week [14]. These findings underscore the importance of monitoring sodium levels and
implementing targeted interventions for at-risk patients [15].

The COVID-19 pandemic has led to various levels of prevalence and geographical
areas of ARDS in hospitalized patients, with unclear optimal respiratory support and
high mortality rates due to early intubation experiences and the lack of international
guidelines for noninvasive modalities. Numerous studies have attempted to compare
supplemental high-flow nasal cannula (HFNC) oxygen and normal oxygen therapy (NIV)
in COVID-19 patients, with inconclusive results [16,17]. However, other researchers have
evaluated the use and success rate of helmet continuous positive airway pressure (hCPAP)
in regular medical wards, offering a tailored approach for COVID-19-associated ARDS,
with a computed hCPAP-f Score emerging as a valuable tool for predicting hCPAP failure,
offering a nuanced approach to patient management. Factors associated with hCPAP
use include a PaO2/FiO2 ratio < 270, IL-6 serum levels over 46 pg/mL, AST > 33 U/L,
LDH > 570 U/L, age > 78 years, and neuropsychiatric conditions. The failure of hCPAP was
associated with being of male sex, polypharmacotherapy, a platelet count < 180 × 109/L,
and a PaO2/FiO2 ratio < 240 [18].

The clinical presentation of SARS-CoV-2 varies [19], with respiratory tract infections
and multi-organ damage being common findings. Proper investigation is crucial due to the
high risk of systemic inflammation, such as myositis and myocarditis, which can lead to
fatal outcomes. Among the atypical presentations of COVID-19, myocarditis, mimicking
autoimmune disease, necessitates further exploration into the autoimmune aspects of
COVID-19 [20].

Although parosmia was a previously known disorder with limited clinical interven-
tions, it is only since the COVID-19 epidemic that researchers have had to deal with an
ever-increasing number of patients [21], contributing to an expansion of knowledge and
innovative techniques [22]. For example, researchers have confirmed the efficacy of com-
bining ultramicronized palmitoylethanolamide and Luteolin (umPEA-LUT) with olfactory
training as a therapy for COVID-19-related quantitative smell alteration, emphasizing the
importance of addressing both the central and peripheral aspects of olfactory dysfunc-
tion [23].
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Recently, at least 74 different clinical manifestations were demonstrated to be asso-
ciated with COVID-19 [19]. Parsonage–Turner syndrome (PTS), an inflammatory disor-
der of the brachial plexus with immune-mediated causes, was also reported following
SARS-CoV-2 infection. A systematic review revealed 26 cases of PTS in patients who had
previously contracted COVID-19 [24]. The spectrum was heterogeneous, with 93.8% expe-
riencing severe pain, 80.8% suffering motor deficit, and 53.8% undergoing muscle wasting.
Paresthesia was noted in 46.2% of PTS individuals, and sensory loss in 34.6%. This review
emphasizes the need for a high index of suspicion for PTS and underscores the necessity
for standardized investigation and reporting protocols [24].

SARS-CoV-2 does not show selective tropism to the respiratory system; it has widespread
effects on many tissues, including endocrine gland impairment [25,26]. Recent research has
examined the activity of the thyroid and adrenal glands through 18F-FDG PET/CT scans,
revealing a persistent low 18F-FDG uptake in adrenal glands, suggesting chronic hypofunc-
tion. Conversely, the thyroid’s metabolic activity, initially comparable to normal subjects,
exhibited an intriguing shift post recovery, hinting at the onset of inflammatory thyroiditis.
These observations advocate for heightened vigilance regarding the pituitary–adrenal axis
and thyroid functionality in COVID-19 patients during infection and recovery [27].

Regarding pediatric cases, researchers have also investigated the prevalence of respira-
tory viruses and their coinfections in children with severe respiratory infections (SARIs) [28].
The five most frequent coinfections identified were human rhinovirus (hRV)/SARS-CoV-2
(17.91%), hRV/respiratory syncytial virus (RSV) (14.18%), RSV/SARS-CoV-2 (12.69%),
hRV/human bocavirus (BoV) (10.45%), and hRV/adenovirus (AdV) (8.21%) [29]. These
findings offer valuable insights into the complexity of pediatric respiratory infections and
the need for tailored interventions.

Bibliometric analysis is an approach that uses a set of quantitative methods to measure,
track, and analyze the scholarly literature [30], providing an overview of a field of research.
It has been used in SARS-CoV-2-infection-related research. For example, a bibliometric
review exploring studies that assessed SARS-CoV-2 antibody responses in the pediatric
population highlighted collaborative networks, international interactions, and key findings
regarding antibody titers and correlations with immune markers. This study offers insights
into future research directions in pediatric SARS-CoV-2 antibody responses [31].

Together, these papers provide a wealth of information, revealing the many facets
of COVID-19’s effects on various physiological systems. Each study adds a piece to the
puzzle, including topics such as neurological symptoms, pediatric responses, metabolic
abnormalities, and cardiovascular and metabolic consequences. As we examine these
findings, the importance of standardized approaches, vigilant monitoring, and tailored
interventions becomes clear. The multidisciplinary nature of these studies underscores
the need for collaborative efforts and for pushing the boundaries of knowledge to better
understand not only the SARS-CoV-2 infection but also any new pathogens.

Author Contributions: Conceptualization, A.C., M.S. and E.C.R.; methodology, A.C. and E.C.R.;
software, A.C. and E.C.R.; investigation, A.C., M.S. and E.C.R.; resources, A.C. and E.C.R.; writing—
original draft preparation, A.C.; writing—review and editing, M.S. and E.C.R.; supervision, M.S. and
E.C.R.; project administration, E.C.R. All authors have read and agreed to the published version of
the manuscript.
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Abstract: Aim: We aimed to single out admission predictors of acute respiratory distress syndrome
(ARDS) in hospitalized COVID-19 patients and investigate the role of bioelectrical impedance (BIA)
measurements in ARDS development. Method: An observational, prospective cohort study was
conducted on 407 consecutive COVID-19 patients hospitalized at the University Clinical Center
Kragujevac between September 2021 and March 2022. Patients were followed during the hospitaliza-
tion, and ARDS was observed as a primary endpoint. Body composition was assessed using the BMI,
body fat percentage (BF%), and visceral fat (VF) via BIA. Within 24 h of admission, patients were
sampled for blood gas and laboratory analysis. Results: Patients with BMI above 30 kg/m2, very high
BF%, and/or very high VF levels were at a significantly higher risk of developing ARDS compared to
nonobese patients (OR: 4.568, 8.892, and 2.448, respectively). In addition, after performing multiple
regression analysis, six admission predictors of ARDS were singled out: (1) very high BF (aOR 8.059),
(2) SaO2 < 87.5 (aOR 5.120), (3) IL-6 > 59.75 (aOR 4.089), (4) low lymphocyte count (aOR 2.880),
(5) female sex (aOR 2.290), and (6) age < 68.5 (aOR 1.976). Conclusion: Obesity is an important risk
factor for the clinical deterioration of hospitalized COVID-19 patients. BF%, assessed through BIA
measuring, was the strongest independent predictor of ARDS in hospitalized COVID-19 patients.

Keywords: ARDS; bioelectrical impedance analysis; body fat percentage; COVID-19; obesity

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is responsible for
a significant number of deaths and health impairments worldwide [1]. The illness is
characterized mostly by respiratory clinical manifestations ranging from mild to severe
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clinical forms [2]. However, in 10–20% of patients, the disease is complicated by respiratory
failure, acute respiratory distress syndrome (ARDS), and multisystem organ failure [3,4].

Despite continuous research efforts, the exact mechanisms of clinical deterioration are
not fully elucidated. In a practical manner, it would be beneficial to single out conditions
and clinical characteristics associated with ARDS development in order to construct predic-
tion models and promptly single out patients at risk of clinical deterioration. According
to the available literature, many parameters are associated with COVID-19 ARDS, such
as older age, male sex, certain comorbidities, smoking, impaired gas exchange, elevated
biomarkers of inflammation, and impaired coagulation [5–11]. However, the exact selection
of predictors and their impact on ARDS development in hospitalized COVID-19 patients
are not uniform across the literature, mostly due to the significant heterogeneity of cohort
characteristics and methodological approach.

Obesity, according to body mass index (BMI), is associated with disease severity and
the need for ICU treatment (OR 1.2–5.5) [12–15]. However, BMI is a basic anthropometric
measurement that neglects body composition and the presence of adipose tissue. Given
that most of the pathophysiological mechanisms through which obesity possibly affects the
COVID-19 course are the effect of adipose tissue, assessing body composition solely using
the BMI could be suboptimal [16–18].

Therefore, we aimed to single out admission predictors of ARDS in hospitalized
COVID-19 patients, based on sociodemographic and medical history data, as well as blood
gas and laboratory analysis on admission. Additionally, we aimed to examine the impact of
obesity on COVID-19 ARDS, as well as compare BMI with anthropometric measurements
given by BIA method, such as total body and visceral fat. To the best of the authors’
knowledge, this is the first registry regarding BIA measurements and COVID-19 outcomes.

2. Materials and Methods
2.1. Study Population

An observational, prospective cohort study included 407 consecutive COVID-19 pa-
tients hospitalized at the University Clinical Center Kragujevac between September 2021
and March 2022. The study was granted approval by the University Clinical Center Kragu-
jevac (Serbia) Ethical committee.

Our COVID-19 center consisted of standard, semi-intensive, and intensive care units
focused on severe to critically ill patients [19]. Patients were followed during the hos-
pitalization, and ARDS development was observed as a primary endpoint. The ARDS
is an acute onset clinical syndrome characterized by diffuse, bilateral alveolar damage,
inflammation, and edema, resulting in respiratory failure [20]. ARDS was defined using the
Berlin criteria [21]: (1) timing within 1 week of clinical insult or new/worsening respiratory
symptoms; (2) bilateral opacities seen on chest imaging, not fully explained by effusions,
lobar/lung collapse, or nodules; (3) respiratory failure not fully explained by cardiac fail-
ure/fluid overload; (4) oxygenation impairment, defined as the ratio of partial pressure of
arterial oxygen (PaO2) to the fraction of inspired oxygen (FiO2) below 300 mm Hg.

Inclusion and exclusion criteria are presented in Supplementary Table S1. We note that,
during the data collection period, 1240 patients were hospitalized in our COVID-19 center;
however, 825 patients were excluded according to exclusion criteria. Since there was an
insufficient number of underweight patients (total of eight patients according to either BMI
or BF% measurement), those patients were additionally excluded from further analysis.

2.2. Data Collection

Sociodemographic and medical history data were obtained using patients’ electronic
medical records (Health Informational System version 2, ComTrade, Kragujevac, Serbia).
Arterial and peripheral venous blood for further analysis was routinely sampled at the
time of admission.

Within 48 h of hospital admission, patients were measured on the TANITA BC-543
device (Tanita Corporation, Tokyo, Japan). According to the manufacturer’s instructions,
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patients were measured in the morning, barefoot, in light clothing, before the first meal.
In order to minimize the effect of acute infection and fever, patients were measured in an
afebrile state.

Anthropometric parameters of interest were the following:

(I) BMI, calculated using the formula BMI [kg/m2] = BM [kg]/BH2 [m2], where BM is the
body mass expressed in kg (with 0.1 kg precision), and BH is body height expressed
in m (with 0.01 m precision). According to BMI values, patients were categorized as
(I) underweight < 18.5 kg/m2, (II) normal weight 18.6–24.9 kg/m2, (III) overweight
25–29.9 kg/m2, (IV) class 1 obesity 30–34.9 kg/m2, (V) class 2 obesity 35–39.9 kg/m2,
or (VI) class 3 obesity > 40 kg/m2 [22].

(II) Body fat percentage (BF%), expressed as a percentage of the total mass (with 0.1%
precision). According to BF% values, regarding age and sex, patients were categorized
as (I) low BF%, (II) normal BF%, (III) high BF%, or (IV) very high BF% (age- and
sex-adjusted cutoff values are presented in Table 1) [23].

(III) Visceral fat (VF) level, according to which patients were categorized as (I) normal
(1–9), (II) high (10–14), or (III) very high (≥15) [24].

Table 1. Age- and sex-adjusted cutoff values for BF% categories.

Sex
Age

(Years)

BF% Categories

Low Normal High
(Overweight)

Very High
(Obesity)

Female

20–39 <21% 21–32.9% 33–39.5% >39.5%

40–59 <23% 23–33.9% 34–40% >40%

≥60 24% 24–35.9% 36–41.5% >41.5%

Male

20–39 <7% 7–19.9% 20–25% >25%

40–59 <10.5% 10.5–21.9% 22–27.5% >27.5%

≥60 <12% 12–24.9% 25–30% >30%
Abbreviations: BF%—Body fat percentage. BF% and VF levels were assessed using BIA analysis, by measuring
the tissue’s impedance to a low current electrical impulse.

2.3. Statistical Analysis

Statistical analysis was performed using the SPSS statistical package (version 25.0,
IBM corporation, Armonk, NY, USA). Differences in quantitative data were tested using
the Mann–Whitney U test. If applicable, continuous data were further transformed into a
binary variable. When dividing continuous variables into categories, an accepted reference
line or cutoff values given by ROC analysis (Supplementary Table S2) were used, depending
on clinical applicability. After identifying the variables associated with primary outcome,
uni- and multivariable binary logistic regression was performed. The strength of the
relationship between examined variables and outcome was expressed as the odds ratio
(OR) with 95% confidence interval (95% CI) for univariate, and as the adjusted odds ratio
(aOR) with 95% CI for multivariate analysis. A p-value < 0.05 was considered significant.

3. Results

Our cohort consisted of 407 adult COVID-19 patients hospitalized at the University
Clinical Center Kragujevac (Serbia), whose characteristics are presented in Table 2. During
the hospitalization, 98.5% of patients required some form of oxygen support, 51.6% of
patients required noninvasive/invasive ventilation, and 35.1% of patients developed ARDS,
with a mortality rate of 17.4%. Younger age and female sex were associated with ARDS
development, while patients with and without ARDS did not significantly differ in terms
of comorbidities. In addition, patients who developed ARDS had a shorter period between
disease onset and the need for inpatient treatment, more frequently required oxygen
support upon admission, had a longer hospital stay, and had a higher mortality rate.
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Table 2. Demographic and medical history data, with regard to ARDS development.

Cohort Characteristics

Frequency (Number of Cases)
or Median Value (with IQR) p-Value

Cohort No ARDS ARDS

Age [years] 68.0 (IQR 17.0) 68.5 (IQR 16.0) 66.0 (IQR 19.0) 0.006 *

Sex

Male 62.9% (n = 256) 68.9% (n = 182) 51.7% (n = 74)
0.001 *

Female 37.1% (n = 151) 31.1% (n = 82) 48.3% (n = 69)

COMORBIDITIES

Arterial hypertension 68.1% (n = 277) 70.5% (n = 186) 63.6% (n = 91) 0.182

Diabetes mellitus 26.5% (n = 108) 25.4% (n = 67) 28.7% (n = 41) 0.482

Chronic kidney disease 14.7% (n = 60) 14.8% (n = 39) 14.7% (n = 21) 1.000

Neurological condition 1 3.4% (n = 14) 3.8% (n = 10) 2.8% (n = 4) 0.778

Previous myocardial infarction 3.9% (n = 16) 3.8% (n = 10) 4.2% (n = 6) 0.797

Malignancy 6.1% (n = 25) 7.2% (n = 19) 4.2% (n = 6) 0.283

Obstructive lung disease 2 3.2% (n = 13) 3.4% (n = 9) 2.8% (n = 4) 1.000

Charlson Comorbidity Index 3.0 (IQR 2.0) 3.0 (IQR 2.0) 3.0 (IQR 3.0) 0.052

DISEASE COURSE AND OUTCOME

Time from disease onset to hospital admission [days] 6.0 (IQR 6.0) 7.0 (IQR 7.0) 6.0 (IQR 5.0) 0.003 *

ARDS development 35.1% (n = 143) / / /

Mortality 17.4% (n = 71) 9% (n = 24) 44.1% (n = 63) <0.001 *

Hospital stay [days] 17.0 (IQR 11.0) 14.5 (IQR 9.75) 21.0 (IQR 14.0) <0.001 *

Oxygen support requirement on admission 92.9% (n = 378) 90.5% (n = 239) 97.2% (n = 139) 0.014 *

Abbreviations: ARDS—acute respiratory distress syndrome; IQR—interquartile range. * Statistical significance
level at <0.05. 1 Neurological condition: the presence of history of stroke, brain tumor or malformation, vascular
disease, dementia of any etiology, etc. 2 Obstructive lung disease: the presence of either chronic obstructive lung
disease or bronchial asthma.

The prevalence of obesity was 37.9% according to BMI and 49.6% according to BF%,
while 38.6% of patients had an excessive level of VF. (Figure 1) Furthermore, patients who
developed ARDS more frequently had BMI above 30 kg/m2 (p < 0.001), as well as very
high body fat percentage (p < 0.001) and visceral fat level (p < 0.001).

The admission blood gas and laboratory analysis is presented in Table 3. Patients with
ARDS, compared to those without, had significant differences in blood cell count (lower
lymphocyte and higher granulocyte count), more impaired gas exchange (lower values
of oxygen saturation (SaO2) and partial oxygen pressure (PaO2)), and more increased
inflammatory biomarkers (including C-reactive protein (CRP), lactate dehydrogenase
(LDH), and interleukin-6 (IL-6)).

After performing the univariate analysis, 11 variables were selected for the final
binary logistic regression model. (Table 4) Six variables gave statistically significant
contributions to the model: (1) very high BF (aOR 8.059), (2) SaO2 < 87.5 (aOR 5.120),
(3) IL-6 > 59.75 (aOR 4.089), (4) low lymphocyte count (aOR 2.880), (5) female sex (aOR
2.290), and (6) age < 68.5 years (aOR 1.976). The score was statistically significant (c11 = 178.54;
p < 0.001), with a sensitivity of 76%, specificity of 87.7%, and C-index of 0.885 (p < 0.001)
(Figure 2).
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Figure 1. Percentage distribution of body composition categories for (a) BMI, (b) %BF, and (c) VF level,
with regard to ARDS development. Abbreviations: ARDS—acute respiratory distress syndrome;
BMI—body mass index; VF—visceral fat; %BF—body fat percentage. * Statistical significance at <0.05.

Table 3. Admission blood gas and laboratory analysis, with regard to ARDS development.

Blood Gas and Laboratory Analysis
Median Values (IQR)

p-Value
Cohort No ARDS ARDS

PaO2 [kPa] 6.9 (IQR 1.4) 14.5 (IQR 9.75) 6.4 (IQR 1.2) <0.001 *

SaO2 [%] 88 (IQR 6) 89 (IQR 5) 86 (IQR 5) <0.001 *

WBC [109/L] 8.2 (IQR 4.8) 8.2 (IQR 4.5) 8.3 (IQR 6.6) 0.751

Granulocyte count [109/L] 6.9 (IQR 4.9) 6.5 (IQR 4.85) 7.4 (IQR 4.1) 0.710

Granulocytes [%] 84.2 (IQR 11.7) 83 (IQR 12.2) 85.9 (IQR 10.8) 0.001 *

Lymphocyte count [109/L] 0.7 (IQR 0.5) 0.73 (IQR 0.57) 0.69 (IQR 0.43) 0.009 *

Lymphocytes [%] 9.1 (IQR 8.5) 9.5 (IQR 8.6) 8.5 (IQR 6.4) 0.036 *
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Table 3. Cont.

Blood Gas and Laboratory Analysis
Median Values (IQR)

p-Value
Cohort No ARDS ARDS

RBC [1012/L] 4.5 (IQR 0.7) 4.48 (IQR 0.81) 4.47 (IQR 0.69) 0.968

HGB [g/L] 134 (IQR 21) 134.5 (IQR 21.75) 133 (IQR 21) 0.081

PLT [109/L] 201 (IQR 113) 203.5 (IQR 108) 199 (IQR 115) 0.771

INR 1.08 (IQR 0.18) 1.08 (IQR 0.16) 1.07 (IQR 0.19) 0.079

aPTT [s] 31.4 (IQR 6.85) 31.5 (IQR 7) 33.3 (IQR 6.3) 0.917

Fibrinogen [g/L] 6.5 (IQR 2.15) 6.26 (IQR 2.06) 6.22 (IQR 2.09) 0.485

D-dimer [ug/mL] 0.93 (IQR 0.97) 0.97 (IQR 1.25) 0.85 (IQR 0.76) 0.159

Albumin [g/L] 36 (IQR 4) 36 (IQR 4) 36 (IQR 5) 0.337

AST [IU/L] 42 (IQR 35) 41 (IQR 31) 43 (IQR 41) 0.271

ALT [IU/L] 36 (IQR 36) 36 (IQR 38.25) 41 (IQR 40) 0.830

GGT [IU/L] 41 (IQR 65) 42 (IQR 65) 41 (IQR 64) 0.819

BUN [mmol/L] 7.8 (IQR 5.3) 8.4 (IQR 5.5) 7.1 (IQR 4.2) 0.054

Creatinine [mmol/L] 92 (IQR 41) 91 (IQR 42) 94 (IQR 40) 0.216

LDH [U/L] 773 (IQR 382) 702 (IQR 388) 890 (IQR 242) <0.001 *

Ferritin [ug/L] 838 (IQR 745) 815 (IQR 792) 877 (IQR 746) 0.335

CK [U/L] 107(IQR 166) 91.5 (IQR 152.75) 156 (IQR 179) 0.001 *

CKMB [U/L] 18 (IQR 10) 18 (IQR 9) 18 (IQR 11) 0.386

CRP [mg/L] 99 (IQR 96.1) 96.6 (IQR 92.5) 108.7 (IQR 99.8) 0.009 *

PCT [ng/mL] 0.11 (IQR 0.18) 0.1 (IQR 0.17) 0.114 (IQR 0.18) 0.413

cTnI [ng/mL] 0.0038 (IQR 0.014) 0.00145 (IQR 0.0145) 0.006 (IQR 0.0127) 0.637

pro-BNP [pg/mL] 559 (IQR 880) 604 (IQR 959) 389 (IQR 895) 0.066

IL-6 [pg/mL] 58.7 (IQR 97) 47.4 (IQR 89.15) 89.8 (IQR 119.3) <0.001 *

Abbreviations: ALT—alanine transaminase; aPTT—activated partial thromboplastin clotting time; AST—aspartate
transaminase; BUN—blood urea nitrogen; CK—creatine kinase; CKMB—muscle–brain form of creatine
kinase; CRP—C-reactive protein; D—D-dimer; GGT—gamma-glutamyl transferase; Gran—granulocyte;
Hgb—hemoglobin; hsTnI—high-sensitivity troponin I; IL-6—interleukin 6; INR—international normalized ra-
tio; LDH—lactate dehydrogenase; Lym—lymphocytes; NT pro-BNP—N-terminal pro-brain natriuretic peptide;
PaO2—partial pressure of oxygen; PCT—procalcitonin; PLT—platelets; RBC—red blood cells; SaO2—oxygen
saturation of blood; WBC—white blood cells. * Statistical significance level at <0.05.

Table 4. Crude and adjusted OR for variables available upon hospital admission with regard to
predicting ARDS development of hospitalized COVID-19 patients.

Variable Frequency
of ARDS

Crude OR Adjusted OR

OR (95% CI) p-Value OR (95% CI) p-Value

PaO2 [kPa]
≥6.85 20.5% 1 /

Excluded for multicollinearity **
<6.85 52.4% 4.282

(2.770–6.619) <0.001 *

SaO2 [kPa]
≥87.5 18.9% 1 / 1 /

<87.5 56.9% 5.670
(3.635–8.844) <0.001 * 5.120

(2.758–9.505) <0.001 *
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Table 4. Cont.

Variable Frequency
of ARDS

Crude OR Adjusted OR

OR (95% CI) p-Value OR (95% CI) p-Value

Lymphocyte count [109/L]

≥1.20 14.9% 1 / 1 /

<1.20 39.1% 3.662
(1.807–7.422) <0.001 * 2.880

(1.218–6.809) 0.016 *

LDH [U/L]
≤793.5 24.8% 1 / 1 /

>793.5 49.1% 2.934
(1.898–4.538) <0.001 * 1.078

(0.580–2.002) 0.812

CK [U/L]
≤171 29.8% 1 / 1 /

>171 45.0% 1.927
(1.257–2.955) 0.003 * 1.911

(0.978–3.733) 0.058

CRP [mg/L]
≤108.5 30.6% 1 / 1 /

>108.5 40.9% 1.572
(1.039–2.376) 0.032 * 1.096

(0.594–2.024) 0.768

IL-6 [pg/mL]
≤59.75 21.6% 1 / 1 /

>59.75 49.7% 3.586
(2.327–5.525) <0.001 * 4.089

(2.136–7.826) <0.001 *

Age [years]
≥68.5 29.8% 1 / 1 /

<68.5 39.7% 1.554
(1.027–2.349) 0.037 * 1.976

(1.038–3.762) 0.038 *

Sex
Male 28.9% 1 / 1 /

Female 45.7% 2.070
(1.361–3.147) 0.001 * 2.290

(1.158–4.529) 0.017 *

Need for oxygen therapy
upon admission

No 13.8% 1 /

Excluded for multicollinearity **
Yes 36.8% 3.635

(1.239–10.661) 0.019 *

BMI

<30 22.1% 1 /

Excluded for multicollinearity **
≥30 56.5% 4.568

(2.955–7.060) <0.001 *

BF%
Normal/High 13.2% 1 / 1 /

Very high 57.4% 8.892
(5.439–14.538) <0.001 * 8.059

(3.990–16.276) <0.001 *

VF

Normal/High 27.2% 1 / 1 /

Very high 47.8% 2.448
(1.610–3.722) <0.001 * 1.159

(0.566–2.372) 0.686

Time from disease
onset [days] / / 0.923

(0.877–0.970) 0.002 * 0.941
(0.867–1.020) 0.140

Abbreviations: aOR—adjusted OR; ARDS—acute respiratory distress syndrome; BMI—body mass index;
BF%—body fat percentage; CI—confidence interval; CK—creatine kinase; CRP—C-reactive protein; VF—visceral
fat; IL-6—interleukin 6; LDH—lactate dehydrogenase; OR—odds ratio; PaO2—partial pressure of oxygen;
SaO2—oxygen saturation of the blood. * Statistical significance level at <0.5. ** Variables excluded due to
the multicollinearity principle of multiple logistic regression.
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Figure 2. Receiver operator characteristics (ROC) curve of multiple regression analysis model in
predicting ARDS. Legend: Blue line—ROC curve, red line—diagonal reference line.

4. Discussion

This study aimed to examine the impact of obesity on ARDS development and the
likelihood of variables available upon admission to predict ARDS in hospitalized COVID-19
patients. Patients who developed ARDS had a shorter time from disease onset to hospital
admission, and, with each day that passed from disease onset to hospital admission, the
risk of ARDS development decreased by 7.7% (OR 0.923) [25].

The majority of patients had disturbed nutritional status according to all three anthro-
pometric measurements (BMI, BF%, and VF). Body composition disturbances in hospital-
ized COVID-19 patients are not unexpected. Firstly, the high prevalence of obesity and
obesity-related comorbidities has reached pandemic proportions [22], with consequences
also noticeable in Serbia. According to research from 2006, 55.7% of the adult population
in Serbia was overweight or obese [26]. Secondly, several studies have demonstrated that
obesity is a significant risk factor for hospital admission [12–15]; therefore, it is somewhat
expected to have a high prevalence of obesity among hospitalized COVID-19 patients.
Furthermore, patients with BMI above 30 kg/m2, very high BF%, and/or very high VF
levels were at significantly higher risk of developing ARDS compared to nonobese patients
(OR: 4.568, 8.892, and 2.448, respectively), which is in accordance with most of the literature
data [12–14,18,27–32]. Obesity augments the risk of critical illness and mortality in SARS-
CoV-2 infection through multiple mechanisms, including chronic inflammation, immune
dysregulation, respiratory compromise, impaired pulmonary function, and endocrine and
endothelial dysfunction [16,17,33]. However, the majority of mechanisms through which
obesity can initiate the clinical deterioration of COVID-19 patients, especially in terms of
inflammation and immune response dysregulation, are the effect of the adipose tissue.
In obese patients, adipose tissue is responsible for chronic low-grade inflammation, char-
acterized by increased production of cytokines and acute-phase reactants, as well as the
macrophage accumulation, resulting in both innate and adaptive immune response impair-
ment. Additionally, chronic inflammation in obese patients could potentially enhance the
inflammatory response to COVID-19, resulting in a hyperinflammatory state and disease
progression [16,17,34]. This could potentially explain why BF% was a stronger predictor
of ARDS development compared to BMI, and why a very high BF% was the strongest
independent predictor of ARDS (aOR 8.059) in a multiple regression analysis.

Interestingly, the VF level did not maintain statistical significance in a final regression
model. This result could partially be explained by the inadequacy of BIA visceral fat assess-
ment to differentiate adipose tissue between visceral and abdominal compartments [35].

In addition to obesity, the most common comorbidities in our cohort were arterial
hypertension, diabetes mellitus, and chronic kidney disease. Despite literature data linking
several comorbidities with clinical deterioration and worse outcomes in COVID-19 patients,
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no comorbidity showed a significant impact on ARDS development in our research [36].
Such differences could partially be explained by the characteristics of the comorbidities
in the examined cohort, such as their prevalence, severity, duration, medication burden,
and presence of disease-related complications. Therefore, the presence of well-controlled,
uncomplicated comorbidities in our cohort could be a possible explanation for the absent
impact of the most frequent comorbidities on the ARDS development. Additionally, pa-
tients initially hospitalized or requiring hospital treatment for non-COVID-19 pathology,
with terminal stage of malignant disease, and with end-stage of renal disease were excluded
from our study.

Among demographic characteristics, the female sex was shown to be an independent
predictor of ARDS (aOR 2.290). Although the male sex is commonly linked with a higher
risk of ICU admission and mortality in hospitalized COVID-19 patients [37,38], some
explanations could include different cohort characteristics, more present high-risk behavior
related to COVID-19, higher frequency of pre-existing comorbidities, differences in innate
immune response, and different activity and expression of ACE 2 [39,40]. In addition,
literature data advocate older age as ARDS and mortality risk factors in hospitalized
COVID-19 patients [5,10,41]. However, our study singled out age below 68 years to
be an independent predictor of ARDS (aOR 1.976). A possible explanation for such a
result could be that older patients had a significantly higher mortality rate compared
to those younger than 68 years (24.5% and 11.4%, respectively; p = 0.001). Thus, those
patients experienced lethal outcome in greater numbers before ICU admittance and ARDS
development/diagnosis.

With regard to gas exchange upon admission, patients who developed ARDS during
the course of inpatient treatment more frequently required oxygen support upon admis-
sion and had more prominent hypoxemia, assessed as lower values of PaO2 and SaO2.
Additionally, low SaO2 (≤87%) was the second strongest predictor of ARDS in the multiple
regression analysis model. Such findings are of significant practical importance, since both
PaO2 and SaO2 are affordable, widely used, and feasible indicators of hypoxemia’s severity.
Pronounced hypoxemia upon admission has been confirmed to be a significant risk factor
for COVID-19 progression and lethal outcome [5,7,42]. The combined effects of capillary
damage associated with COVID-19 affect tissue oxygenation in key organs. A vicious
cycle ensues, as inflammation and hypoxia cause capillary function to deteriorate, which
accelerates hypoxia-induced inflammation, oxidative stress, tissue damage, and ARDS [43].

With regard to laboratory analysis upon admission, patients with and without ARDS
differed in several parameters. Firstly, patients who developed ARDS had significantly
higher values of inflammatory biomarkers upon admission, including IL-6, CRP, and LDH.
Furthermore, IL-6 > 59.75 pg/mL upon admission was an independent predictor of ARDS
with an aOR of 4.089. A pronounced inflammatory response is considered to be one of the
keystones of COVID-19 progression, and elevated inflammatory biomarkers are one of the
most commonly advocated predictors of ICU admission and death [10,44,45]. Secondly,
patients significantly differed in blood cell count. Clinical observation of lymphopenia
has been apparent since the start of the COVID-19 pandemic and may be associated with
worsening disease [46]. Our results are in accordance with the literature in that a low
lymphocyte count in our cohort was singled out as an independent predictor of ARDS
development (aOR 2.880).

Lastly, we singled out independent predictors of ARDS development and provided an
ARDS risk assessment score relying on the parameters available upon hospital admission:
y = 0.007 + (very high BF%) × 8.059 + (SaO2 < 87.5%) × 5.120 + (IL6 > 59.75 pg/mL) ×
4.089 + (low lymphocyte count) × 2.880 + (female sex) × 2.290 + (age < 68.5 years) × 1.976.
The model had a C-index of 0.885 (p < 0.001), indicating a strong predictive model. Due to
its high specificity (87.7%) and negative predictive value (86.6%), this model could have
clinical importance as a “rule-out” tool in helping physicians define patients with a high
risk of developing ARDS. Selecting predictors of worse outcomes and understanding the
mechanisms responsible for the clinical deterioration of hospitalized COVID-19 patients has
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been the focus of scientific research for the past 2 years. More than 30 different parameters
can be linked with ARDS development in COVID-19, and several risk assessment scores
can be found [5–11,47–49]. However, the selection of predictors, as well as their cutoff and
aOR values, significantly varies across the literature. Additionally, proposed predictive
models differ in terms of accuracy (C-index according to ROC analysis), sensitivity, and
specificity, which can greatly influence their potential utilization. These variations can be
explained by differences in the statistical and methodological approach, patient charac-
teristics, availability of examined parameters, health system organization, SARS-CoV-2
variant predominance, etc. Therefore, no specific model should be generally accepted
irrespective of geographical, sociodemographic, patient structure, hospital equipment, and
other important specifics. Instead, such research tends to extend the data to understand the
mechanisms of COVID-19 progression and to point out that, in different settings, physi-
cians can select patients with a higher risk of disease progression and death. In addition,
to the authors’ knowledge, this is the first registry to use admission BIA measurements
in an ARDS prediction model. Despite their limitations, available and affordable BIA
measurements gave the strongest independent predictor of ARDS development.

Our study had certain limitations. Firstly, active infection can potentially affect the
BIA measurement, especially in the febrile state [50]. This limitation could, therefore, have
been responsible for misinterpreting the body composition, in terms of a higher percentage
of body fat. In order to minimize this effect, patients were measured within the first 48 h
upon admission, in the absence of fever. Secondly, although BIA measurements provide
satisfactory insight into total body fat and fat-free mass, this method has difficulties in
distinguishing visceral from abdominal fat, for which computed tomography and magnetic
resonance imaging remain the gold standard [35,51]. This could have been responsible for
underestimating the individual impact of VF levels in our cohort. Lastly, the number of
patients included may be insufficient for the generalization of the results. Therefore, we
encourage fellow physicians and researchers to continue investigating BIA measurements
in predicting COVID-19 outcome.

5. Conclusions

Obesity is an important risk factor for the clinical deterioration of hospitalized COVID-19
patients. Because of the insight into the total body and visceral fat, BIA measurements
could be a useful and affordable tool in selecting COVID-19 patients with a high risk of
developing ARDS.
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Abstract: Background: During the SARS-CoV-2 pandemic, several biomarkers were shown to be
helpful in determining the prognosis of COVID-19 patients. The aim of our study was to evaluate the
prognostic value of N-terminal pro-Brain Natriuretic Peptide (NT-pro-BNP) in a cohort of patients
with COVID-19. Methods: One-hundred and seven patients admitted to the Covid Hospital of
Messina University between June 2022 and January 2023 were enrolled in our study. The demographic,
clinical, biochemical, instrumental, and therapeutic parameters were recorded. The primary outcome
was in-hospital mortality. A comparison between patients who recovered and were discharged and
those who died during the hospitalization was performed. The independent parameters associated
with in-hospital death were assessed by multivariable analysis and a stepwise regression logistic
model. Results: A total of 27 events with an in-hospital mortality rate of 25.2% occurred during
our study. Those who died during hospitalization were older, with lower GCS and PaO2/FiO2

ratio, elevated D-dimer values, INR, creatinine values and shorter PT (prothrombin time). They
had an increased frequency of diagnosis of heart failure (p < 0.0001) and higher NT-pro-BNP values.
A multivariate logistic regression analysis showed that higher NT-pro-BNP values and lower PT
and PaO2/FiO2 at admission were independent predictors of mortality during hospitalization.
Conclusions: This study shows that NT-pro-BNP levels, PT, and PaO2/FiO2 ratio are independently
associated with in-hospital mortality in subjects with COVID-19 pneumonia. Further longitudinal
studies are warranted to confirm the results of this study.

Keywords: NT-pro-BNP; prothrombin time; PaO2/FiO2; COVID-19; biomarkers; SARS-CoV-2;
coronavirus disease

1. Introduction

Two years after the outbreak of the coronavirus disease 2019 (COVID-19) pandemic,
scientific progress and new vaccines has slowed mortality rates worldwide. However,
in the first months, when the pandemic was announced in March 2020, the incidence of
hospitalizations and mortality was very high. Patients with cardiovascular comorbidities,
type 2 diabetes mellitus (T2DM), chronic kidney disease, cancer, pulmonary diseases,
obesity, and those that are elderly were determined to have the most severe prognosis with
the most significant mortality [1].

Although the main manifestations of COVID-19 are respiratory, septic and throm-
boembolic, other conditions such as brain damage, male infertility and pregnancy com-
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plications have been associated with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), [2,3].

Among pregnancy complications, hypertensive disorders including preeclampsia
and preeclampsia-like syndrome are associated with a dysregulated activity of the renin–
angiotensin–aldosterone system. This disorder is common with COVID-19 and could be
explained by high aldosterone levels causing hypertension and inflammation [4].

The cardiovascular system appears to be directly affected by numerous interactions
with SARS-CoV-2, as suggested by the evidence of myocardial damage in children [5,6]
and adult patients [7]. Several studies have investigated the possible correlation between
cardiac biomarkers and the severity of COVID-19 disease [8–10] in order to identify one or
more cut-off values to stratify patients for disease severity. Most of them show that B-type
natriuretic peptide (BNP) as a predictive marker of the severity of COVID-19 disease [11].
Thus, genes and signaling pathways involved in the myocardium infected by SARS-CoV-2
were subsequently identified highlighting the mechanisms underlying cardiac damage [12].
Furthermore, numerous studies have revealed a key role for the angiotensin converting
enzyme-2 (ACE2) receptor, whose physiological balance is altered by SARS-CoV-2, by
activating angiotensin II (Ang II)/Ang II receptor type 1 (AT1R) pathways and by leading
to severe disease complications [13,14]. The aim of our study was to evaluate the association
between N-terminal fragment B-type natriuretic peptide (NT-pro-BNP) values and disease
severity during the late phase of the pandemic, discovering a possible cut-off value to
stratify the disease progression in COVID-19 patients.

2. Patients and Methods

This was a single center, retrospective, observational study. A total of 107 patients
with a confirmed diagnosis of COVID-19, consecutively admitted between June 2022 and
January 2023, at the COVID Division of the Hospital of the University of Messina, were
enrolled in the study. The hospital is a large structure classified as a specialized second
level hospital center serving an area of approximately 600,000 residents [15]. The diagnosis
of SARS-CoV-2 infection was defined by using a Real-Time Polymerase Chain Reaction
(RT-PCR) test, performed with oligonucleotide primers and probes drawn on conserved
regions of the SARS-CoV-2 genome on biological material, collected by nasopharyngeal
and oropharyngeal swabs. The swabs were repeated every 2–4 days to assess viral load
clearance and the negativity of the test.

An anamnestic investigation, a complete objective examination, chest X-rays, and
laboratory tests were recorded from each patient at hospital admission. The length of
hospitalization was calculated from the date of admission to the hospital (in most cases
corresponding to the date of diagnosis of COVID-19) to either discharge or in-hospital
death. The presence of pre-existing cardiovascular diseases (e.g., arterial hypertension,
coronary heart disease, heart failure) were recorded. The New York Heart Association
(NYHA) classification was used to stratify patients with heart failure [16]. Treatments
with Angiotensin-converting enzyme (ACE) inhibitors and Renin-Angiotensin-Aldosterone
System (RAAS) inhibitors were recorded. Symptoms and signs of deep vein thrombosis
(DVT) were sought in each patient both clinically and by performing bilateral compression
ultrasonography (CUS), with the possible localization of venous thrombi and/or the devel-
opment of a pulmonary embolism. Some patients underwent chest computed tomography
(CT), including CT angiography or CT of the brain, abdomen, or limbs if required. The use
of drugs for thromboprophylaxis was recorded, and it was specified whether the subject
was treated with enoxaparin sodium or fondaparinux, vitamin K antagonists (VKAs), or
non-vitamin K antagonists (NOACs). The partial pressure of oxygen (PaO2) values, the
fractional concentration of oxygen in inspired air (FiO2) values, and the PaO2/FiO2 ratio
were recorded at admission, as well as the oxygen-therapy required and the need for
mechanical ventilation. The mean arterial pressure (MAP) was calculated at admission
with the following formula: diastolic pressure +1/3 (systolic pressure—diastolic pressure).
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The following laboratory tests were performed for each patient at admission: serum
concentration of D-dimer, prothrombin time (PT), international normalized ratio (INR),
fibrinogen, platelet count, serum creatinine, serum total bilirubin, NT-pro-BNP. The normal
range of NT-pro-BNP in our laboratory was 0–300 ng/L.

Admission to the Intensive Care Unit (ICU) occurred in some patients due to the
deterioration in vital functions and/or a worsening of the laboratory profile and/or instru-
mental evidence of signs of acute complications. The primary outcome of this study was
in-hospital mortality, which was defined as death occurring during hospitalization.

No subject included in the study was asked for informed consent, since it was a
non-interventional study and proposed as an anonymous retrospective analysis.

The study was conducted in accordance with the Declaration of Helsinki, and was
approved by the or Ethics Committee of the University of Messina (protocol code 41-20;
04/05/2020).

Statistical Analysis

All statistical analyses were performed by IBM SPSS software (Version 26.0, SPSS,
USA). The numerical data were expressed as mean and standard deviation (SD), whereas
the categorical variables as a number and percentage. Examined continuous variables
did not present a normal distribution as verified by a Kolmogorov–Smirnov test, and the
non-parametric approach was consequently used. Accordingly, to compare the variables
divided for survivors and deceased patients during hospitalization, the Mann–Whitney test
was used for numerical variables. For categorical variables, the comparison between two
groups was performed by Pearson’s chi-square test. Univariate logistic regression analysis
was used to identify predictors of death. Variables with a p value < 0.05 at univariate
analysis were included in the multivariate logistic model. The results were expressed as
odds ratio (OR) with a relative 95% confidence interval (CI) and p value. Furthermore, a
stepwise regression model was designed to evaluate the potential independent predictors
of mortality. The statistical significance level was set at a p value < 0.05.

3. Results
3.1. Patients’ Characteristics

One hundred and seven COVID-19 patients [50 (46.7%) males/57 (53.3%) females
with a mean age of 71.5 ± 16.1 years] that were consecutively hospitalized were enrolled in
the study. The mean length of stay was 28.5 ± 17.3 days. During the hospitalization, four
patients (3.7%) were transferred to the ICU and 27 (25.2%) died. Demographic, clinical,
and biochemical characteristics of the study population are reported in Table 1. Thirty-four
patients (31.8%) required oxygen-therapy at admission, and eight (7.5%) were treated with
mechanical ventilation. The mean PaO2/FiO2 was 74.2 ± 20.2 mmHg, whereas the mean
percentage of FiO2 required was 26.4 ± 11.6. Sixty patients (56.1%) had a diagnosis of
arterial hypertension, 16 (15%) had ischemic heart disease, and 55 (51.4%) had heart failure.
Specifically, 7/55 patients (12.7%) were in NYHA class I, 14 (25.5%) were in NYHA class
II, 14 (25.5%) were in NYHA class III, and 20 (36.4%) were in in NYHA class IV. Nineteen
patients (17.8%) were under treatment with ACE inhibitors, and 31 (29%) were treated with
RAAS inhibitors. At admission, the mean NT-pro-BNP value was 1954 ± 4941 pg/mL.
During the hospitalization, serial compression ultrasonography (CUS) was performed in
50 patients (46.7%), and 13 patients (12.1%) underwent a chest CT scan. Only in three cases
(2.8%) the instrumental investigation confirmed a diagnosis of deep venous thrombosis
(DVT). The mean serum D-dimer levels recorded at admission was 1455 ± 1252 ng/mL. In
particular, 27 patients (25.2%) had normal values (0–500 ng/mL), 29 (27.1%) 29 (27.1%) had
mildly increased concentrations (500–1000 ng/mL), 35 (32.7%) had moderately elevated
levels (1000–4000 ng/mL), and 16 (15%) were severely elevated (>4000 ng/mL). During
the hospitalization, 103/107 (96.3%) patients underwent pharmacological thromboprophy-
laxis: 94/103 (87.9%) were treated with enoxaparin or fondaparinux, 3/103 (2.8%) were
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treated with VKAs, and 6/103 (5.6%) were treated with NOACs (rivaroxaban, apixaban,
or edoxaban).

Table 1. Demographic and clinical characteristics of 107 COVID-19 patients included in the study.

Baseline Characteristics Total (n = 107) Survivors (n = 80) Deceased (n = 27) p

Male, n (%) 50 (46.7) 40 (50) 10 (37) 0.243

BMI, kg/m2 23.48± 3.06 23.57 ± 2.99 23.11 ± 3.36 0.356

ICU, n (%) 4 (3.7) 3 (3.8) 1 (3.7) 0.991

Age, years 71.51 ± 16.14 68.13 ± 16.21 81.56 ± 11.1 <0.0001

Length of stays 28.45 ± 17.31 32.56 ± 15.83 16.29 ± 15.95 0.476

CUS, n (%) 50 (46.7) 37 (46.3) 13 (48.1) 0.864

DVT confirmed, n (%) 3 (2.8) 1 (1.3) 2 (7.4) 0.094

CT scan, n (%) 13 (12.1) 10 (12.5) 3 (11.1) 0.849

Drug thromboprophylaxis n (%) 103 (96.3) 77 (96.3) 26 (96.3) 0.991

Anticoagulant drugs, n (%)
No therapy 4 (3.7) 3 (3.8) 1 (3.7)
LMWH 94 (87.9) 70 (87.5) 24 (88.9)
AVKs 3 (2.8) 2 (2.5) 1 (3.7) 0.952
NOACs 6 (5.6) 5 (6.3) 1 (3.7)

COVID-19 vaccination 19 (17.7) 13 (16.2) 6 (22.2) 0.482

Mechanical ventilation, n (%) 8 (7.5) 4 (5) 4 (14.8) 0.094

PaO2/FiO2 ratio 314 ± 115 342 ± 102 228 ± 113 <0.001

MAP, mmHg 87 ± 12.42 86.91 ± 11.98 87.25 ± 49.33 0.773

CCI 2.6 ± 1.3 2.3 ± 1.1 2.9 ± 1.7 0.334

Arterial hypertension, n (%) 60 (56.1) 42 (52.5) 18 (66.7) 0.200

Coronary heart disease, n (%) 16 (15.0) 11 (13.8) 5 (18.5) 0.548

ACE-Inhibitors, n (%) 19 (17.8) 14 (17.5) 5 (18.5) 0.905

RAAS, n (%) 31 (29.0) 22 (27.5) 9 (33.3) 0.563

Heart failure, n (%) 55 (51.4) 33 (41.3) 22 (81.5) <0.0001

NYHA classes, n (%)
Class I 7 (12.7) 6 (18.2) 1 (4.5)
Class II 14 (25.5) 12 (36.4) 2 (9.1)
Class III 14 (25.5) 9 (27.3) 5 (22.7) 0.004
Class IV 20 (36.4) 6 (7.5) 14 (63.6)

GCS 13.54 ±2.45 14.08 ± 2.11 11.96 ± 2.73 <0.0001

All numerical parameters are expressed as mean and standard deviations (SD). Bold characters identify statistically
significant results. ICU: Intensive Care Unit. CUS: Compression Ultrasonography. VKA: Vitamin K Antagonist.
DVT: Deep Venous thrombosis. CT: Computer tomography. DOACs: Direct Oral Anticoagulants SD: Standard
Deviation PT: Prothrombin Time. INR: International Normalized Ratio. GCS: Glasgow Coma Scale. MAP: Mean
Arterial Pression. CCI: Charlson Comorbidity index; p: p-value.

3.2. Comparison between Survivors and Deceased COVID-19 Patients

Next, we analyzed the study population after dividing them according to the outcome
of interest as deceased (n = 27) and survivors (n = 80). As reported in Table 1, no statistically
significant differences were observed concerning sex, BMI, MAP, presence of arterial
hypertension, ischemic heart disease, treatment with ACE-inhibitors, or RAAS-inhibitors,
bilirubin values, platelet count, fibrinogen levels, the presence of DVT signs (assessed by
CUS or CT), and treatment with anticoagulants.

On the contrary, deceased patients were older, with lower GCS and a shorter length of
hospitalization and more severe pulmonary involvement, as evidenced by the difference
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in PaO2/FiO2 values. Deceased patients had higher D-dimer values, shorter prothrombin
time, higher INR and higher creatinine values at admission compared to survivors. More-
over, patients who died significantly differed from survivors with regard to the presence of
heart failure with higher NYHA classes and higher NT-pro-BNP values (Tables 1 and 2).

Table 2. Biochemical characteristics of 107 COVID-19 patients included in the study.

Baseline Characteristics Survivors (n = 80) Deceased (n = 27) p

Creatinine, mg/dL 1.16 ± 1.22 0.93 ± 0.46 1.84 ± 2.91 0.029

Bilirubine, mg/dL 0.51 ± 0.27 0.49 ± 0.23 0.59 ± 0.35 0.182

NT-proBNP, pg/mL 1954 ± 4941 718 ± 1286 5616 ± 8712 <0.0001

D-dimer, ng/mL 1455 ± 1252 1276 ±1166 1988 ± 1367 0.005

D-Dimer classes, n (%)
I (0–500 ng/mL) 27 (25.2%) 24 (30%) 3 (11.1%)
II (500–1000 ng/mL) 29 (27.1%) 22 (27.5%) 7 (25.9%)
III (1000–4000 ng/mL) 35 (32.7%) 25 (31.3%) 10 (37%)
IV (>4000 ng/mL) 17 (15.0%) 9 (11.3%) 7 (25.9%)

PT, seconds 81.1 ± 22.43 85.06 ± 19.61 69.29 ± 26.24 0.002

INR 1.31 ± 1.21 1.13 ± 0.30 1.84 ± 2.30 0.001

Platelet, n/mm3 207.738 ± 80785 202.375 ± 77.733 190,000 ± 88.863 0.335

All numerical parameters are expressed as mean and standard deviations (SD). Bold characters identify statistically
significant results. PT, prothrombin time; INR: International Nationalized Ratio.

3.3. Analysis of Independent Predictors of In-Hospital Death

We investigated the possible association between all parameters collected at admis-
sion and in-hospital mortality. Since age was significantly different between the groups,
the initial univariate logistic regression was corrected for age. Upon univariate logistic
regression analysis, mortality was significantly associated with lower PaO2/FiO2, lower
PT values (p = 0.004), higher NT-pro-BNP values (p = 0.001), and lower Glasgow Coma
Scale classes (p = 0.001). A multivariate stepwise logistic regression analysis showed that
higher NT-pro-BNP values, lower PT values, and lower PaO2/FiO2 at admission were
independent predictors of mortality during hospitalization. (Table 3).

Table 3. Age-adjusted univariate and multivariate stepwise backward logistic regression analysis of
predictive factors for in-hospital mortality in patients with COVID-19.

Univariate Analysis Multivariate Analysis

Odds Ratio CI 95% p Odds Ratio CI 95% p

D-Dimer 0.087 - - -

PT 0.964 0.941–0.988 0.004 0.958 0.927–0.990 0.010

INR 0.130

Creatinine 0.083

PaO2/FiO2 ratio 0.991 0.985–0.996 0.001 0.987 0.981–0.994 0.001

GCS 0.677 0.544–0.842 0.001 0.128

Heart failure 0.147 - - -

NYHA classes 0.055

NT-pro-BNP 1.000 1.000–1.001 0.026 1.001 1.000–1.001 0.004

PT: prothrombin time. GCS: Glasgow Coma Scale.
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4. Discussion

COVID-19 is known as a respiratory illness; however, current research suggests that
SARS-CoV 2 has a direct cardiomyocyte tropism. As a result, myocarditis, the develop-
ment of left ventricular systolic and diastolic dysfunction, and myocardial fibrosis might
occur [17]. Due to the predominance and severity of pulmonary involvement, these indi-
viduals may also have right ventricular dysfunction. The inflammatory state caused by
the action of the virus [18] induces the infiltration of the myocardium by inflammatory
cells (monocytes, macrophages, lymphocytes, neutrophils), leading to myocarditis and
consequently heart failure [19,20]. Myocarditis, as a result of an autoimmune response
induced by the virus, could progress in structural cardiomyopathy [21], and could be
associated with a poor prognosis when complicated by heart failure and left ventricular
dysfunction [22,23]. This is particularly relevant considering that a recent meta-analysis
compared fulminant myocarditis associated with COVID-19 infection versus COVID-19
vaccination. While this study reported a similarly high mortality rate and no differences in
most biopsies/autopsies between these conditions, COVID-19 fulminant myocarditis was
associated with a more aggressive course with more severe hemodynamic decompensation
and more cardiac arrests [24].

This is particularly relevant, since an excess of myocardial injury may cause an in-
crease in several cardiac biomarkers, such as NT-pro-BNP. NT-pro-BNP is a quantitative
plasma biomarker reflecting hemodynamic cardiac stress that is usually caused by volume
or pressure overload, and therefore plays a central role in the diagnosis and management
of heart failure and cardiac function. Yet, seeing as its concentrations increase immedi-
ately after myocardial damage and improves as a consequence of clinical improvement,
it represents a predictor of an adverse outcome in acute myocardial damage [25]. My-
ocardial injury, inflammation, interaction with angiotensin converting enzyme 2 (ACE2),
or impairment of cardiac function with acute heart failure may be responsible for higher
circulating natriuretic peptides in COVID-19 patients. Yang et al. retrospectively analyzed
203 patients with a confirmed diagnosis of SARS-CoV-2 infection and definite outcomes
(discharge or death), consisting of 145 patients who recovered and 58 patients who died.
In their analysis, 53% of the deceased had elevated NT-pro-BNP levels [26]. According to
a recent meta-analysis involving 2248 patients, with the majority belonging to the early
COVID-19 epidemic in China, NT-pro-BNP evaluation may help differentiate high-risk
individuals [27]. Furthermore, as noted by Gao et al., patients with severe COVID-19 who
have high NT-pro-BNP levels are more likely to be older, have greater levels of systemic
inflammatory markers and heart damage markers, and have a poorer cumulative survival
rate. After adjusting for relevant confounders, NT-pro-BNP was demonstrated to be an
independent risk factor for in-hospital death in patients with severe COVID-19 [28]. Ac-
cording to other studies, it has been demonstrated that NT-pro-BNP levels were eight
times higher at the time of hospitalization in deceased patients versus survivors. Therefore,
despite the fact that cardiac injury is a common condition among hospitalized patients
with COVID-19, high NT-pro-BNP levels were associated with a higher risk of in-hospital
mortality [29]. Furthermore, numerous reports support the predictive role of NT-pro-BNP
in the severity of the disease [30,31] in patients with and without pre-existing heart fail-
ure [32]. In line with previous studies, our results confirm that high NT-pro-BNP levels
at admission increase the risk of in-hospital mortality and are very strong and indepen-
dent indicators of mortality in COVID-19 patients. The routine measurements of cardiac
biomarkers and especially NT-pro-BNP should be considered in COVID-19 patients. If
confirmed by larger population studies, it might be possible to identify a cut-off value
of this biomarker in order to stratify the population at higher risk of developing severe
disease. The PaO2/FiO2 ratio is used to classify the severity of acute respiratory distress
syndrome (ARDS), and is the most commonly used oxygenation index included in the
sepsis management guidelines [33] and acute respiratory distress syndrome [34]. In a
non-COVID-19 setting, PaO2/FiO2 is considered to be a predictor of unfavorable outcomes,
as initially reported by Villar et al. [35], and subsequently verified in many additional
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studies, primarily from ICU settings [36,37]. Unexpectedly, despite being widely used
in clinical practice, not many reports have previously investigated its ability to predict
mortality in COVID-19 patients in critical care settings. In the context of COVID-19, the
PaO2/FiO2 ratio has primarily been studied as an indicator of disease severity and as a
predictor of mortality [38–40]. In this study, PaO2/FiO2 was an independent predictor
of COVID-19 mortality. Therefore, our findings have the potential clinical relevance to
support the use of a single PaO2/FiO2 ratio measurement at admission as an independent
predictor of mortality. Prothrombin time (PT) levels are elevated in COVID-19 patients.
Higher PT was noted in 183 individuals whose data were examined [41]. In addition, PT
is reported to be higher in patients admitted to the ICU and in severe COVID-19 cases
compared to those with mild disease [42,43].

5. Conclusions

In conclusion, our results suggest that there are multiple predictors of mortality
among COVID-19 patients, and in particular our findings support that COVID-19 induces
a systemic derangement involving not only the pulmonary system but also the coagulation
cascade and the cardiovascular system. Thus, NT-pro-BNP, PaO2/FiO2, and PT could
potentially serve as independent risk factors for predicting death in COVID-19 patients.
It is worthy of note that clinicians might want to consider the aforementioned indicators
and take action to reduce the mortality of COVID-19. Eventually, future confirmatory
studies in larger prospective cohorts might prove useful for patients stratification into risk
classes. This would allow to allocate patients to the appropriate intensity of care according
to disease severity and adapt treatment regimen to the multifaceted systemic aspects of
the disease.
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Abstract: Background: Acute kidney injury (AKI) is a common complication in patients with se-
vere COVID-19. Methods: We retrospectively reviewed 249 patients admitted to an intensive care
unit (ICU) during the first wave of the pandemic to determine risk factors for AKI. Demographics,
comorbidities, and clinical and outcome variables were obtained from electronic medical records.
Results: Univariate analysis revealed older age, higher admission serum creatinine, elevated Se-
quential Organ Failure Assessment (SOFA) score, elevated admission D-Dimer, elevated CRP on
day 2, mechanical ventilation, vasopressor requirement, and azithromycin usage as significant risk
factors for AKI. Multivariate analysis demonstrated that higher admission creatinine (p = 0.0001,
OR = 2.41, 95% CI = 1.56–3.70), vasopressor requirement (p = 0.0001, OR = 3.20, 95% CI = 1.69–5.98),
elevated admission D-Dimer (p = 0.008, OR = 1.0001, 95% CI = 1.000–1.001), and elevated C-reactive
protein (CRP) on day 2 (p = 0.033, OR = 1.0001, 95% CI = 1.004–1.009) were independent risk factors.
Conversely, the combined use of Tocilizumab and corticosteroids was independently associated with
reduced AKI risk (p = 0.0009, OR = 0.437, 95% CI = 0.23–0.81). Conclusion: This study confirms
the high rate of AKI and associated mortality among COVID-19 patients admitted to ICUs and
suggests a role for inflammation and/or coagulopathy in AKI development. One should consider the
possibility that early administration of anti-inflammatory agents, as is now routinely conducted in
the management of COVID-19-associated acute respiratory distress syndrome, may improve clinical
outcomes in patients with AKI.

Keywords: COVID-19; acute kidney injury; anti-inflammatory; Tocilizumab

1. Introduction

Severe COVID-19 disease, as caused by SARS-CoV-2 infection, results in a wide variety
of renal injuries, manifesting as hematuria, proteinuria, tubular dysfunction, acute tubular
necrosis, thrombotic microangiopathy (TMA), and/or collapsing glomerulopathy [1–3].
The incidence of acute kidney injury (AKI) with COVID-19 disease ranges from 0.5% to
36% among all infected patients and is much higher in patients requiring intensive care
management [4–10]. The reasons for the variability in the development of AKI are not
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completely clear, and may be related to timing of diagnosis, severity of illness, differences
in demographics, and definitions of AKI [10,11]. Aside from the development of COVID-
19-associated respiratory distress syndrome (C19-ARDS), AKI in the setting of COVID-
19 disease is the second most common cause of morbidity and mortality [5,12,13]. The
prevalence of AKI in non-survivors of COVID-19 having C19-ARDS and infected with the
Wuhan strain of the virus during the first wave of the pandemic was increased 2.5-fold
compared to survivors of COVID-19 with C19-ARDS [12].

Although COVID-19 disease primarily impacts the respiratory tract, the enzyme an-
giotensin converting enzyme-2 (ACE-2), the primary receptor for SARS-CoV-2, is expressed
by the endothelium of almost all extra-pulmonary organs, including the reproductive
tract. Interaction of SARS-CoV-2 with the ACE-2 receptor leads to a pro-thrombotic hyper-
inflammatory state as well as maladaptive hyper-activation of the innate immune system
resulting in cytokine storm. In this respect, COVID-19 disease can be viewed as a multisys-
tem disease, with both acute and chronic multiorgan dysfunction, including myocarditis,
myocardial infarction, macrophage activation syndrome, arterial and venous thrombosis,
encephalitis, stroke, thyroiditis, adrenal insufficiency, hepatitis, hepatic failure, preeclamp-
sia, and sterility [14–18].

Moreover, infection with COVID-19 is associated with several pathophysiologic
phases: an incubation phase, an early viremic phase (which may or may not be symp-
tomatic), and an early inflammatory pulmonary phase occurring between seven and
fourteen days after infection [19]. In some patients, this is followed by a progressive in-
flammatory pulmonary phase leading to the development of C19-ARDS and multiorgan
dysfunction [19]. An imbalance among pro- and anti-anticoagulant factors, in part a result
of hyper-inflammation and cytokine storm, produces a pro-thrombotic state characterized
by disseminated intravascular coagulation, macro- and microvascular thrombotic events,
and multiorgan failure [19].

A myriad of insults, each capable of causing AKI, can occur during severe COVID-19
infection. These include hyper-inflammation as a part of cytokine storm, septic-shock-
associated hypoperfusion, ischemia, C19-ARDS-associated hypoxia, and vascular throm-
bosis [1,2,20–22]. Previous studies of COVID-19 patients found that the risk factors for
developing AKI were similar to those identified in other groups of patients with critical
illness, such as comorbidities, age, vasopressor requirement, and respiratory failure requir-
ing mechanical ventilation [2,3,21–23]. What remains unclear is the impact and interaction
of inflammatory-coagulopathic biomarkers and other clinical and laboratory variables
on the development and mortality of COVID-19-associated AKI. In addition, few studies
have included therapeutic agents among the variables examined. With this in mind, we
evaluated the incidence, risk factors, and medical therapy associated with the development
and outcome of AKI in patients with severe COVID-19 disease admitted to an intensive
care unit (ICU).

2. Materials and Methods

To determine risk factors for the development of AKI in patients with severe COVID-
19 infection, and to compare risk factors for mortality between patients with and without
AKI, we conducted a retrospective analysis of 249 consecutive patients either admitted or
transferred to the ICU of two community hospitals between 12 March 2020 and 17 June
2020. At the time of ICU entry, all patients manifested severe difficulty in breathing as
evidenced by one or more of the following: respiratory rate greater than 30 breaths per
minute, blood oxygen saturation of 93% or less on room air, PAO2/FIO2 ratio less than 300,
and presence of lung infiltrates in more than half of the lung fields [24,25].

Inclusion criteria were age greater than 18, confirmed diagnosis of COVID-19 by
a positive PCR test, and signs and symptoms of COVID-19 infection. Study baseline
was the time of hospital admission. Patients with end-stage renal disease (ESRD) were
excluded from the analysis. All patients received standard-of-care therapy. Management
and timing of ventilator support, employment of C19-ARDS ventilator strategies, antibiotic
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use, antiviral therapy, anticoagulation, initiation of vasopressors, use of convalescent
plasma, corticosteroid (CC) therapy, and Tocilizumab therapy were determined by the ICU
physician and consultants.

All standard laboratory results were extracted from the electronic medical record
and were performed according to standardized laboratory practices. D-Dimer levels were
obtained using a latex agglutination photo-optical assay from a sample of citrated whole
blood. C-reactive protein (CRP) levels were obtained from serum samples and analyzed
incorporating a laser-nephelometric method. Missing values in the case of standard lab-
oratory results were not imputed and accounted for less than 1% of all measurements.
Missing biomarker data, including CRP, D-Dimer, and ferritin, were found to be missing
completely at random (MCAR) by Little’s MCAR test. Substituted values were inserted
using an expectation maximization algorithm [26,27]. Missing biomarker data are reported
in Supplementary Table S1.

Demographics, comorbidities, and clinical outcome variables were obtained from the
electronic medical record or the patient’s history and physical exam and entered into a
de-identified database. Measurements obtained on admission included arterial blood gas
(ABG), routine metabolic chemistries, CRP, D-Dimer, ferritin, WBC and differential, and
all variables necessary to calculate a Sequential Organ Failure Assessment (SOFA) score
on admission. Other collected data included the dates of admission, ICU transfer, and
death; need for vasopressor therapy; need for mechanical ventilation; PAO2/FIO2 ratio;
use of corticosteroid (CC) therapy; and use of azithromycin, hydroxychloroquine (HCQ),
convalescent plasma, Tocilizumab, or heparin (low molecular weight or unfractionated)
either as deep vein thrombosis (DVT) prophylaxis or anticoagulant therapy. If patients
received both anticoagulant doses and thrombo-prophylactic doses of heparin, they were
analyzed in the anticoagulant group.

AKI was defined according to Kidney Disease: Improving Global Outcomes (KDIGO)
criteria, namely, an increase in serum creatinine value (SCr) by ≥0.3 mg/dL (≥26.5 µMol/L)
within 48 h. Urine output was not considered. SCr on admission was used to assess the
change in SCr [28–30]. For this study, AKI associated with COVID-19 is defined as AKI
occurring during the first 7 days of admission. The consulting nephrologist determined the
timing and indication for the initiation of renal replacement therapy (RRT).

All statistical analyses were performed with IBM SPSS 28 software (IBM SPSS Inc.,
Chicago, IL, USA). We performed both univariate and multivariate analyses. The primary
outcome was development of AKI for patients admitted or transferred to the ICU during
the index admission. Summary statistics were computed for patients who did or did not
develop AKI and for survivors vs. non-survivors, as well as for various subgroups of
those who did and did not develop AKI. Continuous variables were expressed as median
with interquartile ranges (IQR) and compared by the Student’s t-test or the Wilcoxon
rank-sum test, as appropriate. Categorical variables were compared with Pearson’s chi-
squared test. Fisher’s exact test was employed when indicated. Variables that were
significant by univariate analysis at p < 0.05 were candidates for multivariate analysis.
To determine risk factors that were independently associated with the outcome of AKI,
we performed multivariate analysis by logistic regression with stepwise forward variable
selection. Goodness of fit was determined by the Hosmer–Lameshow test. For continuous
variables, the odds ratio (OR) represents the relative amount by which the odds ratio for
the outcome variable increases or decreases when the independent variable is changed by
exactly one unit. ORs and their 95% confidence intervals (95% CI) were determined by
exponentiation of the beta coefficient and its upper and lower CI, respectively. If variables
included imputed values for missing measurements, we performed multivariate analysis
with and without these variables. Cox proportional hazards with forward variable selection
was performed to determine variables independently predictive of the outcome of survival
among all patients, and in those who did or did not develop AKI. For continuous variables,
the hazard ratio (HR) represents the relative amount by which the probability of obtaining
the outcome variable increases or decreases when the independent variable is changed

30



Biomedicines 2023, 11, 845

by exactly one unit. HRs and their 95% CIs were determined by exponentiation of the
regression coefficient and its upper and lower CI, respectively.

3. Results
3.1. Patient Characteristics

To evaluate risk factors for the development of AKI and its associated mortality,
we retrospectively evaluated severe COVID-19 admissions (those patients requiring ICU
admission or transfer). From 12 March 2020 to 17 June 2020, a total of 249 patients met
the definition of severe COVID-19 infection; 90 (36%) were admitted directly to the ICU,
and 159 (64%) were admitted to COVID-19 units and subsequently transferred to the ICU.
The median age was 70 years (IQR 61, 80). There were 148 males (59%), and 177 patients
were Caucasian (71%). The majority of patients had severe respiratory failure requiring
mechanical ventilation (n = 173, 69%).

The mortality rate among these patients was 65% (162 patients). There was no sig-
nificant difference in mortality between those directly admitted to the ICU (n = 56, 62%)
vs. those transferred to the ICU (n = 106, 66%) (p = 0.48, OR = 0.82, 95% CI = 0.48–1.40).
Likewise, there was no significant difference in the development of AKI between those
directly admitted to the ICU (n = 40, 44%) and those transferred later (n = 79, 50%) (p = 0.43,
OR = 0.8, 95% CI = 0.48–1.36). The median time to ICU transfer was three days (IQR 1, 5).
For those patients not initially admitted to an ICU, there was no statistically significant
difference in median time to ICU transfer between survivors and non-survivors (2 days
(IQR 1, 4) vs. 3 days (IQR 1, 6), p = 0.1). Similarly, there was no significant difference in
median time to ICU transfer between those who did and did not develop AKI (3 days (IQR
1, 6) vs. 3 days (IQR 1, 5), p = 0.17). As expected, patients directly admitted to the ICU had
higher SOFA scores (6, IQR 3, 19) compared to those initially admitted to COVID-19 units
(3, IQR 2, 5) (p = 0.00001).

3.2. Univariate Analysis of Risk Factors for AKI

Overall, 119 (48%) patients developed AKI, and 23 (19%) of these required RRT by
the 7th day following hospital admission. Four additional patients developed AKI and
required RRT later during their hospitalization (10–15 days). As the later development of
AKI suggested an etiologic role for hospital-related factors distinct from initial COVID-19
infection, these patients were included in the non-AKI group. However, the inclusion of
these late AKI patients in either group had no effect on the study’s results. The admission
characteristics of the entire group of patients with severe COVID-19 infection are given in
Table 1. Univariate analysis revealed that older age, the need for mechanical ventilation,
elevated SCr, and higher SOFA score were associated with the development of AKI (Table 1).

Therapeutic and pharmacologic interventions are given in Table 2 and Figure 1. In
general, information on the timing, rationale, and route of administration of agents was
available only for CC and Tocilizumab and is therefore not a part of the analysis. Among
all severe COVID-19 patients, 152 (61%) required vasopressor support, 192 (77%) received
HCQ, 87 (35%) received azithromycin, 26 (10%) received Tocilizumab alone without CC,
69 (27%) received CC alone without Tocilizumab, 92 (37%) received combination therapy
with both Tocilizumab and CC, and 65 (26%) received convalescent plasma. Consistent
with admission during the first wave of the pandemic, only six patients (2.4%) received
Remdesivir. Full-dose heparin was administered in 126 (50%) patients, and thrombo-
prophylactic doses were administered in 85 (34%) patients. By univariate analysis, the need
for vasopressors (p = 0.009, OR = 2.58, 95% CI = 1.25–5.31) and the use of azithromycin
(p = 0.04, OR = 1.74, 95% CI = 1.03–2.95) were associated with the development of AKI.
Conversely, patients who received combination therapy with Tocilizumab and CC were
less likely to develop AKI (p = 0.018, OR = 0.53, 95% CI = 0.31–0.90). The use of either
Tocilizumab alone or CC alone as monotherapy was not associated with a reduced risk of
AKI. Only the combination predicted a lower risk of AKI. There was no difference in the
time of initiation of CC among patients with and without AKI (4 days (IQR 1, 14) versus
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3 days (IQR 1, 8), p = 0.56). Similarly, there was no difference in the time of initiation of
Tocilizumab among patients with and without AKI (4 days (IQR 2, 6) versus 3 days (IQR
1.5, 7), p = 0.96).

Table 1. COVID-19 ICU patients: characteristics of individuals with and without AKI.

Non-AKI
(n = 130)

AKI
(n = 119) p OR 95% CI

Age 66
(58, 77)

73
(65, 82) 0.001

Race (Caucasian) 88 (68%) 89 (75%) 0.22 1.41 0.81–2.46

BMI 29
(24.33)

29
(24, 35) 0.62

Sex (male) 71 (55%) 77 (65%) 0.10 1.52 0.91–2.53

Diabetes 35 (27%) 41 (35%) 0.19 1.42 0.83–2.40

CHF 13 (10%) 17 (14%) 0.28 1.51 0.70–3.30

CAD 32 (25%) 29 (24%) 0.96 0.99 0.55–1.80

COPD 33 (25%) 27 (23%) 0.62 0.86 0.48–1.55

CKD 11 (8%) 15 (13%) 0.28 1.56 0.69–3.60

HTN 65 (50%) 70 (60%) 0.26 1.42 0.86–2.30

Cirrhosis 2 (1.5%) 2 (1.7%) 1.0 1.09 0.15–7.9

Malignancy 14 (11%) 13 (11%) 0.96 1.01 0.45–2.26

CVA 13 (10%) 14 (12%) 0.65 1.2 0.53–2.7

Mechanical ventilation 79 (61%) 94 (79%) 0.002 2.42 1.38–4.20

Neutrophiles × 109/L
7.6

(4.4, 12)
7.6

(5, 13) 0.62

Lymphocytes × 109/L
0.8

(0.5, 1.3)
0.8

(0.5, 1.2.) 0.98

Neutrophile/lymphocyte 8.8
(5.1, 16)

9.8
(5.2, 16) 0.64

SCr (µmole/L) 84
(60, 127)

134.4
(97, 177) 0.00001

Plts × 109/L
246

(136, 308)
230

(164, 301) 0.44

Tbili (µmole/L) 9.41
(6.8, 13.7)

8.5
(6.8, 15.4) 0.97

SOFA admit 3
(2, 6)

5
(3, 8) 0.00001

PaO2/FIO2 200
(100, 286)

201
(94, 314) 0.95

Pa02 9.4 (7.4, 12.4) 10 (8.6, 11) 0.64

FI02 0.36
(0.21, 1)

0.38
(0.23, 1) 0.72

Abbreviations/legend: AKI = acute kidney injury, BMI= body mass index, CAD = coronary artery disease,
CHF = congestive heart failure, CI = confidence interval, CKD = chronic kidney disease, COPD = chronic obstruc-
tive pulmonary disease, HD = hemodialysis, HTN = hypertension, OR = odds ratio, PaO2/FiO2 = ratio of partial
pressure of oxygen to inspired concentration of oxygen, Plts = platelets, SCr= serum creatinine, SOFA = Sepsis-
Related Organ Failure Assessment, TBili = total bilirubin.
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Table 2. Pharmacological interventions in COVID-19 ICU patients with and without AKI.

Non-AKI (n = 130) AKI (n = 119) p OR 95% CI

Vasopressors 66 (50%) 86 (72%) 0.009 2.58 1.25–5.31

IV Ascorbic acid 79 (60%) 71 (60%) 0.85 0.95 0.59–1.60

Hydroxychloroquine 98 (78%) 94 (79%) 0.91 1.036 0.56–1.91

Azithromycin 37 (29%) 50 (42%) 0.040 1.74 1.030–2.95

Heparin full dose 72 (55%) 54 (45%) 0.13 0.67 0.41–1.10

Heparin DVT
prophylaxis 37 (29%) 48 (40%) 0.06 1.69 1.002–2.38

Convalescent plasma 38 (29%) 27 (23%) 0.24 0.71 0.40–1.25

Remdesivir 5 (4%) 1 (0.9) 0.21 0.20 0.024–1.84

Tocilizumab 10 (7.7%) 16 (13.6%) 0.14 1.86 0.80–4.30

Corticosteroids only 39 (30%) 30 (25%) 0.39 0.80 0.46–1.40

Tocilizumab and steroids 57 (44%) 35 (29%) 0.018 0.53 0.31–0.90
Heparin full dose = anticoagulant dose of unfractionated or low molecular weight heparin. Heparin DVT
prophylaxis = 5000 units sc every 8 h or low molecular weight heparin 30–40 mg daily. If patients received both
anticoagulant and thrombo-prophylaxis doses during hospitalization they were analyzed in the full-dose group.
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Finally, since endothelial dysfunction, thrombosis, and inflammation are common
features of COVID-19 disease, we examined the levels of inflammatory and coagulopathic
markers in these patients [31,32]. These data were available from the electronic record, as it
was common practice during the first wave of the pandemic to obtain serial inflammatory
and thrombotic biomarkers in patients with COVID-19. Patients who developed AKI
were noted to have significantly higher levels of D-Dimer on day 1 (hospital admission)
and of CRP on day 2 (Table 3). These results are consistent with the interaction of SARS-
CoV-2 with ACE2 on vascular endothelial cells in nearly all organs of the body, leading
to excessive circulating levels of angiotensin 2, a pro-inflammatory, pro-thrombotic, and
vasoconstrictive molecule [31–33].
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Table 3. Inflammatory and thrombotic markers in COVID-19 patients with and without AKI.

Non-AKI (n = 130) AKI (n = 119) p

D-Dimer day 1 (ng/mL) 734 (510,1340) 1169 (470,3680) 0.049

D-Dimer day 2 727 (487,1592) 1380 (471,3680) 0.12

CRP day 1 (mg/L) 108 (52,172) 137 (84,178) 0.26

CRP day 2 105 (46,156) 128 (83,212) 0.026

Ferritin day 1 (ng/mL) 732 (450,1316) 1017 (536,1580) 0.20

Ferritin day 2 839 (524,1665) 906 (567,1756) 0.61
(Biomarker levels are expressed as median with interquartile ranges (IQR)). Abbreviations: CRP = C-reactive
protein, AKI = acute kidney injury.

3.3. Multivariate Analysis of Risk Factors for the Development of AKI

Independent predictors of AKI development were identified by stepwise logistic
regression with forward variable selection for all predictive variables identified by uni-
variate analysis (Table 4 and Figure 2). Increased risk of AKI was associated with ele-
vated admission SCr (p = 0.0001, OR = 2.406, 95% CI= 1.56–3.70), vasopressor require-
ment (p = 0.0001, OR = 3.188, 95% CI = 1.69–5.98), elevated D-Dimer on day 1 (p = 0.008,
OR = 1.0001, 95% CI = 1.000–1.0010), and elevated CRP on day 2 (p = 0.033, OR = 1.004,
95% CI = 1.0001–1.009). In contrast, co-administration of Tocilizumab and CC was inde-
pendently associated with a lower risk for development of AKI (p = 0.009, OR = 0.437, 95%
CI = 0.23–0.81). Elevated SCr, vasopressor requirement, and lack of co-administration of
Tocilizumab and CC remained significant independent risk factors for AKI development
even when the biomarker variables with missing and imputed values were removed from
the analysis.

Table 4. Multivariate analysis of risk factors for AKI.

Beta S.E p OR 95% CI

SCr 0.878 0.221 0.0001 2.406 1.56–3.70

Vasopressor requirement 1.159 0.321 0.0001 3.188 1.69–5.98

Tocilizumab plus CC −0.827 0.317 0.009 0.437 0.23–0.81

D-Dimer day 1 0.000 0.000 0.008 1.0001 1.000–1.001

CRP day 2 0.004 0.002 0.033 1.004 1.0001–1.009
Abbreviations: 95% CI = 95% confidence interval, CC = corticosteroid therapy, CRP = C-reactive protein,
OR = odds ratio, SCr = serum creatinine, S.E. = standard error. For categorical risk factors, the beta coeffi-
cient signifies the average change in outcome if that risk factor is present. In the case of continuous risk factors, it
signifies the amount the outcome changes for a unit increase in the risk factor’s value. Odds ratios and their 95%
confidence intervals (95% CI) are determined by exponentiation of the beta coefficient and its upper and lower
CI, respectively.

3.4. Univariate Analysis of Risk Factors for In-Hospital Mortality

We next examined the risk factors for in-hospital mortality among patients with severe
COVID-19 infection. AKI development was associated with a 73% mortality, in contrast to
a 56% mortality in patients not developing AKI. By univariate analysis, increased mortality
was associated with older age, Caucasian race, presence of diabetes mellitus, presence of
hypertension, development of AKI, requirement for RRT, need for mechanical ventilation,
lower absolute lymphocyte count, elevated neutrophil to lymphocyte ratio, lower absolute
platelet count, and elevated total bilirubin (Table 5).
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Figure 2. Forest plot depicting the impact of the indicated risk factors on the odds ratio (OR) for
developing AKI as determined by logistic regression with stepwise forward variable selection. For
continuous variables, the odds ratio (OR) represents the relative amount by which the odds ratio for
the outcome variable increases or decreases when the independent variable is increased by exactly
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Table 5. COVID-19 ICU patients: characteristics of survivors and non-survivors.

Survivors
(n = 87)

Non-Survivors
(n = 162) p OR 95% CI

Age 66
(51, 75)

73
(63, 82) 0.00001

Race (Caucasian) 54 (62%) 123 (76%) 0.021 1.9 1.09–3.40

BMI 28.9
(24.33)

29
(24, 35) 0.62

Sex (male) 50 (57%) 98 (60%) 0.64 1.06 0.66–1.92

Diabetes 18 (21%) 58 (36%) 0.014 2.1 1.16–3.90

CHF 8 (9%) 22 (14%) 0.30 1.56 0.66–3.60

CAD 18 (21%) 43 (26%) 0.30 1.38 0.74–2.6

COPD 22 (25%) 38 (23%) 0.74 0.9 0.50–1.6

CKD 8 (7%) 20 (12%) 0.18 1.90 0.73–4.90

HTN 39 (45%) 96 (59%) 0.029 1.80 1.06–3.0

AKI 31 (35%) 88 (54%) 0.005 2.14 1.25–3.70

Cirrhosis 0 (0%) 4 (2%) 0.3 0.64 0.58–0.7

Malignancy 7 (8%) 20 (12%) 0.39 1.61 0.65–3.97

CVA 9 (10%) 18 (11%) 0.85 1.1 0.46–2.52

Mechanical ventilation 43 (49%) 130 (80%) 0.00001 4.10 2.3–7.30

Dialysis * 3 (3.4%) 20 (12%) 0.022 3.94 1.13–13.6

Neutrophiles × 109/L
8

(4.5, 13)
7.4

(5, 11.7) 0.67

Lymphocytes × 109/L
0.9

(0.6, 1.6)
0.7

(0.5, 1.1) 0.010
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Table 5. Cont.

Survivors
(n = 87)

Non-Survivors
(n = 162) p OR 95% CI

Neutrophile/lymphocyte 7.6
(4.3, 14)

10
(6, 18.4) 0.03

SCr µmoles/L) 95.4
(55.2, 141.4)

106
(72.5, 155) 0.12

Plts × 109/L
262

(195, 326)
226

(151, 279) 0.019

Tbili (µmoles/L) 8.5 (5.1, 12) 10.3 (6.8, 16.4) 0.012

SOFA 4
(2, 6)

4
(3, 7) 0.095

PaO2/FIO2 231
(118, 310)

191
(79, 286) 0.051

Pa02 KPa 9.7 (7.8, 13) 9.2 (7.3, 11.4) 0.14

FI02 0.36
(0.29, 0.96)

0.40
(0.21, 1.0) 0.12

Abbreviations: AKI = acute kidney injury, BMI = body mass index, CAD = coronary artery disease,
CHF = congestive heart failure, CI = confidence interval, CKD = chronic kidney disease, COPD = chronic obstruc-
tive pulmonary disease, HD = hemodialysis, HTN = hypertension, OR = odds ratio, PaO2/FiO2 = ratio of partial
pressure of oxygen to inspired concentration of oxygen, Plts = platelets, SCr = serum creatinine, SOFA = Sepsis-
Related Organ Failure Assessment, TBili = total bilirubin. * Requirement for dialysis that developed within the
first 7 days after hospital admission.

To determine the effect of AKI on mortality, we compared the risk factors for mortality
between patients who did and did not develop AKI. For patients with AKI, an increase in
mortality was associated with need for mechanical ventilation, lower absolute lymphocyte
counts, elevated absolute neutrophil count, elevated neutrophil to lymphocyte ratio, lower
admission SCr, and lower absolute platelet count (Table 6). For those not developing AKI,
increased mortality was associated with increased age, need for mechanical ventilation,
presence of several co-morbidities (diabetes mellitus, hypertension, coronary artery dis-
ease, and chronic kidney disease (CKD)), increased admission SCr, and increased total
bilirubin (Table 7).

Table 6. Risk factors for mortality among COVID-19 ICU patients with AKI.

Survivor
(n = 31)

Non-Survivor
(n = 88) p OR 95% CI

Age 69
(63, 77)

75
(65, 82) 0.1

Race (Caucasian) 19 (63%) 69 (78%) 0.10 2.10 0.85–5.1

BMI 26
(24.32)

29
(25, 36) 0.10

Sex (male) 18 (60%) 58 (66%) 0.50 1.20 0.52–3.0

Diabetes 11 (36%) 30 (34%) 0.80 0.89 0.38–2.10

CHF 5 (17%) 12 (14%) 0.70 0.8 0.25–2.50

CAD 9 (30%) 20 (23%) 0.40 0.68 0.27–1.70

COPD 33 (25%) 27 (33%) 0.67 0.88 0.49–1.58

CKD 6 (20%) 9 (10%) 0.16 0.6 0.23–1.50

HTN 18 (60%) 51 (58%) 0.84 0.9 0.39–2.10
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Table 6. Cont.

Survivor
(n = 31)

Non-Survivor
(n = 88) p OR 95% CI

Cirrhosis 0 (0%) 2 (2.3%) 1.0 0,75 0.66–0.82

Malignancy 4 (13% 9 (10, 2%) 0.74 0.77 0.22–2.7

CVA 6 (19%) 8 (9%) 0.13 0.42 0.13–1.32

Mechanical ventilation 16 (53%) 77 (87%) 0.00001 6.1 2.30–16.0

Dialysis * 3 (9.7%) 20 (22.7%) 0.18 2.78 0.75–9.98

Neutrophiles × 109/L
7.7

(4.6, 14)
7.5

(5.3, 13) 0.49

Lymphocytes × 109/L
1.0

(0.67, 1.9)
0.7

(0.5, 1.) 0.004

Neutrophile/lymphocyte 7.30
(3.8, 12.6)

10.5
(6, 19) 0.009

SCr µmole/L 159
(115, 256.4)

132.6
(88.4, 177.6) 0.04

Plts × 109/L
281

(212, 326)
223

(141, 277) 0.010

Tbili µmole/L 6.8
(5.1, 13.7)

8.5
(6.8, 15.4) 0.12

SOFA admit 4.5
(3, 8.5.5)

5
(3, 8) 0.80

PaO2/FIO2 227
(122, 307)

200
(74, 313) 0.25

Pa02 KPa 9.8 (8, 12) 9 (7.2, 11.3) 0.10

FI02 0.34
(0.25, 0.96)

0.42
(0.21, 1) 0.40

Abbreviations: AKI = acute kidney injury, BMI = body mass index, CAD = coronary artery disease,
CHF = congestive heart failure, CI = confidence interval, CKD = chronic kidney disease, COPD = chronic obstruc-
tive pulmonary disease, HD = hemodialysis, HTN = hypertension, OR = odds ratio, PaO2/FiO2 = ratio of partial
pressure of oxygen to inspired concentration of oxygen, Plts = platelets, SCr = serum creatinine, SOFA = Sepsis-
Related Organ Failure Assessment, TBili = total bilirubin. * Requirement for dialysis that developed within the
first 7 days after hospital admission.

Table 7. Risk factors for mortality among COVID-19 ICU patients without AKI.

Survivor
(n = 56)

Non-Survivor
(n = 74) p OR 95% CI

Age 62
(44, 68)

70
(63, 80) 0.00001

Race (Caucasian) 34 (60%) 54 (73%) 0.14 1.70 0.81–3.70

BMI 29
(26.34)

29
(24, 33) 0.52

Sex (male) 31 (55%) 40 (54%) 0.88 0.95 0.47–1.90

Diabetes 7 (12%) 28 (38%) 0.001 4.3 1.70–11.0

CHF 3 (5.4%) 10 (13%) 0.13 2.8 0.72–10.5

CAD 9 (16%) 23 (31%) 0.049 2.40 1.0–5.70

COPD 13 (23%) 20 (27%) 0.6 1.22 0.54–2.70

CKD 0 (0%) 11 (15%) 0.003 9.9 1.20–79.0

HTN 21 (37%) 45 (61%) 0.005 2.79 1.36–5.70

Cirrhosis 0 (0%) 2 (2.7%) 0.50 0.56 0.48–0.65
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Table 7. Cont.

Survivor
(n = 56)

Non-Survivor
(n = 74) p OR 95% CI

Malignancy 3 (5.4%) 11 (15%) 0.095 3.1 0.82–11.6

CVA 3 (5.4%) 10 (13.5%) 0.15 2.76 0.72–10.4

Mechanical ventilation 26 (47%) 53 (71%) 0.005 2.90 1.4–6.0

Neutrophiles × 109/L
8.6

(4.6, 15.0)
6.6

(4.4, 10.5) 0.22

Lymphocytes × 109/L
0.9

(0.5, 1.40)
0.7

(0.5, 1.2) 0.35

Neutrophile/lymphocyte 8
(5, 15.3)

9
(6, 17) 0.64

SCr (µmoles/L) 79.5
(53, 97)

88.4
(62, 123.8) 0.048

Plts × 109/L
248

(176, 330)
231

(164, 297) 0.30

Tbili µmoles/L 49.2
(5.1, 12)

10.2
(7.7, 13.6) 0.03

SOFA admit 3
(2.0.5.0)

4
(3, 6) 0.17

PaO2/FIO2 230
(116, 309)

190
(98, 261) 0.12

Pa02 KPa 9.7 (7.3, 12.7) 9.2 (7.4, 11.4) 0.53

FI02 0.36
(0.21, 0.96)

0.40
(0.26, 1) 0.29

Abbreviations: AKI = acute kidney injury, BMI = body mass index, CAD = coronary artery disease,
CHF = congestive heart failure, CI = confidence interval, CKD = chronic kidney disease, COPD = chronic ob-
structive pulmonary disease, HD = hemodialysis, HTN = hypertension, OR = odds ratio, PaO2/FiO2 = ratio
of partial pressure of oxygen to inspired concentration of oxygen, Plts = platelets, SCr = serum creatinine,
SOFA = Sepsis-Related Organ Failure Assessment, TBili = total bilirubin.

The only pharmacologic intervention associated with increased mortality was the
need for vasopressor support. This was true for the entire cohort (Table 8), as well as the
subgroups with AKI (Table 9) and without AKI (Table 10). No inflammatory or thrombotic
markers were associated with increased mortality (Table 11).

Table 8. Pharmacologic interventions in COVID-19 ICU survivors and non-survivors.

Non-Survivor (n = 162) Survivor (n = 87) p OR 95% CI

Vasopressors 119 (73%) 33 (38%) 0.00001 4.50 2.60–7.90

IV Ascorbic acid 99 (59%) 51 (59%) 0.70 1.1 0.66–1.89

Hydroxychloroquine 124 (78%) 68 (80%) 0.71 0.88 0.46–1.69

Azithromycin 63 (40%) 24 (28%) 0.071 1.69 0.97–3.0

Heparin full dose 79 (49%) 47 (54%) 0.51 0.80 0.48–1.36

Heparin DVT prophylaxis 54 (33%) 31 (36%) 0.8 0.90 0.52–1.60

Convalescent plasma 42 (26%) 23 (26%) 0.93 0.97 0.54–1.76

Remdesivir 6 (3%) 0 (0) 0.094 0.64 0.680.70

Tocilizumab 18 (11%) 8 (9.2%) 0.80 1.23 0.51–2.98

Corticosteroids only 44 (27%) 25 (28%) 0.47 0.80 0.48–1.40

Tocilizumab and steroids 55 (34%) 37 (42%) 0.18 0.69 0.40–1.86
Heparin full dose = anticoagulant dose of unfractionated or low molecular weight heparin. Heparin DVT
prophylaxis = 5000 units sc every 8 h or low molecular weight heparin 30–40 mg daily. If patients received both
anticoagulant and thrombo-prophylaxis doses during hospitalization they were analyzed in the full-dose group.
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Table 9. Pharmacologic interventions in COVID-19 ICU survivors and non-survivors with AKI.

Survivors (n = 31) Non-Survivors (n = 88) p OR 95% CI

Vasopressors 14 (48%) 72 (82%) 0.00001 4.8 2.0–12.0

IV Ascorbic acid 21 (68%) 50 (57%) 0.28 0.62 0.26–1.48

Hydroxychloroquine 22 (71%) 72 (82%) 0.21 1.84 0.71–4.70

Azithromycin 11 (35%) 39 (44%) 0.39 1.44 0.62–3.37

Heparin full dose 18 (58%) 36 (41%) 0.09 0.50 0.22–1.15

Heparin DVT prophylaxis 11 (36%) 37 (41%) 0.090 0.50 0.22–3.10

Convalescent plasma 7 (23%) 20 (23%) 0.94 0.96 0.36–2.68

Remdesivir 0 (0%) 1 (0.9) 0.5 0.73 0.66–0.82

Tocilizumab 5 (16%) 11 (12%) 0.56 0.76 0.3–1.9

Corticosteroids only 9 (29%) 21 (23%) 0.57 1.12 0.52–2.4

Tocilizumab and steroids 12 (39%) 23 (26%) 0.18 0.56 0.23–1.33
Heparin full dose = anticoagulant dose of unfractionated or low molecular weight heparin. Heparin DVT
prophylaxis = 5000 units sc every 8 h or low molecular weight heparin 30–40 mg daily. If patients received both
anticoagulant and thrombo-prophylaxis doses during hospitalization they were analyzed in the full-dose group.

Table 10. Pharmacologic interventions in COVID-19 ICU survivors and non-survivors without AKI.

Survivors (n = 56) Non-Survivors (n = 74) p OR 95% CI

Vasopressors 18 (32%) 47 (63%) 0.00001 3.67 1.76–7.65

IV Ascorbic acid 30 (54%) 49 (66%) 0.14 1.70 0.83–3.50

Hydroxychloroquine 46 (85%) 52 (73%) 0.11 0.47 0.19–1.20

Azithromycin 13 (24%) 24 (34%) 0.21 1.65 0.75–3.64

Heparin full dose 29 (52%) 43 (58%) 0.47 1.29 0.64–2.60

Heparin DVT
prophylaxis 20 (36%) 17 (44%) 0.10 0.53 0.25–1.20

Convalescent plasma 16 (28%) 22 (30%) 0.86 1.06 0.49–2.27

Remdesivir 0 (0%) 5 (6.8) 0.070 0.54 0.46–0.64

Tocilizumab 3 (5%) 7 (9%) 0.51 1.86 0.45–7.50

Corticosteroids only 16 (29%) 23 (31%) 0.75 1.12 0.69–1.66

Tocilizumab and steroids 25 (44%) 32 (43%) 0.87 0.94 0.47–1.90
Heparin full dose = anticoagulant dose of unfractionated or low molecular weight heparin. Heparin DVT
prophylaxis = 5000 units sc every 8 h or low molecular weight heparin 30–40 mg daily. If patients received both
anticoagulant and thrombo-prophylaxis doses during hospitalization they were analyzed in the full-dose group.

Table 11. Inflammatory and thrombotic markers in COVID-19 ICU survivors and non-survivors.

All ICU Patients Survivors
(n = 87)

Non-Survivors
(n = 162) p

D-Dimer day 1 (ng/mL) 636 (337,1502) 852 (520,2309) 0.069

D-Dimer day 2 1166 (548,3555) 691 (436,1743) 0.089

CRP day 1 (mg/L) 134 (90,204) 124 (61,175) 0.41

CRP day 2 123 (47,171) 115 (81,184) 0.38

Ferritin day 1 (ng/mL) 995 (352,1571) 790 (400,1460) 0.25

Ferritin day 2 987 (675,1888) 822 (462,1478) 0.12
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Table 11. Cont.

ICU Patients without AKI Survivors
(n = 56)

Non-Survivors
(n = 74) p

D-Dimer day 1 629 (330,1033) 799 (632,1432) 0.092

D-Dimer day 2 900 (548,1814) 646 (481,839) 0.12

CRP day 1 130 (58,232) 103 (51,162) 0.35

CRP day 2 97 (38,157) 105 (73,152) 0.59

Ferritin day 1 735 (471,1347) 699 (416,1338) 0.80

Ferritin day 2 987 (691,1972) 748 (446,1374) 0.19

ICU Patients with AKI Survivors
(n= 31)

Non-Survivors
(n = 88) p

D-Dimer day 1 644 (335,3680) 1219 (500,3083) 0.71

D-Dimer day 2 2390 (543,3680) 1182 (419,3436) 0.28

CRP day 1 137 (93,169) 140 (21,185) 0.86

CRP day 2 140 (80,204) 122 (83,223) 0.89

Ferritin day 1 1390 (1003,2318) 923 (320,1542) 0.070

Ferritin day 2 1139 (657,2130) 993 (447,1590) 0.30
Abbreviations: CRP = C-reactive protein.

3.5. Multivariate Analysis of Risk Factors Associated with Mortality

Finally, to determine independent risk factors associated with mortality, we performed
Cox proportional hazards analysis with forward variable selection (Table 12 and Figure 3). For
the entire cohort of COVID-19 patients admitted to the ICU, only advanced age was indepen-
dently associated with decreased survival (p = 0.00001, HR = 1.028, 95% CI = 1.016–1.041). For
patients not developing AKI, increased age (p = 0.00001, HR = 1.044, 95% CI = 1.024–1.065)
and CKD (p = 0.004, HR = 2.65, 95% CI = 1.37–5.1) were independently associated with
decreased survival. For patients who developed AKI, surprisingly, the only independent
risk factor was a lower SCr on admission (p = 0.011, HR = 0.79, 95% CI = 0.66–0.95).

Table 12. Multivariate Cox proportional hazards analysis of risk factors for mortality.

All ICU Patients B SE p HR 95% CI

Age 0.028 0.006 0.00001 1.028 1.016–1041

ICU Patients with AKI

SCr −2.32 0.092 0.01 0.79 0.66–0.95

ICU Patients without AKI

Age 0.043 0.01 0.00001 1.044 1.024–1.065

CKD 0.97 0.34 0.004 2.65 1.37–5.1
Abbreviations: 95% CI = 95% confidence interval, CKD = chronic kidney disease, HR = hazards ratio, SCr = serum
creatinine, S.E. = standard error.
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4. Discussion

Clinical experience with patients hospitalized from COVID-19 has demonstrated
significant heterogeneity in the development of AKI [10,34]. Chinese and Italian studies
reported the development of AKI in 0.5–29% of patients [1,2,6,11]. In contrast, data from
the United States and other developed nations have demonstrated a much higher incidence
of this complication [9,12,35,36]. In a large cohort of COVID-19 patients, Fisher et al. found
that COVID-19 patients developed AKI at twice the rate of historical controls [12]. The same
investigators observed a similarly increased rate of AKI over the same timeframe when
COVID-19 patients were compared to those admitted without COVID-19 [12]. Moreover,
AKI in the setting of COVID-19 tends to be more severe. As compared to historical controls,
COVID-19 patients had a 2.6-fold higher mortality and an increased requirement for
RRT [37,38]. A recent meta-analysis involving over 25,000 COVID-19 patients found a
pooled incidence of AKI of 53% in those with severe disease [39]. Schaubroeck et al., in a
multi-center study involving 1286 critically ill patients, observed the development of AKI
in 85% of patients [7]. In an ICU cohort of 313 ICU patients, Lumlertgul et al. observed the
development of AKI in 76% of patients [40]. The results of our retrospective study are in
accord with these data. AKI occurred in 119 of 249 (48%) of COVID-19 patients requiring
ICU admission. Of these 119 patients, 23 (19%) required RRT, and 88 died (74%). These
findings are consistent with previous studies from the US and other developed nations
demonstrating an incidence of AKI in 40–80% of patients admitted to the ICU [5,7,12,40,41].

Despite these differences in incidence and severity, no risk factors have been consis-
tently identified that discriminate between AKI developing in the presence or absence of
COVID-19 infection. Traditional risk factors for AKI have included older age, elevated
SCr on admission, requirement for vasopressors, thrombo-inflammatory biomarkers, and
comorbidities such as diabetes and hypertension. By univariate analysis, in agreement
with past studies, we found that the development of AKI was associated older age, the
need for mechanical ventilation, elevated admission SCr, higher SOFA score, vasopressor
requirement, and elevated inflammatory and thrombotic biomarkers (Tables 1–3). Of these,
an elevated SCr, vasopressor requirement, and elevated inflammatory and thrombotic
biomarkers were independent predictors (Table 4 and Figure 2). The lack of influence of
comorbidities on the development of AKI may be a consequence of the advanced age of
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patients in our study (median age of 70), for whom comorbidities were similarly common
in both AKI and non-AKI patients. In their studies of ICU patients with C19-ARDS, Wang
et al. and Piniero et al. also found that the presence of multiple co-morbidities was not
associated with the development of AKI [42,43].

A critical question is whether COVID-19-associated AKI is a separate clinical entity
from other causes of AKI [44–46]. Investigations into this question have yielded conflicting
results. Autopsy and biopsy series of COVID-19 patients with AKI have demonstrated a
wide variety of glomerular and tubular injuries [44,46–49]. The prominence of glomerular
and thrombotic injury, including collapsing glomerulopathy and TMA, is striking, and
typically absent in sepsis-mediated AKI [46,47,49,50]. Nonetheless, notably, for both septic
and COVID-19-associated AKI, morphologic and molecular evidence implicates inflam-
mation as the primary driver of injury [51]. Thus, postmortem pathologic and molecular
gene expression analyses have revealed that tubular injury occurring during the course
of COVID-19 infection bears many similarities to sepsis-mediated acute tubular necro-
sis (ATN) [47,51]. Similarities include mitochondrial injury and dysregulation, increased
autophagy, increased ceramide signaling, abnormalities in oxidative phosphorylation,
up-regulation of apoptotic and necroptotic pathways, and increased endothelial and mi-
crovascular inflammation [51]. In addition, proteomic and genomic evidence indicates that
a large number of genes involved in immune and metabolic counter-regulatory pathways,
such as Treg differentiation and Sirtuin signaling, are expressed in both septic ATN and
COVID-19-associated AKI [51].

In contrast, Volbeda and colleagues evaluated non-autolytic post mortem biopsies of
patients with severe COVID-19 infection and observed morphologically more severe tubular
injury, significant thrombosis of peritubular capillaries, and a less intense inflammatory
response [52]. In fact, transcript levels for the pro-inflammatory cytokines TNF-α, IL-6, and
MMP8 in biopsies from COVID-19-associated AKI patients were comparable to those found
in normal controls [47,52]. In addition, the transcript levels of several genes, normally
down-regulated during states of decreased renal perfusion, were also down-regulated
in biopsies of COVID-19-associated AKI. Taken together, these differences suggest that
decreased renal perfusion, rather than intense inflammatory state, may be the driver in
some cases of COVID-19-associated AKI [52].

Such heterogeneity of pathologic and molecular findings may be due to differences in
the timing of biopsies or possibly the existence of different endotypes within COVID-19-
associated AKI. Certainly, the existence of an inflammatory phenotype is supported by the
Recovery trial, which showed that the administration of Tocilizumab, a monoclonal anti-
body directed against the IL-6 receptor, led to a decrease in severe AKI requiring RRT [53].
Additional studies have demonstrated that the use of CC decreases the incidence of severe
AKI [54–56]. Our own data also favor a role for inflammation in the pathophysiology of
COVID-19-associated AKI. In the multivariate analysis, not only was increased CRP on
day 2 independently predictive of AKI, but also combined treatment with Tocilizumab
and CC was associated with decreased development of AKI. Our data further suggest a
role for thrombosis, as an elevated level of D-Dimer on day 1 was also an independent
predictor of AKI. In accord with this finding, Jewell et al. observed in a large UK cohort
that patients who developed AKI had a statistically significant increase in thromboembolic
complications [13]. Moreover, a systematic review has shown the risk of both venous and
arterial thromboembolism to be statistically significantly higher in those with COVID-19
infection relative to those without [57].

With regard to mortality, although a large number of patient characteristics and inter-
ventions were associated with increased mortality, including the development of AKI, the
only independent predictor for the entire cohort was advanced age. The impact of age is
especially noteworthy, given that the median age of both survivors and non-survivors was
greater than 65 and the difference in their median ages was less than 10 years (66 and 73, re-
spectively). It is pertinent to note that the independent effect of older age on mortality is an
almost universal finding. While one may associate increasing age with frailty and increased
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comorbidities, this may not be the entire explanation. For example, cellular expression
of ACE-2, the putative receptor for the COVID-19 virus, decreases with age. As ACE-2 is
capable of cleaving the pro-inflammatory peptide angiotensin 2 into the anti-inflammatory
and anti-oxidant peptide angiotensin (1–7), aging may be associated with an increased
tendency for inflammation [58–61]. Similar changes in ACE-2 expression have been ob-
served in patients with cardiovascular disease [59,62–65]. Thus, aging and underlying
cardiovascular disease may represent pro-inflammatory conditions predisposing patients
to increased complications during the clinical course of COVID-19 disease.

Among patients without AKI, CKD was an additional independent predictor of mor-
tality. Surprisingly, among patients with AKI, the only independent predictor of mortality
was a lower SCr on admission. We can only speculate on the reasons for this anomalous
finding. For example, a lower SCr on admission may have masked recognition of AKI and
led to later renal consultation, resuscitative efforts, and use of RRT. Alternatively, a lower
SCr might have been a surrogate for wasting or poorer nutritional status.

The retrospective and observational nature of our study necessarily entails several
weaknesses. First, its retrospective nature limited our ability to determine and adjust for
all differences in baseline characteristics and comorbidities. Second, we were unable to
obtain information on such important potential risk factors as urinary output, urinary
sediment, or proteinuria. Third, there were insufficient data to adjust for titration or
timing and dose of pharmacologic interventions and therapies. Fourth, the diagnosis of
comorbidities such as CKD or coronary artery disease were based on ICD coding rather
than independent assessment by a non-involved clinician. Fifth, our retrospective analysis
poses the usual limitations of selection and introduction bias. Thus, the benefits of anti-
inflammatory therapy with Tocilizumab and CC in preventing AKI are associational and
need to be confirmed in prospective trials. Sixth, there were many missing data points
for the biomarkers D-Dimer, CRP, and ferritin, thus making it difficult to draw robust
conclusions regarding their role as risk factors in the development of AKI. As a result,
we had to rely on imputed data. Employing the imputed values into the multivariate
analysis should therefore be considered exploratory. Nonetheless, removing the imputed
biomarker data from the multivariate analysis did not alter the remaining risk factors.
Further studies are needed to elucidate the role of biomarkers as predictors of AKI in
patients with COVID-19 disease. Finally, our study was conducted during the first wave of
the pandemic, before vaccinations were available, and extrapolation of our data to current
patients may not necessarily be possible.

Despite these limitations, a major strength of our study is its study population, which
comes from a large community hospital and is thus clinically and demographically similar
to elderly COVID-19 patients in the general population.

5. Conclusions

The current study confirms the high rates of AKI and mortality among COVID-19
patients admitted to an ICU. As seen with other causes of AKI, multivariate analysis
demonstrated that an elevated SCr on admission and the need for vasopressors were
independent predictors of the development of AKI in patients with severe COVID-19. In
addition, elevations of CRP and D-Dimer, biomarkers for inflammation and thrombosis,
respectively, were also associated with an increased risk for AKI, albeit the effect was
of small magnitude. Notably, patients who received both CC and Tocilizumab, but not
either alone, were less likely to develop AKI. As has been shown for the development
of C-19 ARDS in severely ill COVID-19 patients, our data suggest a potential role for
inflammation in the development of COVID-19-associated AKI. One should consider the
possibility that early administration of anti-inflammatory agents, just as one performs in
the management of C-19 ARDS, may improve clinical outcomes in patients with AKI.
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Abstract: There is an increased incidence of elderly adults diagnosed with kidney failure as our
global aging population continues to expand. Hence, the number of elderly adults indicated for
kidney replacement therapy is also increasing simultaneously. Haemodialysis initiation is more
commonly observed in comparison to kidney transplantation and peritoneal dialysis for the elderly.
The onset of the coronavirus 2019 (COVID-19) pandemic brought new paradigms and insights for
the care of this patient population. Elderly patients receiving haemodialysis have been identified
as high-risk groups for poor COVID-19 outcomes. Age, immunosenescence, impaired response
to COVID-19 vaccination, increased exposure to sources of COVID-19 infection and thrombotic
risks during dialysis are key factors which demonstrated significant associations with COVID-19
incidence, severity and mortality for this patient group. Recent findings suggest that preventative
measures such as regular screening and, if needed, isolation in COVID-19-positive cases, alongside the
fulfillment of COVID-19 vaccination programs is an integral strategy to reduce the number of COVID-
19 cases and consequential complications from COVID-19, particularly for high-risk groups such as
elderly haemodialysis patients. The COVID-19 pandemic brought about the rapid development and
repurposing of a number of medications to treat patients in the viral and inflammatory stages of their
disease. However, elderly haemodialysis patients were grossly unrepresented in many of these trials.
We review the evidence for contemporary treatments for COVID-19 in this population to provide
clinicians with an up-to-date guide. We hope our article increases awareness on the associations and
impact of COVID-19 for the elderly haemodialysis population, and encourage research efforts to
address knowledge gaps in this topical area.

Keywords: Coronavirus 2019; elderly patients; haemodialysis; risk factors; pathophysiology;
prevention; management

1. Introduction

Emergence of the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) in December 2019, responsible for the coronavirus 2019 (COVID-19) pandemic outbreak,
has since had a profound impact on health systems globally [1]. While it was initially
recognized as the cause of severe pneumonias, COVID-19 has since been found to have
a range of extrapulmonary manifestations, including direct effects on the kidney [2–7].
The pandemic has also disproportionately affected vulnerable populations, such as elderly
people and those affected by chronic medical conditions, in which chronic kidney disease
(CKD) has been identified as a significant risk factor for morbidity and mortality follow-
ing COVID-19 infection [8]. In particular, patients receiving haemodialysis face unique
challenges, as they require frequent hospital visits and are at risk of COVID-19 exposure
from other patients and clinical staff. As a consequence of frailty, multimorbidities and
challenges relating to performing dialysis therapy at home, elderly patients requiring
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kidney replacement therapy are much more likely to receive haemodialysis compared to
peritoneal dialysis or kidney transplantation [9]. This review discusses the risk factors
and pathophysiological impact of COVID-19 infection in elderly people (i.e., people with
age >65 years old) receiving haemodialysis, as well as the practical challenges of managing
this patient population when they have a COVID-19 infection. We will explore the current
preventative and pharmacological treatment options available to clinicians caring for this
vulnerable patient group.

2. Risk Factors for Poor Clinical Outcomes in Elderly Haemodialysis Populations with
COVID-19 Infection

Advancing age is associated with an increased likelihood of contracting COVID-19
infection, with adults above 80 years of age particularly being at greatest risk [8]. In
addition, age is a major risk factor for progression towards having acute respiratory distress
syndrome (ARDS) [10]. The hazard ratio (HR) for mortality also increases linearly with
increasing age [11]. A significantly increased mortality risk is noticeable amongst those with
pre-existing kidney disease, particularly those with dialysis-dependent kidney failure. The
prevalence of COVID-19 infection is much higher in the CKD population. Outside of old age,
CKD patients with an estimated glomerular filtration rate (eGFR) < 30 mL/min/1.73 m2

is considered one of the strongest predictors for poor clinical outcomes [11,12]. Mortality
rates are exacerbated in the dialysis population over 20 times compared to that expected of
propensity-matched historic controls [13]. The risk of death following COVID-19 infection
is further increased for an elderly population receiving dialysis [13,14]. There are various
reasons which may explain these observed associations (Figure 1).

Biomedicines 2023, 11, x FOR PEER REVIEW 2 of 18 
 

of COVID-19 exposure from other patients and clinical staff. As a consequence of frailty, 

multimorbidities and challenges relating to performing dialysis therapy at home, elderly 

patients requiring kidney replacement therapy are much more likely to receive haemo-

dialysis compared to peritoneal dialysis or kidney transplantation [9]. This review dis-

cusses the risk factors and pathophysiological impact of COVID-19 infection in elderly 

people (i.e., people with age >65 years old) receiving haemodialysis, as well as the prac-

tical challenges of managing this patient population when they have a COVID-19 infec-

tion. We will explore the current preventative and pharmacological treatment options 

available to clinicians caring for this vulnerable patient group. 

2. Risk Factors for Poor Clinical Outcomes in Elderly Haemodialysis Populations with 

COVID-19 Infection 

Advancing age is associated with an increased likelihood of contracting COVID-19 

infection, with adults above 80 years of age particularly being at greatest risk [8]. In ad-

dition, age is a major risk factor for progression towards having acute respiratory distress 

syndrome (ARDS) [10]. The hazard ratio (HR) for mortality also increases linearly with 

increasing age [11]. A significantly increased mortality risk is noticeable amongst those 

with pre-existing kidney disease, particularly those with dialysis-dependent kidney 

failure. The prevalence of COVID-19 infection is much higher in the CKD population. 

Outside of old age, CKD patients with an estimated glomerular filtration rate (eGFR) < 30 

mL/min/1.73m2 is considered one of the strongest predictors for poor clinical outcomes 

[11,12]. Mortality rates are exacerbated in the dialysis population over 20 times compared 

to that expected of propensity-matched historic controls [13]. The risk of death following 

COVID-19 infection is further increased for an elderly population receiving dialysis 

[13,14]. There are various reasons which may explain these observed associations (Figure 

1). 

 

Figure 1. Risk factors for worsened clinical outcomes in elderly haemodialysis patients with 

COVID-19. 
Figure 1. Risk factors for worsened clinical outcomes in elderly haemodialysis patients with COVID-19.

2.1. Increased Comorbidity Status and Frailty Severity

In a vast cohort study undertaken by National Health Service England, nearly
1000 COVID-19-related deaths were reviewed. Age by far was the greatest predictor
of mortality, and most comorbidities were associated with increased mortality risk, particu-
larly cardiovascular disease and diabetes. These are both common comorbidities amongst
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the dialysis population [11]. In another study involving nearly 500,000 dialysis patients in
the United States, there were 60,090 patients identified with COVID-19 infection in which
the greatest predictor of contracting COVID-19 and increased mortality was nursing home
stay, regardless of the length of time the individual had been staying there. Additionally,
the number of comorbidities and more importantly, the degree of burden and complica-
tions as a result of co-morbid status were all significant risk factors for COVID-19-related
mortality [14]. These associations were found in observational studies involving long-term
dialysis populations, where increased comorbid status and age correlated with worsened
clinical outcomes and mortality rates [12,15]. It is difficult to pinpoint which underlying
diseases in haemodialysis patients are more influential in leading towards poor clinical out-
comes, due to the multidimensional factors which may contribute towards poor outcomes
for this complex group of patients.

Frailty is a significant health burden for elderly patients with advanced CKD and
those with kidney failure requiring dialysis treatment [16,17]. Frailty status was included
as an important factor in guiding clinical decisions for patient management during early
stages of the COVID-19 pandemic [18]. An age-related clinical syndrome characterized by
a decline in physiologic reserve and decreased ability to respond to stressor events, frailty
is associated with an increased risk of adverse outcomes including falls, hospitalization,
poorer health-related quality of life and ultimately, earlier than expected death [19–22].
Frailty severity is influenced by numerous factors—poor nutrition. sarcopenia, infection
and inflammation, cognitive impairment, reduced physical exercise threshold, vitamin
D deficiency, metabolic acidosis and cellular senescence are all potential factors which
accelerate the decline from fitness to frailty [23–28]. Whilst the data in relation to the impact
of frailty status and frailty severity on outcomes of elderly haemodialysis patients are only
emerging, the presence of COVID-19 infection likely adds further insult to the pathophysi-
ological processes inherent to kidney disease and disrupts homeostatic responses during
haemodialysis. These stressors would be more difficult to manage in complex and frail
elderly individuals [29–32]. The management of frail patients receiving haemodialysis is
challenging and unfortunately there is no ‘one size fits all’ approach. However, the timely
identification of those with poor physical performance levels followed by arrangement
of individualized and goal-based exercise programs showed promise [33]. Furthermore,
non-pharmacological treatment to aid mood and manage depression has shown positive
effects as well [34]. Though malnutrition is often associated with frailty and regular dietary
assessments are recommended, there remains a paucity of studies examining the benefits
of nutritional supplementation on frailty outcomes in the haemodialysis population at
present [34]. Understanding the potential mechanisms of how acute COVID-19 infection
affects the elderly dialysis-dependent population may bring further light into the impact of
comorbidity and frailty status in this process. The natural history of COVID-19 infection is
one manifesting with an initial viral stage, characterized by mild constitutional symptoms,
lymphopenia and fever. This may progress to a more malign host inflammatory phase
(cytokine storm) associated with ARDS, shock and high C-reactive protein (CRP) activity
and the activity of other pro-inflammatory cytokines [35]. This phenomenon is more com-
monly observed in older age groups, and rarely observed in children and adolescents [36].
Current evidence suggests that elderly patients with COVID-19 infection are more likely
to have a higher inflammatory state, with higher CRP levels, lymphopenia, neutrophilia
and increased findings of multi lobe lung lesions on Computed Tomography scanning
compared to their younger counterparts [37]. It is established that elderly patients and
those with kidney failure have higher numbers of CD28 and CD4 null cells and advanced
differentiated cells, which may result in the increased likelihood of cytokine storm and
acute lung injury [38]. This may also be, in part, secondary to impaired airway clearance
and reduced lung reserves in the elderly population affected by comorbidities and frailty.
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2.2. Immunosenescence

Immunosenescence refers to the changes to the immune system that occur with aging,
leading to an increased prevalence of infections, malignancy and autoimmune diseases [39].
Both T and B cells are involved in the process of immunosenescence. The decline in the
number and functionality of naive T and B cells leads to an imbalance in the homeostatic
mechanisms of the immune system and a decline in the ability to mount a primary immune
response to new antigens. This increases the risk of infection and reduces the effectiveness
of vaccines in elderly adults. There is a reduction in the number of both pre- and pro-B
cells with aging, as well as impairment in the B-cell maturation process and number of
immunoglobulins producing B cells [39]. Although there is a significant decrease in the
production of B cells from the bone marrow, the number of peripheral B cells will remain
constant, reflecting increased B-cell permanence [40]. The thymus is the primary site of T-
cell development, and epithelial cells in the thymus are responsible for T-cell development.
With advancing age, involution of the thymus is observed where there is a reduction in
cellularity and in thymic epithelial space with a consequential decrease in T-cell output [39].
Not only will there be a decline in the number of T lymphocytes (CD4+ T cells and CD8+ T
cells) in the circulation, but there will also be a decline in their ability to respond towards
incoming pathogens [41]. T-cell clonal exhaustion is also observed, in which there is an
impaired T-cell response to new antigens and declining ability to divide and multiply in
response to new pathogens [42].

Immunosenescence is likely prevalent within the elderly haemodialysis population [43].
The percentage of newly formed ‘naïve T cells’ is reduced in the circulation with advanc-
ing age. This occurs due to a combination of reasons, predominantly explained by the
reduction in thymic mass and consequently a reduced output of naïve T cells. Further-
more, the number of differentiated memory T cells increases as we age, and therefore
decreases the proportion of naïve T cells in the body. Increased differentiation will also
reduce T-cell telomere length [44]. When compared to healthy controls, the T-cell status of
patients receiving dialysis is comparable to those up to 20 years more senior in age than
themselves [45]. Acceleration in immune aging in the dialysis population is most probably
caused by the manifestation of a pro-inflammatory state associated with advanced kidney
disease. Accumulation of uremic toxins in kidney failure alongside increased oxidative
stress leads to a build-up of pro-inflammatory cytokines such as CD4+ and CD28 as well as
CD14+ and CD16++ monocyte populations [43]. The prevalence of senescent and exhausted
lymphocyte phenotypes is also markedly increased. This form of accelerated immune ag-
ing in pro-inflammatory states, commonly referred to as ‘inflammaging’, explains why
the elderly haemodialysis population is more susceptible to risk of infections including
COVID-19. A depleted pool of naïve T cells may lead to a slower response to viral inocu-
lation, considering lower numbers of naïve T cells are associated with worsened clinical
outcomes and more severe COVID-19 infection [46,47]. Additionally, dialysis patents have
a delayed viral clearance of SARS-CoV-2 following the resolution of acute symptoms, with
time to a negative polymerase chain reaction (PCR) test being on average 7 days longer
for a CKD compared to non-CKD populations [48]. For elderly haemodialysis patients
with cytomegalovirus, this has further implications in the context of COVID-19 infection.
Given the proportion of CD4 positive and CD28 negative T cells usually make up over
50% of the T-cell population in these groups, the excess pro-inflammatory cytokine activity
here can result in greater likelihood of endothelial dysfunction and cytokine storm acutely
progressing to systemic sepsis and organ failure if timely intervention is not provided [49].

2.3. Reduced Response to COVID-19 Vaccination

Not only are elderly haemodialysis patients at increased risk of contracting and having
worse outcomes from COVID-19 infection, but their response to COVID-19 vaccination is
also inferior compared with healthy controls [50]. This is an important point to consider, as
there has been convincing evidence suggesting protective effects of COVID-19 vaccination
with increased antibody levels post-vaccination. Following the first and second COVID-
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19 vaccinations, healthy controls are expected to mount a threshold serological response
95% and 100% of the time. For dialysis patients, this is significantly reduced, at 45% and
89% [50]. Though for some dialysis patients, the threshold serological response could
be reached, the overall antibody titre is still evidently lower in dialysis patients [51].
Considering these findings, elderly haemodialysis patients are at greater risk of poor
serological response [52]. A lower antibody titre incurs lower protection during acute
COVID-19 infection, particularly from the Omicron variant which is currently the most
prevalent COVID-19 variant worldwide [53].

2.4. Increased Exposure to COVID-19 Infection

SARS-CoV-2 is a respiratory pathogen, spread via aerosolized droplets. It is highly
contagious with an R0 of 2.2 with the degree of risk for infection related to exposure and
proximity to an infected individual [15]. Many countries advocated quarantine and isola-
tion measures as primary ways of reducing patient exposure to COVID-19 [54]. With the
majority of dialysis-dependent kidney failure patients receiving in-centre haemodialysis,
these patients present as a unique group in regard to their increased risk of COVID-19 ex-
posure [55–57]. When the COVID-19 pandemic first hit, dialysis centres worldwide had to
adapt quickly to protect this vulnerable cohort of patients and employ strategies to reduce
their exposure to COVID-19 [58]. The increased risk of contracting COVID-19 and COVID-
19 seropositivity amongst patients receiving in-centre haemodialysis is evident, with rates
of infection double to those receiving home haemodialysis [59]. A study from the United
Kingdom which screened COVID-19 seropositivity status amongst dialysis patients found
36.2% having positive serology (indicating prior infection) and 22.2% having a positive
PCR test (though it should be noted that only 21% of the cohort received a PCR test) [60].
The mode of COVID-19 transmission in in-centre haemodialysis patients is predominantly
horizontal (i.e., within dialysis shifts where they have interaction with healthcare workers
and other dialysis patients) as opposed to vertical (i.e., from the preceding or following
shift) [15]. The potential of COVID-19 transmission during shared transport to and from
dialysis needs to be considered as another vector of transmission [61]. Though strategies
of cohorting and isolating COVID-19 dialysis patients have been implemented during
in-centre dialysis, the fact that elderly haemodialysis patients with COVID-19 infection re-
mains seropositive for longer periods hinders the effects from these cohorting and isolation
strategies. With over 60% of elderly haemodialysis patients remaining PCR positive for
at least 20 days following COVID-19 infection, many of these patients remain infectious
for longer periods and are at increased risk of infecting other in-centre haemodialysis pa-
tients [62]. Whilst elderly haemodialysis patients remain seropositive for longer, this does
not appear to confer adequate protection from re-infection. In the general population with
known prior COVID-19 infection, there is a 90% reduction of having a second COVID-19
infection following the first episode, in comparison with a reduction of just 45% for the
dialysis population [52].

2.5. Risks of Thrombotic Complications

COVID-19 is known to induce a state of hypercoagulability and endothelial dysfunc-
tion that correlates with the degree of inflammation [63]. This mechanism does pose an
additional health burden for the haemodialysis population who are already at greater risk
of thrombosis through exposure to the extracorporeal dialysis circuit. Data on whether
there is a significantly increased risk of thrombosis in the elderly population compared
to younger persons receiving haemodialysis remain unestablished, but numerous studies
have documented catheter, circuit, and arterial venous fistula thrombosis in patients with
COVID-19 infection [64–67]. This can lead to delays in dialysis treatment, excess blood loss
and other complications which may impact upon the elderly haemodialysis population
more significantly, particularly those living with multimorbidities and more severe levels
of frailty [65–67]. At the moment, there are no published studies which have evaluated the
modification of anticoagulation strategies during intermittent haemodialysis for COVID-
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19-positive patients, though increasing anticoagulation should be considered during active
COVID-19 infection to reduce the risk of thrombosis.

3. Prevention Strategies for COVID-19 in Elderly Haemodialysis Patients

There were increased efforts to implement COVID-19 preventative measures specific
to elderly haemodialysis patients, due to the increase risk of these patients contracting
COVID-19 from their frequent contact and interactions with other dialysis patients and
healthcare staff if receiving in-centre dialysis and a high-case fatality from COVID-19
compared to the general population.

3.1. Regular Screening

Strategies to prevent patient-to-patient transmission of COVID-19 may include the
implementation of regular screening programs. Two types of screening programs can be
employed: symptom-based screening followed by specific testing or a universal screening
program. The screening process can vary based on the type of test used, such as nasal
polymerase chain reaction (PCR), antigen testing or serum antibody testing, and screening
programs may also differ based on the frequency of screening.

The International Society of Nephrology COVID-19 guidelines has recommended
symptom-based testing as a method to identify and reduce the transmission of COVID-19
in patients with CKD, in particular those receiving dialysis [68]. A study conducted
in the United Kingdom during the early phase of the pandemic (from 2 March 2020 to
13 April 2020) reported outcomes from employing a symptom-based testing program. PCR
testing was performed if patients reported high-risk symptoms or the presence of fever.
Of all the tests performed, 65.6% were positive for SARS-CoV-2. These patients were then
separated from asymptomatic patients in an isolation unit. This high proportion of positive
tests raises the question of whether symptom-based testing is too insensitive to pick up
all COVID-19 infections, particularly since asymptomatic COVID-19 infections have been
reported in between 10% and 50% of the dialysis community [60,69–72].

In another study that used the widely available rapid antigen tests (RAT), 277 haemodial-
ysis patients were screened from 15 February 2021 to 15 November 2021. Thirty-eight tests
were returned positive, but only five (14%) cases were subsequently confirmed as COVID-19
positive by PCR testing. Over this period, 6.4% of the haemodialysis population had con-
tracted COVID-19, with routine RAT picking up 27.7% of the cases [73]. A similar study
conducted from December 2021 to March 2022 used RAT to screen 220 haemodialysis patients,
and 8.5% of asymptomatic patients returned a positive test over this time period (93% were
subsequently confirmed COVID-19 positive by PCR testing). Symptomatic patients were
screened with a PCR test, and of those who tested positive on PCR, RAT picked up 54% of
cases as being COVID-19 positive [74].

Although RAT is able to identify asymptomatic COVID-19-positive cases and is
cheaper to perform compared with PCR testing, it may not be sensitive enough to pick
up an adequate number of cases. Data on PCR screening programs in haemodialysis
populations are less well documented, but in one study, 200 patients were screened using
PCR testing over a five-day period in early 2020 in a dialysis unit in France. Of these,
19% of patients had a positive result returned from their PCR test, and of those with a
positive test result, 10% were asymptomatic [70]. If readily available, a universal PCR test
screening program is more likely to pick up a greater number of COVID-19 cases than
RAT, though the imperfect nature of PCR testing to identify COVID-19 cases has also been
considered. One study sampled serum samples of 356 patients receiving dialysis, in which
129 patients were SARS-CoV-2 antibody positive. In this patient cohort, 40% of patients
were asymptomatic from COVID-19 symptoms and of the 42 patients who had a negative
PCR test result, eight were SARS-CoV-2 antibody positive [72].

It should be acknowledged that the clinical phenotype of COVID-19 has changed over
time through the natural history and evolution of the virus and the increased delivery of
vaccination. Esposito and colleagues highlighted that a cohort of COVID-19 haemodialysis
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patients in September 2021–February 2022, when compared to COVID-19 haemodialysis
patients in March-December 2020 experienced less severe illness, though there were greater
frequencies of asymptomatic disease [75]. This has likely impacted on the effectiveness
of symptom-based screening programs. Ultimately, the cost-effectiveness of a screening
system relies not only on the sensitivity of the test used, but also on the prevalence of
the disease in focus. During the peak points of COVID-19 prevalence, a symptom-based
screening program is unlikely to be adequate enough to capture all cases due to the high
prevalence of asymptomatic COVID-19 infection. This may be adequate in times of low
COVID-19 prevalence, though a dynamic and responsive screening system adapted to
understanding the local prevalence of COVID-19 infection would be ideal. This philosophy
of implementing COVID-19 screening strategies has been endorsed by many health systems,
in which weekly PCR testing was recommended in areas where there are available resources
during times of high community prevalence of COVID-19 [76].

3.2. Cohorting and Isolation Strategies

Once COVID-19-positive individuals receiving haemodialysis have been identified, it
is important to cohort infected patients together to prevent a further spread of COVID-19
around the dialysis unit. The timeframe which presents the greatest risk of COVID-19
infection spread is within a dialysis session in which there are COVID-19-positive patients,
in which horizontal transmission is commonly observed particularly in small in-centre
dialysis venues where there are the greatest rates of infectious transmission [15]. There are
variable reports in regard to the impact of shared transport to and from in-centre dialysis as
a vector of COVID-19 infection spread. Some studies noted a significant association whilst
other studies have not, though it has been recommended that patients should use private
transport to and from in-centre dialysis if possible [15,77]. It is acknowledged that this may
be challenging for many elderly haemodialysis patients who are unable to drive to and
from in-centre dialysis due to their functional limitations, and many may not have family
support to transport them to and from care facilities for dialysis [78].

The time recommended for elderly haemodialysis patients to remain isolated if COVID-
19-positive test results were found is also longer than the general population. This is based
on findings that the average time to a first negative test for kidney failure patients is 7 days
longer than someone without kidney failure [48]. Over 65% of dialysis patients have a
positive COVID-19 PCR test at 20 days [62]. Given increasing age has been noted to be
an independent factor for lengthier viral clearance, it is suggested that the time spent on
quarantine should be longer for these patient groups, or until a negative PCR test result
is established [79]. It is difficult to prove whether positive COVID-19 PCR test results
represent an active, transmissible infectious process or is simply reflecting the legacy of
prior disease. Karoui and colleagues recommend the discontinuation of patient isolation
once their COVID-19 vital load is lower than <1,000,000 copies/mL [52].

3.3. COVID-19 Vaccination

While most haemodialysis patients experience a durable immune response following
a full COVID-19 vaccination schedule that is comparable to the general population, there is
evidence to suggest that those with higher initial antibody titres exhibit a more prolonged
response [80–83]. When reviewed after a second vaccination dose, reduced responses
have been observed in haemodialysis patients as indicated by lower peak antibody levels
compared to the general population [46,82]. A lower level of immunity is greatest amongst
elderly individuals receiving haemodialysis [46,82]. However, a third COVID-19 vaccina-
tion dose has been demonstrated to have elicited increased and adequate peak antibody
levels for this patient group [84]. These findings underscore the importance of ongoing
surveillance for immune responses to COVID-19 vaccination in elderly haemodialysis
patients, and highlights the clinical advantages of a third COVID-19 vaccination dose
for them. Ongoing work in this area may inform future vaccination strategies for this
vulnerable population.
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In the current landscape of vaccine development for the prevention of COVID-19, two
principal categories of vaccines have emerged: mRNA vaccines and adenovirus vector
vaccines. The former includes the BNT162b2 (Pfizer-BioNTech) and mRNA-1273 vaccines
(Moderna), while the latter encompasses the AZD1222 (AstraZeneca) and Ad26.COV2.S vac-
cines (Johnson & Johnson). The mRNA vaccines function by delivering genetic instructions
for producing the viral spike protein to the host cell through the use of lipid nanoparticles,
while the adenovirus vector vaccines rely on the use of modified adenoviruses to deliver
genetic material for spike protein production to the host cell. Though both types of vaccines
have demonstrated efficacy and safety in clinical trials involving the general population,
and their widespread use has played a pivotal role in mitigating the ongoing COVID-19
pandemic, emerging data suggest that antibody responses to COVID-19 vaccination may
differ amongst the various vaccination brands in elderly haemodialysis patients.

The adenovirus vector vaccine AZD1222 (AstraZeneca) has demonstrated reduced im-
munogenicity in patients receiving haemodialysis, in comparison to the mRNA BNT162b2
(Pfizer-BioNTech) vaccine [85]. Whilst three doses of the BNT162b2 vaccine have demon-
strated adequate antibody response against the Omicron variant (the most prevalent strain
of COVID-19 at present), the threshold is met in only 50% of cases when this vaccine is
given to haemodialysis patients as a booster on top of two prior administered AZD1222
(AstraZeneca) vaccines [86]. Additionally, antibody responses are lower in haemodialysis
patients given the adenovirus vector Ad26.COV2.S (Johnson & Johnson) vaccine compared
to either mRNA vaccines [47]. Regardless, it would seem appropriate to vaccinate elderly
haemodialysis patients with an mRNA COVID-19 vaccine. If either mRNA vaccine is
available, then the mRNA-1273 (Moderna) appears to be the superior option, though a
higher dose of the BNT162b2 (Pfizer-BioNTech) vaccine may also be suitable for dialysis
patients in its absence.

In regard to the frequency of COVID-19 vaccination for elderly haemodialysis patients,
previous studies have demonstrated that antibody levels in the general population follow-
ing COVID-19 vaccination begin to decline approximately six months post-inoculation,
with subsequent increased risk of infection but providing continued protection against risk
of complications leading to hospitalization and mortality [87,88]. There is evidence of an
earlier and more significant decrease in immunogenicity amongst dialysis patients, despite
previous investigations not including matched control comparisons [89]. De Vriese and
colleagues conducted a comparative study between responses to the BNT162b2 (Pfizer-
BioNTech) and mRNA-1273 (Moderna) vaccines in dialysis-dependent and healthy control
groups. Their study revealed suboptimal humoral and cellular immunities in dialysis
patients at 24 weeks. While initial responses were stronger in the mRNA-1273 vaccine
compared to the BNT162b2 vaccine, the cellular response was still attenuated at 24 weeks
in haemodialysis patients. Notably, those with prior exposure to COVID-19 exhibited the
greatest antibody response, with the vaccine brand received concluded to be of secondary
importance [90]. This waning of antibody titres at an earlier point in the dialysis population
raises awareness to consider more frequent booster vaccination programs, to prevent in-
creased risks of COVID-19 infection in an at-risk patient population such as elderly persons
receiving haemodialysis.

4. Treatment Strategies for Elderly Haemodialysis Patients Infected with COVID-19

Numerous medications have been proposed or developed during the pandemic in an
effort to find treatment options for COVID-19, and to explore how patient outcomes could
be improved. In a broad sense, therapeutics could be classified into two categories: antiviral
and anti-inflammatory treatments. Antiviral treatments are aimed towards patients in
the pre-hospital setting, during the early viral replication phases of their disease course.
In contrast, anti-inflammatory treatments are intended for patients acutely unwell in the
hospital setting, typically those requiring oxygen therapy, and those who exhibit signs
of pneumonitis, with the goal of attenuating the cytokine/hyperinflammatory response.
Due to the rapid emergence and evolution of COVID-19 pandemic data, discussion of all
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antiviral treatments that have been developed during the pandemic is beyond the scope of
our review, as many antiviral treatments were eventually found to be ineffective and the
Omicron variant with its numerous mutations in the spike protein has rendered many pre-
vious treatments obsolete. We will focus on treatment options that have received approval
from the Centers for Disease Control and Prevention (CDC), the National Institutes of
Health (NIH) and the National Institute for Health and Care Excellence (NICE) and discuss
key trial findings, as well as evidence in relation to their use, efficacy and adverse effects
within the context of elderly patients, patients with kidney disease and those receiving
haemodialysis (Table 1).

Table 1. Summary of potential antiviral and anti-inflammatory treatment options for elderly
haemodialysis populations with COVID-19.

Antiviral Treatment (Administered in Pre-Hospital Patients Not on O2 Therapy)

Drug Mechanism
of Action Outcome Key Trials

Mean Age (years) of
Study Participants

in Key Trials

Recently
Published/Ongoing

Trials Studying
for Use in

Haemodialysis
Populations

Nirmatrelvir and
ritonavir (Paxlovid)

Boosted 3cl
protease inhibitor

Reduced risk of
hospitalisation for

COVID-19 or death
from any cause

EPIC-HR (2022) 45.0 (18−86) PANORAMIC
(currently recruiting)

Remdesivir

Incorporation into
viral RNA and

termination of RNA
transcription.

COVID-19-related
hospitalisation

PINETREE
(2022) 50.0 ± 15.0 Jeong-Hoon and

colleagues (2022)

Molnupiravir

Prodrug of
N-hydroxycytidine

(NHC), a nucleoside
analogue

Reduced the risk of
hospitalisation or

death from any cause

MOVe-OUT (2022)
Fischer (2021) 42.0 (18−90) Poznansk and

colleagues (2022)

Anti-inflammatory treatment (administered in hospitalized patients)

Dexamethasone Glucocorticoid

Reduced
all-cause mortality

and discharge
from hospital.

RECOVERY trial
(2021) 66.9 ± 15.4 -

Tocilizumab/sarilumab IL-6 inhibitors Reduced all-cause
mortality

REMAP-CAP (2021)
RECOVERY (2021)

61.5 ± 12.5
63.3 ± 13.7 -

Baricitinib JAK inhibitor

Reduced mortality
and progression to
invasive mechani-

cal ventilation

RECOVERY (2022) 58.5 ± 15.4

Drug is not
recommended

for patients
receiving dialysis

4.1. Nirmatrelvir and Ritonavir (Paxlovid)

Nirmatrelvir and ritonavir (Paxlovid) is a boosted 3cl protease inhibitor. It has been
trialed in the EPIC-HR study which was a randomized trial which administered 300 mg
of oral nirmatrelvir and 100 mg of oral ritonavir every 12 h for 5 days, or a placebo in
non-vaccinated COVID-19-positive patients pre-hospital admission. The primary outcome
of the study was risk of hospital admission or death from any cause [91]. The study
included a provisory that patients had to have at least one established risk factor for
developing severe disease following COVID-19 infection, in which the list of risk factors
included age > 60 years old and CKD. However, the EPIC-HR study did not describe the
proportion of dialysis patients involved, nor provided data on eGFR from the included
patients. Though the median age of study participants was 45 years old, when subgroup
analysis was completed for those > 65 years old, effect size did appear to have increased
in elderly patients. Haemodialysis is unlikely to significantly clear nirmatrelvir from
the circulation. To achieve effective blood concentrations for enzyme inhibition, a dose of
300 mg nirmatrelvir (with 100 mg ritonavir) on day 1, followed by 150 mg nirmatrelvir (with
100 mg ritonavir) administered daily after haemodialysis during dialysis days has been
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proposed [92,93]. However, as nirmatrelvir is a potent inhibitor of CYP3A4, caution should
be exercised when administering it to patients receiving medications and other treatments
which are metabolized by this enzyme. It is of note that kidney transplant recipients taking
tacrolimus may have nirmatrelvir levels 10-fold higher than normal levels, and careful
evaluation of the risks and benefits in this context is needed [92]. The PANORAMIC trial
is an ongoing study which aims to assess the benefits of nirmatrelvir and ritonavir for
those testing positive for COVID-19, and is open towards recruiting patients with CKD and
kidney failure including those who are dialysis dependent [94].

4.2. Remdesivir

Remdesivir functions via its incorporation into viral RNA and termination of RNA
transcription. This drug was trialed in the PINETREE study, a randomized controlled trial
in which intravenous remdesivir (200 mg on day 1 and 100 mg daily on days 2 and 3)
was compared with a placebo in non-vaccinated patients in pre-hospital settings [95]. The
primary outcome was determining whether remdesivir reduced risk of hospital admission
or death from any cause. Similar to the previous trial for nirmatrelvir and ritonavir,
the included patients had to have at least one risk factor for developing severe disease
following COVID-19 infection, which includes age > 60 and CKD. It was documented in the
PINETREE study that only 2.5% of study participants had CKD whilst there were no dialysis
patients included. The mean age was 50 years old. The effect size of remdesivir when
compared to nirmatrelvir and ritonavir appears to be less, whilst another disadvantage of
the drug is that it could only be administered as an intravenous preparation.

In another retrospective cohort study conducted between January and March 2022,
118 haemodialysis inpatients with positive COVID-19 tests were evaluated [96]. The mean
age of the cohort was 68.5 ± 12.8 years. A total of 44 patients (37.3%) were administered
with a loading dose of 100 mg and a maintenance dose of 50 mg for the next 2 to 4 days post-
dialysis during dialysis days. The authors found that the remdesivir group had a lower risk
of composite mortality and aggravation of disease severity, despite a higher level of disease
severity at hospitalization compared to the non-remdesivir group. More importantly, there
were no statistically significant differences between the two groups in terms of adverse
events related to treatment. It should be considered that this study was retrospective in
nature and as such, it may be subject to certain limitations, including potential bias in the
selection of patients and incomplete data. Ultimately, study findings seem to suggest that
remdesivir may be safely administered as an alternative option if nirmatrelvir and ritonavir
is not available or when the patient is taking a calcineurin inhibitor.

4.3. Molnupinavir

Molnupinavir is a prodrug of N-hydroxycytidine (NHC), a nucleoside analogue. It has
been trialed in two randomized clinical trials—the MOVe-OUT trial and another study by
Fischer and colleagues compared clinical outcomes in pre-hospital non-vaccinated patients
taking 800 mg of molnupiravir for 5 days versus placebo [97,98]. The primary outcome
was the risk of hospitalization or death from any cause. There were some differences in
the conclusions of these two studies, with the MOVe-OUT trial displaying improvement in
the primary outcome with molnupiravir use whilst the study by Fischer and colleagues
only found improvements in reducing viral load. Amongst the MOVe-OUT trial study
participants who received molnupiravir, only 5.3% were diagnosed with CKD in which
patients on haemodialysis were excluded from study participation. The median age of
study participants in the MOVe-OUT trial was 42 years old. There were no statistically
significant differences in study outcomes between molnupiravir and placebo treatment in a
sub-group analysis for patients > 60 years old.

There are few studies which investigated the efficacy of molnupiravir in the context of
the dialysis population. Poznansk and colleagues presented a retrospective cohort study
reporting on the use of molnupiravir in 20 dialysis patients with positive COVID-19 test
results [99]. These patients received a regimen of 800 mg of molnupiravir twice daily
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for 5 days. Their study also included an additional 16 transplant patients, who did not
experience any serious side effects or drug interactions with their immunosuppressive
therapy. The authors noted that the symptoms of COVID-19 amongst the dialysis patients
improved rapidly or resolved within 24–48 h of starting treatment, though there were
no matched controls in this study. Further investigation on the use of molnupiravir in
the dialysis setting is required, though initial results are promising for its use as a safe
home therapy for haemodialysis patients with positive COVID-19 status including those
receiving simultaneous immunosuppressive treatment.

4.4. Dexamethasone

The RECOVERY trial aimed to evaluate the effectiveness of administering 6mg of
dexamethasone for 10 days to adult patients diagnosed with COVID-19 infection [100].
Among adult patients requiring supplemental oxygen, corticosteroid treatment was shown
to decrease all-cause mortality, increase hospital discharge rates, and potentially reduce
the need for invasive mechanical ventilation and mortality within 28 days of treatment
initiation compared to usual care or a placebo. The mean age of the study population
was 66.9 ± 15.4 years, with 23% of patients being over the age of 80. Patients under-
going haemodialysis were excluded from the RECOVERY trial, although 8% had an
eGFR <30 mL/min/1.73 m2. Another retrospective analysis of haemodialysis patients
with COVID-19 infection receiving dexamethasone did not demonstrate a clear clinical
benefit [101]. However, this retrospective study was limited by its methodology, and it
remains in current recommendations that haemodialysis patients with COVID-19 infection
requiring oxygen support should receive steroid treatment.

4.5. IL-6 Inhibitors—Tocilizumab and Sarilumab

The interleukin-6 (IL-6) inhibitors, tocilizumab and sarilumab, have demonstrated re-
ductions in all-cause mortality amongst hospitalized adults with COVID-19 when used with
the standard care that was described in the RECOVERY and REMAP-CAP trials [102,103].
Tocilizumab and sarilumab is recommended for patients hospitalized with COVID-19 who
require oxygen and have evidence of severe inflammation, as defined by CRP levels >75 or
rapidly increasing oxygen requirements. However, the use of these IL-6 inhibitors comes
with a significant risk of bacterial infection, and patients with suspected bacterial infection
should not receive IL-6 inhibitors. In REMAP-CAP, the mean age of the study participants
was 61.5 ± 12.5 years, and in RECOVERY, this was 63.3 ± 13.7 years, with 11% of patients
aged >80 years. In REMAP-CAP, 9.6% of patients were labeled as having CKD, but no
information on eGFR or dialysis dependency was provided. Current data on the use of IL-6
inhibitors for treating dialysis patients with positive COVID-19 status are limited, although
a study from Japan assessing tocilizumab in patients with kidney failure and rheumatoid
arthritis has demonstrated an acceptable safety profile [104]. Further work is needed to
validate the consideration of IL-6 inhibitor use for this patient population, particularly
elderly patients receiving dialysis.

4.6. Baricitinib

Baricitinib, a Janus kinase (JAK) inhibitor, was shown to be beneficial for hospitalized
patients diagnosed with COVID-19 infection in the RECOVERY trial [105]. Importantly,
clinical benefit was observed if baricitinib was administered in addition to steroids and IL-6
inhibitors, and the majority of patients (95% of patients) were already receiving steroids
whilst 23% received tocilizumab. The mean age of the study cohort was 61.5 ± 12.5 years,
with 8% being age >80 years. Only 2% had an eGFR < 30 mL/min/1.73 m2 and unfor-
tunately, the use of baricitinib is currently not recommended for patients on dialysis. A
phase 2 trial is currently underway to investigate its use in patients with diabetic kidney
disease [106].
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4.7. Other Novel Therapies

The PROTECT-V (PROphylaxis for paTiEnts at risk of COVID-19 infecTion) study is a
clinical trial aimed at evaluating the effectiveness of intranasal niclosamide prophylaxis
in preventing COVID-19 infection [107]. Niclosamide, originally used for the treatment
of tapeworm, has been shown to exhibit antiviral activity against SARS-CoV-2 in cell
culture studies. The PROTECT-V trial will also evaluate the effectiveness of sotrovimab, a
human IgG1κ monoclonal antibody that targets the spike protein of SARS-CoV-2, which is
administered as a single infusion. This study is actively recruiting dialysis patients, given
their increased risk of having poor clinical outcomes following acute COVID-19 infection
is more well established, though they have previously been excluded from large-scale
clinical trials.

5. Conclusions

Evidence regarding the associations between COVID-19 and clinical outcomes in
dialysis patients, particularly the elderly haemodialysis population, has certainly increased
since the onset of the pandemic. Our understanding of the various factors which contribute
towards increased risks of contracting COVID-19 infection and disease severity for this
vulnerable patient population has been broadened with the emergence of basic and clinical
trial research within this topical area. Widening the recruitment and sub-study of the elderly
haemodialysis population in ongoing COVID-19 clinical trials over time may further inform
the long-term implications of COVID-19 for this patient group. It is encouraging that at
a local, national and international level, there have been preliminary data to establish
directive guidance for the prevention and medical treatment of COVID-19 infection in
dialysis patients. Figure 2 outlines components of a pragmatic COVID-19 management
approach for elderly patients receiving haemodialysis considering the currently available
evidence. Nevertheless, there remains limited data in regard to the efficacy and adverse
event profile of measures specifically for the elderly haemodialysis cohort. Going forward,
further studies considering the unique challenges faced by these individuals compared
to the general population and kidney disease patients who have received or are receiving
other forms of kidney replacement therapy are required.
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Abstract: Hyponatremia is associated with adverse outcomes in hospitalized patients. An elevated
value of the serum urea-to-creatinine ratio (UCR) has been proposed as a proxy of hypovolemia. The
aim of this study was to investigate the relationship between the UCR and in-hospital death in patients
hospitalized with COVID-19 and hyponatremia. We studied 258 patients admitted for COVID-19
between January 2020 and May 2021 with serum sodium at < 135 mmol/L. The primary end-point
was all-cause mortality. A 5-unit increase in the serum UCR during hospital stays was associated
with an 8% increase in the hazard of all-cause death (HR = 1.08, 95% CI: 1.03–1.14, p = 0.001) after
adjusting for potential confounders. In patients with a UCR > 40 at baseline, a > 10 mmol/L increase
in serum sodium values within the first week of hospitalization was associated with higher odds of
in-hospital death (OR = 2.93, 95% CI: 1.03–8.36, p = 0.044) compared to patients who experienced
a < 10 mmol/L change. This was not observed in patients with a UCR < 40. Hypovolemia developing
during hospital stays in COVID-19 patients with hyponatremia detected at hospital admission bears
an adverse prognostic impact. Moreover, in hypovolemic patients, a > 10 mmol/L increase in serum
sodium within the first week of hospital stays may further worsen the in-hospital prognosis.

Keywords: sodium; hyponatremia; urea-to-creatinine ratio; COVID-19; mortality; intensive care unit

1. Introduction

Hyponatremia is the most frequent electrolyte disorder in hospitalized patients and is
associated with adverse outcomes [1,2]. Specifically, in patients with bacterial pneumonia,
hyponatremia can be associated with increased mortality [3,4] and an increased risk of
admission to the intensive care unit (ICU) [4].

Recently, the prognostic impact of hyponatremia has also been investigated in patients
with COVID-19 hospitalized for interstitial pneumonia. Several pathophysiological and/or
pharmacological mechanisms may explain hyponatremia in patients with COVID-19 and
interstitial pneumonia. Inappropriate antidiuretic hormone (ADH) secretion is frequently
involved. In fact, high circulating interleukin-6 (IL-6) levels may promote increased ADH
secretion, as IL-6 can cross the blood–brain barrier and directly stimulate hormone release
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by supraoptic and paraventricular nuclei [5]. An inverse relationship between circulating
levels of IL-6 and serum sodium concentration has been reported previously [6]. Moreover,
increased ADH secretion may occur in COVID-19 patients due to hypovolemia, which can
develop because of sodium loss during profuse diarrhea and vomiting. In addition, sodium
loss during prolonged diuretic treatment with concomitant administration of hypotonic
fluids (e.g., solutions for parenteral nutrition) in fluid-overloaded patients may represent
another important cause of hyponatremia. Finally, because the entry of SARS-CoV-2 into
the host cell via ACE2 disrupts the renin–angiotensin–aldosterone system (RAAS), creating
an imbalance between ACE and ACE2 with an increased inflammatory response, we may
speculate that this mechanism may also contribute to the development of hyponatremia in
COVID-19 patients [7]. In this population, hyponatremic patients have been reported to
have an increased risk of death in some [8–10] but not all [11,12] studies.

While hyponatremia can be associated with normal, decreased, or increased extra-
cellular fluid volume [13], the clinical diagnosis of volume depletion is challenging, even
upon expert judgment [14,15]. An elevated (≥20) value of blood urea nitrogen (BUN)-to-
serum-creatinine (sCr) (BUN/sCr) ratio has been proposed as a clinically useful proxy of
hypovolemia independent of serum sodium concentration [16,17]. In fact, it is expected
that a low effective arterial blood volume (EABV) will elicit a baroreceptor-mediated
neurohormonal response, resulting in increased sodium and water reabsorption in the
kidney proximal tubule and decreased tubular flow in the distal nephron, thus enhancing
flow-dependent urea reabsorption in the collecting duct [18].

Indeed, an elevated BUN/sCr ratio value predicts adverse outcomes both in the
general population [19] and in different clinical scenarios, including congestive heart fail-
ure [20,21], acute myocardial infarction [22,23], ischemic stroke [24–26], and subarachnoid
hemorrhage [27].

In a recent study conducted in a cohort of Chinese patients hospitalized with COVID-19,
an elevated BUN/sCr ratio value was identified as a potentially useful prognostic in-
dex [28]. Interestingly, Tzoulis et al. suggested that COVID-19 patients with hypona-
tremia and concomitant volume depletion, as judged based on a serum urea concentration
value > 5 mmol/L, may be at a higher risk of death [11]. In Europe, as opposed to the US,
urea is usually assayed in lieu of BUN. Based on the molecular weight expressed in daltons,
serum urea concentration is approximately equivalent to half of the BUN value (i.e., 28/60
or 0.446) [29].

On these grounds, we decided to investigate whether an elevated serum urea-to-
creatinine ratio (UCR), as a proxy of hypovolemia, is associated with in-hospital death or
admission to the ICU in a cohort of noncritically ill patients hospitalized with COVID-19
and hyponatremia detected at the time of hospital admission. We also investigated whether
a rapid increase in serum sodium concentration during hospital stays affects clinical out-
comes in hypovolemic patients with different baseline UCRs.

2. Materials and Methods
2.1. Study Design

This observational, retrospective, multicenter study involved three large hospitals in
Northern Italy. Adult (≥18 years of age) patients diagnosed with COVID-19 and consecu-
tively admitted to the three centers from January 2020 to May 2021 were included in the
study. Clinical data were merged with the hospital lab database, and patients with at least
one measurement of serum sodium, potassium, urea, and creatinine performed within 72 h
since admission and with a serum sodium value below 135 mmol/L at the first measure-
ment were included in the study. The patients lacking at least one valid measurement of
serum sodium, potassium, urea, and creatinine within 72 h since admission were excluded.

Participants were followed up until the first occurrence of hospital discharge, transfer
to another facility, or in-hospital death.
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The study (STORM) was approved by the ethics committee of the coordinating center
(San Gerardo Hospital, Monza) and by the IRB of each center and registered at ClinicalTrials.
gov (accessed on 26 May 2023) (Identifier: NCT04670094, 15 December 2020).

2.2. Definition of Covariates

Study covariates included age, sex, history of comorbidities, drug treatments at admis-
sion, and blood chemistry parameters. We collected information on selected comorbidities,
namely ischemic heart disease, heart failure, peripheral vascular disease, history of stroke,
dementia, chronic obstructive pulmonary disease (COPD), liver failure, cancer, and diabetes
mellitus. Charlson Comorbidity Index (CCI) was also computed.

Drug treatments at admission included angiotensin-converting enzyme inhibitors and
angiotensin II receptor blockers classified as RAAS inhibitors, beta blockers, anticoagulants,
and antiarrhythmic agents.

In addition to serum sodium, blood chemistry parameters included serum potassium,
urea, and creatinine: hemoglobin, hematocrit, white blood cell count, and C-reactive protein.

Urea and creatinine measurements were used to compute UCR. Serum creatinine
measurements were used to calculate the estimated glomerular filtration rate (eGFR) with
the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation [30]. Chronic
kidney disease (CKD) was defined as eGFR < 60 mL/min/1.73 m2.

2.3. Outcomes

The primary outcome was all-cause mortality. The secondary outcome was admission
to ICU during hospital stays.

2.4. Statistical Analysis

The study population was subdivided into two subgroups based on UCR value at
admission. Patients with admission UCR equal to or higher than 40 were regarded as
being hypovolemic. The UCR value of 40 is equivalent to the value of BUN/sCr ratio of
20 proposed as a clinical proxy of hypovolemia (26,13,14).

Continuous data were described using medians and quartiles (first-third quartile
Q1–Q3) and compared using the Kruskal–Wallis rank test, while categorical data were
described using counts and percentages and compared using the chi-square (χ2) test.

Estimated restricted cubic spline transformations were built using unadjusted logistic
models on in-hospital mortality and admission to ICU to model the probability of death, as
well as admission to ICU, by increasing level of admission UCR and placing five knots on
the minimum, Q1, median, Q3, and maximum level of this ratio, respectively.

The Aalen–Johansen estimator was used to estimate the crude cumulative incidence
of mortality and admission to ICU, accounting for discharge as a competing event, and the
Gray test was used to test the null hypothesis of no difference in mortality and admission
to ICU among the two groups according to admission UCR level.

Time-dependent Cox proportional hazards regression models were used to investigate
the association between UCR and all-cause mortality, as well as admission to ICU. Urea-
to-creatinine ratio during hospital stays was modeled as a time-varying covariate, and its
association with outcomes was estimated for each 5-point increment. Potential confounders
accounted for in the models were age, sex, CCI, treatment with diuretics or corticosteroids at
any time during hospital stays, and serum potassium and eGFR at admission. We explored
the impact of the time-varying serum UCR on in-hospital mortality patients treated with
diuretics or corticosteroids at any time during hospital stays.

Furthermore, we also examined the prognostic role of changes in serum sodium values
in hyponatremic patients when at least two serum sodium measurements were performed
during the first 7 days of hospital stays. Increase in serum sodium values was categorized
as lower or greater than 10 mmol/L. Logistic regression was applied separately in the two
subgroups of hyponatremic patients classified according to UCR at admission, namely <40
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and ≥40, to evaluate the prognostic impact of discrete changes in serum sodium within the
first 7 days of hospital stays on in-hospital mortality.

Hazard ratios (HRs) or odds ratios (ORs) with 95% confidence intervals (CIs) were
reported. SAS 9.4 was used for the statistical analyses, and the first-type error for tests was
set at 0.05 (two-tailed).

3. Results
3.1. General Characteristics of Hyponatremic COVID-19 Patients

From an initial sample of 3470 patients admitted for COVID-19 between January 2020
and May 2021, we identified 258 patients who had at least one measurement of serum
sodium, potassium, urea, and creatinine available within 72 h since hospital admission and
had a serum sodium value below 135 mmol/L at the first measurement (Supplementary
Figure S1). Of these, 231 patients (89.5%) had more than one measurement of urea and crea-
tinine during their hospital stay, and 199 patients (77.1%) had more than one measurement
of serum sodium within one week of hospitalization.

Overall, the median (1st–3rd quartile) patient age was 69 (59–78) years, with a ma-
jority of males (69.0%). Among comorbidities, diabetes (31.9%) and CKD (35.9%) had
the highest relative frequencies, followed by ischemic heart disease (17.5%). Treatment
with RAAS inhibitors and beta-adrenergic blockers had a prevalence of 42.9% and 34.3%,
respectively. The median (1st–3rd quartile) value of the serum UCR was 40.6 (31.1–51.1)
(Table 1, overall sample).

Table 1. Baseline characteristics of study population overall and within two strata defined according
to categories of urea-to-creatinine ratio at admission. CKD, chronic kidney disease; COPD, chronic
obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; RAAS, renin–angiotensin–
aldosterone system.

Overall Urea/Creatinine < 40 Urea/Creatinine ≥ 40 p Missing (%)

n 258 126 132

Male (n, %) 178 (69.0) 89 (70.6) 89 (67.4) 0.673 0

Age (years, median
[Q1–Q3]) 69 [59, 78] 65 [52, 75] 71 [65, 80] <0.001 0

Hematocrit (%, median
[Q1–Q3]) 37.8 [34.0, 41.0] 38.2 [34.3, 41.5] 36.9 [34.0, 40.6] 0.432 2.7

Hemoglobin (g/dL, median
[Q1–Q3]) 12.8 [11.3, 13.9] 12.9 [11.3, 13.9] 12.5 [11.2, 14.0] 0.477 2.7

White blood cell count
(103/µL, median [Q1–Q3]) 6.38 [4.75, 10.10] 6.00 [4.45, 9.60] 7.00 [4.84, 10.44] 0.213 3.9

Urea (mg/dL, median
[Q1–Q3]) 41.5 [30.0, 63.8] 31.0 [24.0, 43.7] 52.0 [40.0, 78.7] <0.001 0

Creatinine (mg/dL, median
[Q1–Q3]) 1.00 [0.82, 1.39] 1.00 [0.82, 1.33] 1.01 [0.82, 1.41] 0.879 0

Urea/Creatinine (median
[Q1–Q3]) 40.6 [31.1, 51.1] 31.0 [25.9, 34.8] 50.5 [44.5, 59.4] - 0

Sodium (mmol/L, median
[Q1–Q3]) 133 [131, 134] 133 [131, 134] 133 [131, 134] 0.412 0.4

Potassium (mmol/L,
median [Q1–Q3]) 4.11 [3.76, 4.57] 4.02 [3.66, 4.38] 4.22 [3.92, 4.70] 0.002 0.4

C-reactive protein (mg/L,
median [Q1–Q3]) 84.6 [41.2, 133.0] 86.3 [46.5, 132.2] 81.4 [40.6, 133.0] 0.721 9.3
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Table 1. Cont.

Overall Urea/Creatinine < 40 Urea/Creatinine ≥ 40 p Missing (%)

Ischemic heart disease (n, %) 45 (17.5) 14 (11.2) 31 (23.5) 0.015 0.4

Heart failure (n, %) 14 (5.4) 5 (4.0) 9 (6.8) 0.472 0.4

Peripheral vascular disease
(n, %) 24 (9.3) 7 (5.6) 17 (12.9) 0.073 0.4

History of stroke (n, %) 24 (9.3) 11 (8.8) 13 (9.8) 0.941 0.4

Dementia (n, %) 13 (5.1) 6 (4.8) 7 (5.3) 1 0.4

COPD (n, %) 26 (10.1) 4 (3.2) 22 (16.7) 0.001 0.4

Liver failure (n, %) 19 (7.4) 6 (4.8) 13 (9.8) 0.191 0.4

eGFR (mL/min/1.73 m2,
median [Q1–Q3])

69.7 [47.3, 87.8] 72.9 [51.6, 89.3] 67.1 [44.2, 84.5] 0.097 2.7

CKD (eGFR < 60
mL/min/1.73 m2, n, %) 90 (35.9) 39 (31.5) 51 (40.2) 0.191 2.7

Cancer (n, %) 35 (13.8) 18 (14.5) 17 (13.1) 0.88 1.6

Diabetes mellitus (n, %) 82 (31.9) 33 (26.4) 49 (37.1) 0.087 0.4

Charlson Comorbidity
Index (median [Q1–Q3]) 2 [0, 3] 1 [0, 3] 2 [1, 3] 0.001 0

Systolic blood pressure
(mmHg, median [Q1–Q3]) 130 [120, 145] 130 [120, 147] 130 [120, 145] 0.78 2.7

Diastolic blood pressure
(mmHg, median [Q1–Q3]) 75 [67, 80] 75 [67, 80] 75 [67, 80] 0.89 2.7

Heart rate (bpm, median
[Q1–Q3]) 88 [75, 102] 87 [75, 100] 89 [75, 105] 0.259 33.7

RAAS inhibitors (n, %) 102 (42.9) 40 (33.9) 62 (51.7) 0.008 7.8

Beta blockers (n, %) 86 (34.3) 31 (25.4) 55 (42.6) 0.006 2.7

Anticoagulants (n, %) 28 (11.0) 12 (9.8) 16 (12.2) 0.671 1.6

Antiarrhythmics (n, %) 11 (4.3) 4 (3.3) 7 (5.4) 0.601 1.9

Thus, we divided our patient population into two subgroups based on a serum UCR
value of 40 and regarded the patients with a UCR ≥ 40 as being hypovolemic.

3.2. General Characteristics of Hyponatremic COVID-19 Patients Partitioned Based on a UCR <
or ≥40 at Baseline

Patients with a UCR ≥ 40 were older and had a higher CCI than those with a UCR < 40.
Specifically, the former group had a higher prevalence of ischemic heart disease and COPD
(Table 1). Serum potassium values were slightly but significantly (p = 0.002) higher in the
patients with a UCR ≥ 40, while serum creatinine and eGFR were not different compared
to the patients with a UCR < 40 (p = 0.879 and p = 0.097, respectively). The patients with a
UCR ≥ 40 at admission were also more likely to be on treatment with RAAS inhibitors and
with beta-adrenergic blockers (Table 1).

3.3. Relationship of Serum Urea-to-Creatinine Ratio at Admission and the Incidence of In-Hospital
Death or Admission to Intensive Care Unit in Hyponatremic COVID-19 Patients

We observed 52 deaths in this cohort; the crude probability of in-hospital death as a
function of the UCR at admission is depicted in Figure 1.
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Figure 1. Estimated restricted cubic spline transformation of the probability of in-hospital mortality
by values of the urea-to-creatinine ratio at admission. Estimate from unadjusted logistic model on
in-hospital mortality. Restricted cubic spline with five knots on the minimum, first, second, and third
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It can be seen that the probability of in-hospital death increased linearly with the
UCR until a value of approximately 40, leveling off after this threshold. This threshold
corresponded to the median value of the UCR distribution in the whole population of
COVID-19 patients with hyponatremia at hospital admission (Table 1). The crude prob-
ability of admission to the ICU (37 patients) as a function of the UCR at admission is
shown in Supplementary Figure S2. No specific trend was displayed in the probability of
this outcome.

The crude cumulative incidence of in-hospital death was higher (p = 0.011) in patients
with a UCR > 40 at baseline than in those with a UCR < 40 (Figure 2, panel A). On the other
hand, the unadjusted cumulative incidence of ICU admission was similar (p = 0.516) in the
two subgroups (Figure 2, panel B).
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3.4. Relationship between Changes in the Urea/Creatinine Ratio and Outcomes in Hyponatremic
COVID-19 Patients

We examined the prognostic impact of the UCR during hospital stays by modeling this
index as a time-varying covariate. We observed that every 5-unit increase in the UCR was
associated with an 8% increase in the hazard of all-cause death (HR = 1.08, 95% CI: 1.03–1.14,
p = 0.001) after adjusting for potential confounders, including treatment with diuretics
or corticosteroids at any time during hospital stays (Table 2, Model C). When these latter
variables were not considered, the regressors’ results were very similar (Models A and B).

Table 2. Multivariable Cox regression models on mortality by time-varying urea-to-creatinine ratio.
CI, confidence interval; eGFR, estimated glomerular filtration rate; HR, hazard ratio.

Model A (n = 258, Deaths = 52) Model B (n = 255, Deaths = 52) Model C (n = 247, Deaths = 49)

Parameter HR (95% CI) p Value HR (95% CI) p Value HR (95% CI) p Value

5-point increment of
urea/creatinine 1.06 (1.02–1.12) 0.0093 1.07 (1.02–1.12) 0.0082 1.08 (1.03–1.14) 0.0011

Age (years) 1.04 (1.01–1.07) 0.0109 1.04 (1.01–1.07) 0.0131 1.03 (1.01–1.06) 0.0187

Male (yes vs. no) 1.40 (0.75–2.62) 0.2913 1.41 (0.75–2.63) 0.2884 1.68 (0.87–3.23) 0.1220

Charlson Comorbidity
Index 1.46 (1.24–1.71) <0.001 1.46 (1.23–1.74) <0.001 1.18 (0.95–1.46) 0.1471

Diuretic during
hospitalization

(yes vs. no)
0.97 (0.52–1.80) 0.9246 1.12 (0.59–2.12) 0.7368

Corticosteroid during
hospitalization

(yes vs. no)
0.90 (0.51–1.59) 0.7216 0.53 (0.28–1.01) 0.0519

Potassium at admission
(mmol/L) 1.61 (1.04–2.48) 0.0346

eGFR at admission
(mL/min/1.73 m2) 0.97 (0.96–0.99) 0.0007

We also detected a 6% increase in the hazard of ICU admission associated with a
5-unit increase in the UCR, which, however, did not reach statistical significance (HR = 1.06,
95% CI: 0.99–1.12, p = 0.085) in the fully adjusted model (Table 3, Model C).

Patients with a baseline UCR ≥ 40 were more likely to undergo diuretic treatment
during hospital stays than those who had a UCR < 40 (41/132, 31.3% vs. 21/126, 16.9%;
p = 0.012). Similarly, the former were also more likely than the latter to undergo treat-
ment with corticosteroids at any time during hospital stays (84/132, 64.1% vs. 55/126,
44.4%; p = 0.002). We explored the impact of a time-varying UCR on in-hospital mor-
tality in hyponatremic patients who were or were not treated with diuretics and with
corticosteroids (Supplementary Tables S1 and S2) during hospital stays. We found that in
patients who underwent diuretic treatment (Supplementary Table S1, Model A), a 5-unit
increase in the UCR was associated with a 21% (HR = 1.21, 95% CI: 1.08–1.36, p = 0.001)
greater hazard of all-cause death after adjusting for potential confounders. This did not
hold true in the patients who were not treated with diuretics (Supplementary Table S1,
Model B, HR = 1.05, 95% CI: 0.99–1.12, p = 0.095). In patients treated with corticosteroids
(Supplementary Table S2, Model A), a 5-unit increase in the UCR was associated with a 12%
(HR = 1.12, 95% CI: 1.05–1.19, p = 0.001) greater hazard of all-cause death after adjusting for
potential confounders. This did not hold true in the patients who were not treated with
corticosteroids (Supplementary Table S2, Model B, HR = 1.05 95% CI: 0.98–1.13, p = 0.179).

71



Biomedicines 2023, 11, 1555

Table 3. Multivariable Cox regression models on ICU admission by time-varying urea-to-creatinine
ratio. CI, confidence interval; eGFR, estimated glomerular filtration rate; HR, hazard ratio.

Model A (n = 258, ICU = 37) Model B (n = 255, ICU = 37) Model C (n = 247, ICU = 37)

Parameter HR (95% CI) p Value HR (95% CI) p Value HR (95% CI) p Value

5-point increment of
urea/creatinine 1.04 (0.98–1.11) 0.1843 1.06 (0.99–1.12) 0.0664 1.06 (0.99–1.12) 0.0849

Age (years) 0.97 (0.94–0.99) 0.0112 0.96 (0.94–0.99) 0.0051 0.97 (0.94–0.99) 0.0108

Male (yes vs. no) 2.29 (0.95–5.51) 0.0652 2.28 (0.95–5.49) 0.0657 2.19 (0.90–5.36) 0.0833

Charlson Comorbidity
Index 0.96 (0.76–1.21) 0.7272 0.96 (0.76–1.22) 0.7586 1.07 (0.81–1.41) 0.6273

Diuretic during
hospitalization

(yes vs. no)
0.93 (0.38–2.27) 0.8754 0.97 (0.39–2.38) 0.9382

Corticosteroid during
hospitalization

(yes vs. no)
0.63 (0.32–1.23) 0.1746 0.73 (0.36–1.48) 0.3814

Potassium at admission
(mmol/L) 0.66 (0.36–1.22) 0.1848

eGFR at admission
(mL/min/1.73 m2) 1.01 (0.99–1.03) 0.3601

3.5. Prognostic Role of Changes in Serum Sodium Values in Hyponatremic Patients Partitioned
Based on a UCR < or ≥40 at Baseline

Among the 199 (77.1%) hyponatremic patients with at least two measurements of
sodium during the first 7 days from admission, 17.6% experienced an increase in serum
sodium values equal to or greater than 10 mmol/L within 1 week of their hospital stay.
The incidence of a serum sodium change of ≥10 mmol/L was higher in the subgroup of
patients with a UCR > 40 compared to the subgroup with a UCR < 40 at admission (22/107,
20.6% vs. 13/92, 14.1%, Figure 3).

We, therefore, examined the prognostic impact of this increase (≥10 mmol/L) in serum
sodium on in-hospital mortality in the two subgroups of hyponatremic patients with a
UCR ≥ 40 or <40 at admission. In the subgroup of patients with a UCR ≥ 40 (Table 4,
Model B), those with a variation ≥ 10 mmol/L of serum sodium had higher odds of in-
hospital death (OR = 2.93, 95% CI: 1.03–8.36, p = 0.0443) compared to the patients who
experienced a < 10 mmol/L change in serum sodium; this was not observed in patients
with a UCR < 40 (Table 4, Model A).

Table 4. Multivariable logistic regression models on mortality by maximum variation of sodium
within 7 days after admission, stratified by value of the urea-to-creatinine ratio at admission (only the
patients with at least two measurements of sodium within 7 days after admission were included in
the analysis). CI, confidence interval; OR, odds ratio.

Urea/Creatinine < 40 Urea/Creatinine ≥ 40

Model A (n = 92, Deaths = 13) Model B (n = 107, Deaths = 30)

Parameter OR (95% CI) p Value OR (95% CI) p Value

∆Na ≥ 10 mmol/L vs.
∆Na < 10 mmol/L 0.22 (0.01–3.37) 0.2766 2.93 (1.03–8.36) 0.0443

Age (years) 1.05 (0.99–1.12) 0.1241 1.04 (0.99–1.09) 0.1144
Male (yes vs. no) 4.57 (0.77–27.1) 0.0936 0.79 (0.28–2.19) 0.6474

Charlson Comorbidity
Index 1.79 (1.09–2.92) 0.0201 1.32 (1.02–1.71) 0.0335
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4. Discussion

The main result of this study is that hyponatremic patients who developed hypo-
volemia during hospitalization for COVID-19 experienced an increase in the hazard of
in-hospital death. Moreover, in hyponatremic patients with hypovolemia already present
at admission, as evidenced by a UCR value ≥ 40 at baseline, a ≥10 mmol/L increase in
serum sodium values within the first week of hospitalization was associated with a nearly
three-fold increase in the odds of in-hospital death compared with patients with a UCR
value < 40 at baseline.

The UCR has been used as an index of a contracted effective circulating volume
and/or neurohormonal activation in several areas of clinical research, including ischemic
stroke [24,26], heart failure [20,21], acute myocardial infarction [22,23], and subarachnoid
hemorrhage [27]. In these pathological conditions, an elevated UCR value has also been
reported as a predictor of poor outcomes.

Hyponatremia is a common finding in hospitalized patients, including those with
COVID-19-associated pneumonia [8–12]. However, the reported prognostic impact of
hyponatremia in this patient population, especially with respect to the risk of death, varies
across published studies. Moreover, it is unclear whether a different state of extracellular
volume repletion may affect the association of hyponatremia with clinical outcomes. In-
deed, Tzoulis et al. [11] observed that serum urea values above 5 mmol/L, as a proxy of
volume depletion, may be associated with higher mortality in hyponatremic COVID-19
patients. Moreover, Liu et al. [28] reported that a high BUN/Cr ratio value may be used
as a prognostic tool in these patients, although those investigators did not stratify their
population based on serum sodium values. Thus, our results extend the previous findings

73



Biomedicines 2023, 11, 1555

by Tzoulis et al. [11] and ourselves [12], suggesting that the condition of hypovolemia
detected at admission in hyponatremic COVID-19 patients portends an adverse prognosis.

Diuretic treatment can induce neurohumoral activation due to volume depletion [18,31],
thus increasing the UCR value. Indeed, a diuretic-induced increase in the UCR, associ-
ated with poor outcomes, was also observed in different patient populations, including
patients with ischemic stroke [25,26] and congestive heart failure. In the latter popula-
tion, excessive hemoconcentration, expressed by a large increase in the BUN/Cr ratio
value in patients treated with high-dose loop diuretics, was associated with increased
mortality [20,32]. Furthermore, in patients with acute decompensated heart failure, the
combination of hyponatremia (i.e., serum sodium values < 136 mmol/L) and elevated
BUN values (i.e., >21 mg/dL) at discharge was associated with a higher hazard of death
compared with hyponatremia alone or elevated BUN alone [33]. These findings support
the role of excessive neurohormonal activation in predicting adverse prognosis. In our
population, approximately one third of all hyponatremic patients who developed hypo-
volemia were treated with diuretics during their hospital stays. Therefore, we examined
the association of a time-varying UCR with outcomes by adjusting for diuretic treatment
administered at any time during hospital stays. Moreover, we also performed a stratified
analysis of hyponatremic patients who were or were not treated with diuretics and found
that increasing values of the UCR remained independently associated with an increased
hazard of death in the former but not in the latter. Thus, we hypothesize that in our
cohort of patients admitted with COVID-19 and hyponatremia at baseline, the adverse
prognostic impact of the UCR increasing during hospital stays could have been related to
neurohormonal hyperactivation secondary to worsening volume depletion, particularly in
those submitted to diuretic treatment.

Hypovolemic patients with symptomatic hyponatremia, especially those treated with
thiazides, are more prone to a rapid and greater increase in serum sodium concentration
due to rapid volume expansion during treatment with hypertonic saline compared to
normovolemic patients, conceivably due to the appropriate suppression of vasopressin
secretion [34]. The overcorrection of serum sodium values may also be induced by infusions
of isotonic saline solution in hypovolemic patients with hyponatremia [8]. In hyponatremic
patients, the overcorrection of serum sodium values may be associated with severe brain
damage and poor prognosis [35]. In our cohort of hyponatremic COVID-19 patients, we
observed that the incidence of a change in serum sodium equal to or greater than 10 mmol/L
within 1 week of hospital stays was higher in the subgroup of those who were hypovolemic
(i.e., who had a UCR ≥ 40) at the time of the hospital admission compared to the subgroup
who were not hypovolemic. Moreover, in hypovolemic patients, a ≥10 mmol/L increase
in serum sodium within one week since admission was associated with higher odds of
in-hospital death compared with nonhypovolemic patients experiencing a comparable
change in serum sodium values. Our results are in line with those of Tzoulis et al. [11],
who observed the highest mortality rate in COVID-19 patients experiencing a ≥8 mmol/L
increase in serum sodium values in the first 5 days of hospital stays. We observed a
≥10 mmol/L increase in serum sodium in a relatively large fraction (35/199, 17.6%) of
our hyponatremic patients, in whom at least two measurements of serum sodium were
performed within one week since admission. Indeed, in patients admitted for COVID-19,
hypovolemia could develop due to vomiting, diarrhea, or diuretic treatment. While we did
not have information on the type and amount of fluids administered to our patients during
hospital stays, we speculate that in a fraction of these patients, volume replenishment could
have induced a diuresis-driven overcorrection of serum sodium values, which could have
impacted overall survival.

The main strength of this study is that it was conducted on a representative sample
of COVID-19 patients who had hyponatremia at hospital admission, from whom several
measurements of serum urea, creatinine, and sodium values were collected during hospital
stays. This allowed us to model the UCR as a time-varying variable and to explore the
relative impact of worsening hypovolemia and serum sodium changes on clinical outcomes.
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Moreover, we collected information on treatment with diuretics and corticosteroids during
hospital stays, which allowed us to analyze the interaction of the UCR with these treatments
and perform a subgroup analysis in the patients who did or did not receive diuretics
during hospitalization.

Several limitations of our study must also be acknowledged. Firstly, while the UCR
may be regarded as an index of contracted effective circulating volume [16–18], it is also af-
fected by protein intake, gastrointestinal bleeding, muscle mass, and accelerated catabolism,
especially in critically ill patients [36]. However, the patients enrolled in our study were not
critically ill at baseline, nor did an increasing UCR predict admission to the ICU. Treatment
with glucocorticoids may also increase the UCR by promoting protein breakdown [37].
However, although a greater fraction of the patients with a UCR value ≥ 40 received treat-
ment with glucocorticoids compared to the patients who maintained a UCR < 40, we did not
detect a significant interaction between the UCR value and corticosteroid treatment while
analyzing the association of the time-varying UCR with in-hospital mortality. Secondly, we
did not collect information on changes in the acid-base status; thus, we could not explore
whether a putative increase in plasma bicarbonate concentration may have paralleled the
increase in the UCR value, thus reinforcing the interpretation of a UCR ≥ 40 as an index of
hypovolemia in hyponatremic patients, especially in those who received diuretics during
hospital stays. However, patients with diarrhea-induced volume depletion usually develop
metabolic acidosis rather than metabolic alkalosis. Hence, the impact of hypovolemia on
changes in the acid-base status may be confounded by different clinical situations and
may limit the clinical usefulness of those changes in the assessment of effective circulating
volume. Thirdly, we had no information on urine output and fluid administration during
hospital stays; thus, we could not analyze the impact of fluid balance on the changes in the
UCR value and serum sodium. However, we observed that a greater fraction of hypona-
tremic patients who developed a UCR value ≥ 40 received diuretics during hospitalization
compared with those in whom the UCR remained < 40, which suggests that diuretics
may have contributed to fluid losses and may have favored a greater increase in serum
sodium in the former. Finally, as this was an observational study, we cannot infer a cause–
effect relationship of the changes in the UCR and serum sodium with patient outcomes.
Notwithstanding adjustments for comorbidity burden, kidney function at baseline, and
treatment with diuretics or corticosteroids during hospitalization in all analyses, residual
confounding is possible, and our results must be considered merely hypothesis-generating.

5. Conclusions

Our results suggest that hypovolemia occurring during hospital stays in noncriti-
cally ill COVID-19 patients with hyponatremia detected at hospital admission may have
an adverse prognostic impact. Moreover, in hypovolemic patients with hyponatremia,
a ≥10 mmol/L increase in serum sodium may further worsen in-hospital survival.

Our findings reinforce and extend the existing data in the literature suggesting that
hypovolemia developing in COVID-19 hospitalized patients with hyponatremia is asso-
ciated with unfavorable outcomes. These findings may not necessarily be valid only in
COVID-19 patients, as previous research indicates that an increasing UCR bears prognos-
tic information in different patient populations. Thus, we suggest that clinicians should
monitor the UCR in hospitalized patients with hyponatremia to detect those at the highest
risk and take appropriate action to reverse hypovolemia using judicious volume expansion.
However, while restoring an adequate effective circulating volume, great caution should
be exerted to avoid a rapid and/or excessive increase in serum sodium concentration.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biomedicines11061555/s1, Figure S1: Flowchart of patient selection, Figure S2: Estimated
restricted cubic spline transformation of the probability of admission to ICU by admission urea-to-
creatinine ratio. Estimate from unadjusted logistic model on admission to ICU. Restricted cubic
spline with five knots on the minimum, first, second, and third quartile and maximum value of the
admission urea-to-creatinine ratio. Table S1: Multivariable Cox regression models on mortality by
time-varying urea-to-creatinine ratio, stratified by treatment with diuretics during the hospital stay.
Table S2: Multivariable Cox regression models on mortality by time-varying urea/creatinine ratio,
stratified by treatment with corticosteroids during the hospital stay.

Author Contributions: Conceptualization, G.R. and S.G.; methodology, P.R. and G.O.; formal analy-
sis, P.R. and G.O.; investigation G.L., G.M., A.M., and C.G., data curation, M.A.; writing—original
draft preparation, G.R. and S.G.; writing—review and editing, G.R. and S.G.; supervision, M.G.V.;
funding acquisition, M.G.V. All authors have read and agreed to the published version of the manuscript.

Funding: The research was partially supported by the Italian Ministry of Education, University, and
Research (MGV, 2017-NAZ-446/PRIN 0178S4EK9). The research was partially supported by the
Italian Ministry of Health.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the declaration of Helsinki and was approved by the Ethics Committee of the coordinating center
(San Gerardo Hospital, Monza) and by the IRB of each center and registered at ClinicalTrials.gov
(Identifier: NCT04670094, 15 December 2020).

Informed Consent Statement: Where possible, informed consent was obtained from all subjects
involved in the study. Otherwise, the study was conducted under authorizations guaranteed by
Article 89 of the GDPR EU Regulation 2016/679, which guarantees the processing for purposes of
public interest, scientific or historical or statistical purposes of health data. In addition, this is a
retrospective study.

Data Availability Statement: Please contact the corresponding author regarding data requests.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Schrier, R.W.; Sharma, S.; Shchekochikhin, D. Hyponatraemia: More than Just a Marker of Disease Severity? Nat. Rev. Nephrol.

2013, 9, 37–50. [CrossRef]
2. Wald, R.; Jaber, B.L.; Price, L.L.; Upadhyay, A.; Madias, N.E. Impact of Hospital-Associated Hyponatremia on Selected Outcomes.

Arch. Intern. Med. 2010, 170, 294–302. [CrossRef] [PubMed]
3. Müller, M.; Schefold, J.C.; Guignard, V.; Exadaktylos, A.K.; Pfortmueller, C.A. Hyponatraemia Is Independently Associated with

In-Hospital Mortality in Patients with Pneumonia. Eur. J. Intern. Med. 2018, 54, 46–52. [CrossRef] [PubMed]
4. Zilberberg, M.D.; Exuzides, A.; Spalding, J.; Foreman, A.; Jones, A.G.; Colby, C.; Shorr, A.F. Hyponatremia and Hospital Outcomes

among Patients with Pneumonia: A Retrospective Cohort Study. BMC Pulm. Med. 2008, 8, 16. [CrossRef] [PubMed]
5. Palin, K.; Moreau, M.L.; Sauvant, J.; Orcel, H.; Nadjar, A.; Duvoid-Guillou, A.; Dudit, J.; Rabié, A.; Moos, F. Interleukin-6 Activates

Arginine Vasopressin Neurons in the Supraoptic Nucleus during Immune Challenge in Rats. Am. J. Physiol. Endocrinol. Metab.
2009, 296, E1289–E1299. [CrossRef]

6. Atila, C.; Monnerat, S.; Bingisser, R.; Siegemund, M.; Lampart, M.; Rueegg, M.; Zellweger, N.; Osswald, S.; Rentsch, K.;
Christ-Crain, M.; et al. Inverse Relationship between IL-6 and Sodium Levels in Patients with COVID-19 and Other Respiratory
Tract Infections: Data from the COVIVA Study. Endocr. Connect. 2022, 11, e220171. [CrossRef]

7. Govender, N.; Khaliq, O.; Moodley, J.; Naicker, T. Unravelling the Mechanistic Role of ACE2 and TMPRSS2 in Hypertension:
A Risk Factor for COVID-19. Curr. Hypertens. Rev. 2022, 18, 130–137. [CrossRef]

8. Ruiz-Sánchez, J.G.; Núñez-Gil, I.J.; Cuesta, M.; Rubio, M.A.; Maroun-Eid, C.; Arroyo-Espliguero, R.; Romero, R.;
Becerra-Muñoz, V.M.; Uribarri, A.; Feltes, G.; et al. Prognostic Impact of Hyponatremia and Hypernatremia in COVID-
19 Pneumonia. A HOPE-COVID-19 (Health Outcome Predictive Evaluation for COVID-19) Registry Analysis. Front. Endocrinol.
2020, 11, 599255. [CrossRef]

9. Hirsch, J.S.; Uppal, N.N.; Sharma, P.; Khanin, Y.; Shah, H.H.; Malieckal, D.A.; Bellucci, A.; Sachdeva, M.; Rondon-Berrios, H.;
Jhaveri, K.D.; et al. Prevalence and Outcomes of Hyponatremia and Hypernatremia in Patients Hospitalized with COVID-19.
Nephrol. Dial. Transpl. 2021, 36, 1135–1138. [CrossRef]

10. Frontera, J.A.; Valdes, E.; Huang, J.; Lewis, A.; Lord, A.S.; Zhou, T.; Kahn, D.E.; Melmed, K.; Czeisler, B.M.; Yaghi, S.; et al.
Prevalence and Impact of Hyponatremia in Patients With Coronavirus Disease 2019 in New York City. Crit. Care Med. 2020,
48, e1211–e1217. [CrossRef]

76



Biomedicines 2023, 11, 1555

11. Tzoulis, P.; Waung, J.A.; Bagkeris, E.; Hussein, Z.; Biddanda, A.; Cousins, J.; Dewsnip, A.; Falayi, K.; McCaughran, W.;
Mullins, C.; et al. Dysnatremia Is a Predictor for Morbidity and Mortality in Hospitalized Patients with COVID-19. J. Clin.
Endocrinol. Metab. 2021, 106, 1637–1648. [CrossRef] [PubMed]

12. Genovesi, S.; Regolisti, G.; Rebora, P.; Occhino, G.; Belli, M.; Molon, G.; Citerio, G.; Beltrame, A.; Maloberti, A.; Generali, E.; et al.
Negative Prognostic Impact of Electrolyte Disorders in Patients Hospitalized for Covid-19 in a Large Multicenter Study. J. Nephrol.
2022, 36, 621–626. [CrossRef] [PubMed]

13. Bhasin-Chhabra, B.; Veitla, V.; Weinberg, S.; Koratala, A. Demystifying Hyponatremia: A Clinical Guide to Evaluation and
Management. Nutr. Clin. Pr. 2022, 37, 1023–1032. [CrossRef] [PubMed]

14. McGee, S.; Abernethy, W.B.; Simel, D.L. The Rational Clinical Examination. Is This Patient Hypovolemic? JAMA 1999, 281, 1022–
1029. [CrossRef] [PubMed]

15. Fortes, M.B.; Owen, J.A.; Raymond-Barker, P.; Bishop, C.; Elghenzai, S.; Oliver, S.J.; Walsh, N.P. Is This Elderly Patient Dehydrated?
Diagnostic Accuracy of Hydration Assessment Using Physical Signs, Urine, and Saliva Markers. J. Am. Med. Dir. Assoc. 2015,
16, 221–228. [CrossRef]

16. Stookey, J.D.; Pieper, C.F.; Cohen, H.J. Is the Prevalence of Dehydration among Community-Dwelling Older Adults Really Low?
Informing Current Debate over the Fluid Recommendation for Adults Aged 70+years. Public Health Nutr. 2005, 8, 1275–1285.
[CrossRef]

17. Liamis, G.; Tsimihodimos, V.; Doumas, M.; Spyrou, A.; Bairaktari, E.; Elisaf, M. Clinical and Laboratory Characteristics of
Hypernatraemia in an Internal Medicine Clinic. Nephrol. Dial. Transpl. 2008, 23, 136–143. [CrossRef]

18. Schrier, R.W. Blood Urea Nitrogen and Serum Creatinine: Not Married in Heart Failure. Circ. Heart Fail. 2008, 1, 2–5. [CrossRef]
19. Shen, S.; Yan, X.; Xu, B. The Blood Urea Nitrogen/Creatinine (BUN/Cre) Ratio Was U-Shaped Associated with All-Cause

Mortality in General Population. Ren. Fail. 2022, 44, 184–190. [CrossRef]
20. Sujino, Y.; Nakano, S.; Tanno, J.; Shiraishi, Y.; Goda, A.; Mizuno, A.; Nagatomo, Y.; Kohno, T.; Muramatsu, T.; Nishimura, S.; et al.

Clinical Implications of the Blood Urea Nitrogen/Creatinine Ratio in Heart Failure and Their Association with Haemoconcentra-
tion. ESC Heart Fail. 2019, 6, 1274–1282. [CrossRef]

21. Zhen, Z.; Liang, W.; Tan, W.; Dong, B.; Wu, Y.; Liu, C.; Xue, R. Prognostic Significance of Blood Urea Nitrogen/Creatinine Ratio in
Chronic HFpEF. Eur. J. Clin. Investig. 2022, 52, e13761. [CrossRef] [PubMed]

22. Aronson, D.; Hammerman, H.; Beyar, R.; Yalonetsky, S.; Kapeliovich, M.; Markiewicz, W.; Goldberg, A. Serum Blood Urea
Nitrogen and Long-Term Mortality in Acute ST-Elevation Myocardial Infarction. Int. J. Cardiol. 2008, 127, 380–385. [CrossRef]
[PubMed]

23. Huang, S.; Guo, N.; Duan, X.; Zhou, Q.; Zhang, Z.; Luo, L.; Ge, L. Association between the Blood Urea Nitrogen to Creatinine
Ratio and In-hospital Mortality among Patients with Acute Myocardial Infarction: A Retrospective Cohort Study. Exp. Med. 2023,
25, 36. [CrossRef]

24. Schrock, J.W.; Glasenapp, M.; Drogell, K. Elevated Blood Urea Nitrogen/Creatinine Ratio Is Associated with Poor Outcome in
Patients with Ischemic Stroke. Clin. Neurol. Neurosurg. 2012, 114, 881–884. [CrossRef]

25. Rowat, A.; Graham, C.; Dennis, M. Dehydration in Hospital-Admitted Stroke Patients: Detection, Frequency, and Association.
Stroke 2012, 43, 857–859. [CrossRef] [PubMed]

26. Renner, C.J.; Kasner, S.E.; Bath, P.M.; Bahouth, M.N. VISTA Acute Steering Committee [Link] Stroke Outcome Related to Initial
Volume Status and Diuretic Use. J. Am. Heart Assoc. 2022, 11, e026903. [CrossRef]

27. Chen, Z.; Wang, J.; Yang, H.; Li, H.; Chen, R.; Yu, J. Relationship between the Blood Urea Nitrogen to Creatinine Ratio and
In-Hospital Mortality in Non-Traumatic Subarachnoid Hemorrhage Patients: Based on Propensity Score Matching Method. J. Clin.
Med. 2022, 11, 7031. [CrossRef]

28. Liu, Q.; Wang, Y.; Zhao, X.; Wang, L.; Liu, F.; Wang, T.; Ye, D.; Lv, Y. Diagnostic Performance of a Blood Urea Nitrogen to
Creatinine Ratio-Based Nomogram for Predicting In-Hospital Mortality in COVID-19 Patients. Risk. Manag. Health Policy 2021,
14, 117–128. [CrossRef]

29. Hosten, A.O. BUN and Creatinine. In Clinical Methods: The History, Physical, and Laboratory Examinations; Walker, H.K., Hall, W.D.,
Hurst, J.W., Eds.; Butterworths: Boston, NJ, USA, 1990; ISBN 978-0-409-90077-4.

30. Levey, A.S.; Stevens, L.A.; Schmid, C.H.; Zhang, Y.L.; Castro, A.F.; 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]

31. Lindenfeld, J.; Schrier, R.W. Blood Urea Nitrogen. J. Am. Coll. Cardiol. 2011, 58, 383–385. [CrossRef]
32. Testani, J.M.; Cappola, T.P.; Brensinger, C.M.; Shannon, R.P.; Kimmel, S.E. Interaction Between Loop Diuretic-Associated Mortality

and Blood Urea Nitrogen Concentration in Chronic Heart Failure. J. Am. Coll. Cardiol. 2011, 58, 375–382. [CrossRef]
33. Kajimoto, K.; Minami, Y.; Sato, N.; Takano, T. Investigators of the Acute Decompensated Heart Failure Syndromes (ATTEND)

registry Serum Sodium Concentration, Blood Urea Nitrogen, and Outcomes in Patients Hospitalized for Acute Decompensated
Heart Failure. Int. J. Cardiol. 2016, 222, 195–201. [CrossRef] [PubMed]

34. Mohmand, H.K.; Issa, D.; Ahmad, Z.; Cappuccio, J.D.; Kouides, R.W.; Sterns, R.H. Hypertonic Saline for Hyponatremia: Risk of
Inadvertent Overcorrection. Clin. J. Am. Soc. Nephrol. 2007, 2, 1110–1117. [CrossRef] [PubMed]

35. Sterns, R.H.; Nigwekar, S.U.; Hix, J.K. The Treatment of Hyponatremia. Semin. Nephrol. 2009, 29, 282–299. [CrossRef] [PubMed]

77



Biomedicines 2023, 11, 1555

36. Haines, R.W.; Fowler, A.J.; Wan, Y.I.; Flower, L.; Heyland, D.K.; Day, A.; Pearse, R.M.; Prowle, J.R.; Puthucheary, Z. Catabolism in
Critical Illness: A Reanalysis of the REducing Deaths Due to OXidative Stress (REDOXS) Trial*. Crit. Care Med. 2022, 50, 1072–1082.
[CrossRef]

37. Chapela, S.P.; Simancas-Racines, D.; Montalvan, M.; Frias-Toral, E.; Simancas-Racines, A.; Muscogiuri, G.; Barrea, L.; Sarno,
G.; Martínez, P.I.; Reberendo, M.J.; et al. Signals for Muscular Protein Turnover and Insulin Resistance in Critically Ill Patients:
A Narrative Review. Nutrients 2023, 15, 1071. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

78



Citation: Cei, F.; Chiarugi, L.;

Brancati, S.; Dolenti, S.; Montini, M.S.;

Rosselli, M.; Filippelli, M.; Ciacci, C.;

Sellerio, I.; Gucci, M.M.; et al. Clinical

and Personal Predictors of

Helmet-CPAP Use and Failure in

Patients Firstly Admitted to Regular

Medical Wards with

COVID-19-Related Acute Respiratory

Distress Syndrome (hCPAP-f Study).

Biomedicines 2023, 11, 207.

https://doi.org/10.3390/biomedicines

11010207

Academic Editors: Elena

Cecilia Rosca, Amalia Cornea and

Toshihiro Kita

Received: 11 November 2022

Revised: 22 December 2022

Accepted: 11 January 2023

Published: 13 January 2023

Copyright: © 2023 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/).

biomedicines

Article

Clinical and Personal Predictors of Helmet-CPAP Use and
Failure in Patients Firstly Admitted to Regular Medical Wards
with COVID-19-Related Acute Respiratory Distress Syndrome
(hCPAP-f Study)
Francesco Cei 1,*,† , Ludia Chiarugi 1, Simona Brancati 1, Silvia Dolenti 1, Maria Silvia Montini 1,
Matteo Rosselli 1, Mario Filippelli 1, Chiara Ciacci 1, Irene Sellerio 1, Marco Maria Gucci 1, Giulia Vannini 1,
Rinaldo Lavecchia 1, Loredana Staglianò 1, Daniele di Stefano 1, Tiziana Gurrera 1, Mario Romagnoli 2,
Valentina Francolini 2, Francesca Dainelli 2, Grazia Panigada 3, Giancarlo Landini 4, Gianluigi Mazzoccoli 5,*,†

and Roberto Tarquini 1,†

1 Division of Internal Medicine I, San Giuseppe Hospital, 50053 Empoli, Italy
2 Division of Internal Medicine II, San Giuseppe Hospital, 50053 Empoli, Italy
3 Division of Internal Medicine, SS Cosma and Damiano Hospital, 51017 Pescia, Italy
4 Division of Internal Medicine, Santa Maria Nuova Hospital, 50100 Firenze, Italy
5 Division of Internal Medicine, Fondazione IRCCS Casa Sollievo della Sofferenza,

71013 San Giovanni Rotondo, Italy
* Correspondence: francesco.cei@uslcentro.toscana.it (F.C.); g.mazzoccoli@operapadrepio.it (G.M.)
† These authors contributed equally to this work.

Abstract: Acute Respiratory Distress Syndrome (ARDS) caused by COVID-19 is substantially different
from ARDS caused by other diseases and its treatment is dissimilar and challenging. As many studies
showed conflicting results regarding the use of Non-invasive ventilation in COVID-19-associated
ARDS, no unquestionable indications by operational guidelines were reported. The aim of this study
was to estimate the use and success rate of Helmet (h) Continuous Positive Airway Pressure (CPAP)
in COVID-19-associated ARDS in medical regular wards patients and describe the predictive risk
factors for its use and failure. In our monocentric retrospective observational study, we included
patients admitted for COVID-19 in medical regular wards. hCPAP was delivered when supplemental
conventional or high-flow nasal oxygen failed to achieve respiratory targets. The primary outcomes
were hCPAP use and failure rate (including the need to use Bilevel (BL) PAP or oro-tracheal intubation
(OTI) and death during ventilation). The secondary outcome was the rate of in-hospital death and
OTI. We computed a score derived from the factors independently associated with hCPAP failure.
Out of 701 patients admitted with COVID-19 symptoms, 295 were diagnosed with ARDS caused
by COVID-19 and treated with hCPAP. Factors associated with the need for hCPAP use were the
PaO2/FiO2 ratio < 270, IL-6 serum levels over 46 pg/mL, AST > 33 U/L, and LDH > 570 U/L; age
> 78 years and neuropsychiatric conditions were associated with lower use of hCPAP. Failure of
hCPAP occurred in 125 patients and was associated with male sex, polypharmacotherapy (at least
three medications), platelet count < 180 × 109/L, and PaO2/FiO2 ratio < 240. The computed hCPAP-f
Score, ranging from 0 to 11.5 points, had an AUC of 0.74 in predicting hCPAP failure (significantly
superior to Call Score), and 0.73 for the secondary outcome (non-inferior to IL-6 serum levels). In
conclusion, hCPAP was widely used in patients with COVID-19 symptoms admitted to medical
regular wards and developing ARDS, with a low OTI rate. A score computed combining male sex,
multi-pharmacotherapy, low platelet count, and low PaO2/FiO2 was able to predict hCPAP failure in
hospitalized patients with ARDS caused by COVID-19.

Keywords: hCPAP; non-invasive ventilation; COVID-19; SARS-CoV-2; ARDS; prognosis
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1. Introduction

Since the first wave of the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2) pandemic, the main cause for hospitalization and the need for intensive care was
the systematic development of Acute Respiratory Distress Syndrome (ARDS), with the
need for oro-tracheal intubation (OTI) and high mortality [1,2].

Many differences were described between classical ARDS and Coronavirus Disease
19 (COVID-19)-associated ARDS. In particular, COVID-19 patients manifested severe
hypoxemia, confirmed by arterial blood gases (ABG) analysis, without correspondent signs
of respiratory distress; often, they did not feel dyspnea, so the term “happy hypoxemia”
was widely used [3,4].

In fact, in the initial phases of COVID-19 pneumonia, the most common mechanisms
of hypoxia were the alteration of the ventilation/perfusion matching, due to lung edema,
alteration in lung perfusion regulation, and microthrombi formation in the lung [5–7],
with the preservation of lung mechanics [8]; however, in late phases, lung mechanics
often deteriorated in COVID-19 pneumonia. Differentiation into three phenotypes was
proposed to individualize treatment: (1) Ground-glass opacities with good perfusion;
(2) inhomogeneous atelectasis; and (3) a patchy ARDS-like pattern. Phenotype 1 required
low positive end-expiratory pressure (PEEP) ventilation, while phenotype 2 needed higher
PEEP values and phenotype 3 usually received OTI [9].

Categorical clinical practice guidelines are lacking, hence significant treatment vari-
ability was reported [10]. Widespread use of early intubation compared to noninvasive
ventilation (NIV) was described; however, since the first wave, a progressive increase in
steroid treatment and NIV was reported, with a reduction in mortality [11]. Many studies
tried to find a difference between supplemental high-flow nasal cannula (HFNC) oxygen
and NIV, with diversified results. The HENIVOT study failed to find a difference in the
median number of days free of respiratory support within 28 days in patients with COVID-
19 and moderate to severe hypoxemic respiratory [12]. The HELMET-COVID study did
not find a statistically significant difference in 28-day all-cause mortality between helmet
NIV and usual respiratory support (including conventional oxygen therapy, HFNC, and
nose or/and face mask NIV) in adults with acute hypoxemic respiratory failure related to
COVID-19 [13].

Our study aimed to estimate the use and success rate of helmet continuous positive
airway pressure (hCPAP) and evaluate the factors associated with its delivery and failure
in patients first admitted to a regular medical ward and developing COVID-19-related
ARDS. We also aimed to derive a predictive score (hCPAP-f Score) to identify patients at
admission at high risk for hCPAP failure in the context of ARDS caused by COVID-19.

2. Methods
2.1. Patients and Data Collection

We performed a monocentric retrospective observational study. We evaluated the
charts of patients first admitted to general medicine wards (Division of Internal Medicine
I and II of the San Giuseppe Hospital, Empoli, Italy) for COVID-19 symptoms between
6 March and 30 May 2020 and between 1 October 2020 and 15 March 2021. All admitted
patients exhibited epidemiological, clinical, laboratory, and radiologic findings suggesting
COVID-19. Diagnosis of SARS-CoV-2 infection was confirmed by a real-time polymerase
chain reaction (RT-PCR) assay or a second-generation antigenic test performed on speci-
mens collected by nasopharyngeal swab.

We included COVID-19 patients aged 18 years or older admitted to the emergency de-
partment for symptomatic SARS-CoV-2 infection (fever, cough, dyspnea, nausea and vomit-
ing, diarrhea, thoracic pain, asthenia, myalgias, pharyngodynia, and loss of
smell and taste).

We excluded patients first admitted to the Intensive Care Unit (ICU) and those admit-
ted for other medical or surgical conditions with concomitant asymptomatic
SARS-CoV-2 infection.
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For all enrolled patients, we reported personal data including age, gender, comor-
bidities, day of symptoms onset, home treatments, and length of stay (LOS). Comorbidity
definitions and home treatment specifications are reported in the Supplementary Materials
(File S1: Specifications and definition).

Clinical data, recorded at admission, included mean arterial blood pressure, the Glasgow
Coma Scale (GCS), body temperature, cardiac frequency, peripheral oxygen saturation (SpO2),
the ratio of oxygen saturation to the fraction of inspired oxygen [SpO2/FiO2 (S/F)], and the
ratio of partial pressure of oxygen to the fraction of inspired oxygen [PaO2/FiO2 (P/F)].

Laboratory data, recorded at admission, included complete blood count (CBC); pro-
thrombin time (PT) expressed as the international normalized ratio (INR); activated partial
thromboplastin time (aPTT); D-dimer value; fibrinogen; transaminases; total bilirubin;
lactate dehydrogenase (LDH); C-reactive protein (CRP); procalcitonin (PCT); interleukin-6
(Il-6); brain natriuretic peptide (BNP); arterial partial pressure of oxygen (PaO2) and carbon
dioxide (PaCO2); and PaO2/FiO2 ratio (P/F).

Radiology findings acquired by computer tomography (CT) or conventional radiology
scans included the presence of interstitial pneumonia.

ARDS was defined by the Berlin Criteria [14] evaluated at admission; criteria were
as follows: Beginning of the symptoms in the last seven days or worsening in the last
seven days; the presence of bilateral opacities confirmed by conventional radiology or CT;
respiratory distress not supportively explained by cardiac failure or fluid overload; and a
PaO2/FiO2 (P/F) ratio below 300. The severity of the disease was also evaluated with the
CALL Score [15].

hCPAP was delivered as first-line noninvasive respiratory support in patients in
whom conventional supplemental oxygen therapy delivered via a simple mask, a Venturi
mask (VM), or a non-rebreather mask failed to achieve and maintain respiratory targets.
In particular, hCPAP was delivered in pure hypoxemic respiratory failure when oxygen
supply with VM at 50% FiO2 failed to maintain the target SpO2 (94–98%) and respiratory
rate (RR < 24 acts per minute). We present the stepwise approach to oxygen and ventilatory
support in Figure 1.
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Figure 1. Stepwise approach to oxygen and ventilatory support for patients with COVID-19-related
respiratory failure.

We delivered hCPAP using helmets that did not require a dedicated ventilator. These
helmets convey high-flow medical gases in a closed space to generate the positive end-
expiratory pressure (PEEP), required for alveolar recruitment.
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High flows were generated by two systems:

– Flow-meters using both high-pressure oxygen and high-pressure medical air, with
a target flow of 60 L/min at the beginning and a FiO2 of 60%, obtained by mixing
the flows of air and pure oxygen; both air and pure oxygen could generate a flow of
60 L/min, with the theoretical possibility of attaining 100% FiO2;

– Flow meters using Venturi systems to generate the high flow; these systems convey
oxygen in two ways with a maximum of 30 or 60 L/min to a strict canal in a Venturi
valve; the high flow generates a low-pressure area, which recruits room air at high
flows; this mix could generate an initial FiO2 of 60%, and upon closing the Venturi
valve, we obtain a FiO2 of 100%.

hCPAP was set to deliver 50 to 70 L/min flow and at least 8 mmHg PEEP (titrated to
20 mmHg) for almost 12 h per day, divided into 3 cycles (morning, afternoon, and night)
alternated to HFNC (using the first type of flow meters and set with at least the same
FiO2 and flow) or non-rebreathing reservoir masks or Venturi masks (set with at least the
same FiO2).

BiLevel positive airway pressure (BLPAP) was delivered as first-line respiratory sup-
port only when respiratory acidosis occurred.

When hCPAP failed to maintain the respiratory targets (SpO2 94–98% and a RR < 24
acts per minute) despite titrating FiO2 to 80–100% and PEEP to 15–20 mmHg, we could
consider two ways to increase the respiratory support:

– If the patient, evaluated by a trained intensivist, was considered recruitable for ICU,
OTI was performed.

– If the patient, after collegial evaluation by the intensivist and the internist, was con-
sidered to have a scarce brief-term prognosis, was very elderly, and had multiple
comorbidities, a trial for BLPAP was considered.

BLPAP was also delivered in the case of the appearance of moderate respiratory
acidosis (pH 7.25–7.30). We usually started with pressure support of 12 mmHg (titratable
to 26–28 mmHg) and PEEP of 8 mmHg (titratable to 15 mmHg), with at least the same FiO2
as in hCPAP.

Technical details of the devices used for hCPAP and BLPAP delivery in regular medical
wards are reported in the Supplementary Materials.

BLPAP delivery and ICU admission decisions involved collaboration between internists
and intensivists, but the decision to intubate the patient pertained to the intensivists.

We calculated the number of days from admission and from symptom onset to the
beginning of hCPAP.

For patients who received hCPAP, we reported data on in-hospital pharmacologi-
cal therapy, particularly the use of steroids (dexamethasone 8 mg or equivalent), venous
thromboembolism prophylaxis (enoxaparin 4000 UI or equivalent), tocilizumab (intra-
venously 8 mg per kilogram of actual body weight, up to a maximum of 800 mg, in two
infusions, 12 h apart, or subcutaneously at 162 mg administered in two simultaneous doses,
one in each thigh, up to 324 mg in total), and antibiotics (beta-lactams, glycopeptides,
aminoglycosides, tetracyclines, quinolones, and oxazolidinones).

The primary outcomes were hCPAP delivery and failure rates. hCPAP failure was a
combined endpoint including the need for BLPAP or OTI as a rescue respiratory support
technique and mortality during ventilation. The secondary outcome was the combination
of intra-hospital death and the need for OTI.

We retrospectively collected patients’ data by reviewing paper and digital medical
records (ARGOS version 4.2422820 and GALILEO version 1.5.3.14.2787 by Dedalus Italy
S.p.A., via di Collodi 6/C, 50141 Florence, Italy). A structured web-based data collection
form was developed for the retrospective chart review and for collecting clinical and
personal data.

Data were collected by the physician staff of the Division of Internal Medicine I
and II of the San Giuseppe Hospital, Empoli, Italy. Retrospective chart review studies
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relying on previously collected data may be wronged by biases due to the study operations,
data collection, data entry, and data quality declaration causing a loss of information or
approximation. To minimize this possibility, the first author comprehensively and carefully
revised data collection, while also verifying the sources in the case of missing data, to
curtail errors and biases. Data were analyzed after anonymization.

We included all the patients who met the inclusion criteria during the period described
above. Regarding power and sample size calculation, designed for an observational study,
the sample size was calculated considering differences between groups (hCPAP success
and hCPAP failure); we considered a probable rate of hCPAP failure of approximately
one-third [12,13] (ratio 2:1). Considering alpha 0.05 and power 0.90, and a Cohen’s effect
size d of 0.4, we calculated a necessary sample size of at least 254 patients (169 with hCPAP
success and 85 with hCPAP failure).

The study was carried out and is reported according to the Strengthening the Re-
porting of Observational studies in Epidemiology (STROBE) guidelines for observational
studies [16].

The local Ethical Committee approved the study (BIGCOVID, No. 2161 date
6 September 2021).

Patients gave their written informed consent to participate. Only data collection
from clinical records was allowed for patients unable to give their consent or those de-
ceased. The study was conducted according to the Declaration of Helsinki for experiments
involving humans.

2.2. Statistical Analysis

Continuous variables were reported as means and their 95th percentile confidence
intervals (CIs) if normally distributed, and as medians and interquartile ranges (IQRs) if
non-normally distributed. The D’Agostino–Pearson test of normality was used to test the
normal distribution. Categorical variables were reported as absolute counts and percentages.

Differences in continuous variables between groups were tested with the t-test in
normally distributed variables, with the Mann–Whitney test in non-normally distributed
variables. Differences over time were tested with a paired-sample t-test or Wilcoxon test.

Categorical variables were tested with the Chi-square (χ2) probability distribution test
and the Chi-square (χ2) test for trends (Cochran–Armitage test for trends).

We calculated Odds Ratios (ORs) and their 95th percentile CIs in univariate and mul-
tivariate logistic regression models. Only variables that resulted in being significantly
different in the univariate analysis were included in the multivariate analysis. For con-
tinuous variables that resulted as statistically significant in the univariate analysis, we
calculated ORs at values associated with the best of their sensitivity and specificity ac-
cording to Youden’s J statistic (Youden index) for the primary outcomes [17] (see also
Supplementary Materials).

We performed a retrospective database analysis, with some clinical and laboratory
data eventually being corrupted, deleted, and/or made unreadable at random. We reported
data and univariate analysis for all the variables included in the study. Listwise deletion of
missing values was performed, and to maintain the power of the analysis, variables with a
loss of data of over 10% were not included in the multivariate analysis, even if significantly
altered in the univariate analysis.

We derivated a score (hCPAP-f Score) using the variables that resulted as indepen-
dently associated with hCPAP failure; for categorical values, points were directly obtained
by the OR in the regression models; for continuous variables, we estimated the ORs for
each quartile of distribution to obtain correspondent points. An OR in the range between
0.5 and 1.5 was considered 0 (not influent).

We tested the ability of the derived score to predict hCPAP failure by calculating the
area under the curve (AUC) of the receiver operating characteristic (ROC) curves and tested
the non-inferiority with both the Call Score and IL-6 serum levels. We estimated both
sensitivity and specificity. We also tested the score for the secondary outcomes.
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For all analyses, a p-value below 0.05 was considered statistically significant.
All the statistical analyses were performed using MedCalc statistical software (Med-

Calc Software, Acacialaan 22, 8400 Ostend, Belgium). The sample size was calculated with
G*Power (The G*Power Team, Heinrich-Heine-Universität Düsseldorf, Universitätsstr. 1
40225 Düsseldorf, Germany).

3. Results

A total of 764 patients were admitted in the regular medical wards for COVID-19
respiratory symptoms, 63 (8.2%) were excluded for hospitalization due to other acute
medical or surgical conditions, and 463 (66%) were admitted with clinical characteristics
of ARDS, with a severe increase in the risk of OTI and death (OR 8.9, CI 4.8–16, p < 0.001).
The overall rate of death and OTI was 23.5% (165), in-hospital mortality was 20.3% (142),
and 36.6% (52) were in the non-ventilated group. The median length of stay in the hospital
was 11 days (7–17) (Figure 2).
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Figure 2. Flow diagram rendering the process of patient selection.

Noninvasive mechanical ventilatory support was needed in 314 patients (44.8% of
the patients included in the analysis and 67.8% of patients with COVID-19-related ARDS).
Furthermore, 19 patients (6.1%) needed BLPAP ab initio and 295 patients started a trial of
hCPAP. Moreover, 86 patients (12.3%) were transferred to ICU, and OTI was needed in 46
patients (6.5%).

Of the patients treated with hCPAP, only three patients did not meet all of Berlin’s
criteria for ARDS, for higher values of P/F at admission; however, they met Berlin’s criteria
for ARDS during hospitalization. No patient without ARDS was treated with both BLPAP
and OTI.

The median number of days from admission to the beginning of hCPAP was 2 (1–3),
and between symptoms onset and the beginning of hCPAP, it was 7 (5–9). The median
duration of noninvasive ventilation was 6 days (2–10) and the median length of stay in
hospital for ventilated patients was 15 (11–24, p < 0.001). Supplemental HFNC oxygen
alternated with hCPAP was delivered to 203 patients (68.8%).

Among the patients who needed noninvasive ventilation, 290 (92%) received steroids,
283 (90%) thromboprophylaxis (however, the other patients continued oral anticoagulation),
204 (64.9%) antibiotics, and 56 (17.8%) tocilizumab.

Differences between patients who needed hCPAP and those treated with conventional
oxygen supplementation are reported in Table 1. Pre-existing factors associated with an
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increased risk of the need for hCPAP were the following: Young age, male sex, the presence
of chronic kidney disease (CKD), active neoplasia, and severe obesity; lower applications
of hCPAP were found to be associated with neuropsychiatric disorders, a serious risk factor
for nonadherence and poor compliance. These patients also showed higher hemoglobin
values, neutrophils count, INR, transaminases, fibrinogen, LDH, inflammatory markers,
and Call Score values, in addition to lower P/F.

Table 1. Differences between patients treated with hCPAP and conventional oxygen therapy.

Variables hCPAP Conventional Oxygen Younden Index p-Value

Age (years) 69 (61–78) 73 (58–84) <78 0.006
Male Sex n(%) 189/295 (64%) 177/386 (45.9%) 0.01
Hypertension 142/295 (48.1%) 188/384 (48.9%) 0.93

Cardiovascular disease 80/295 (27.1%) 117/384 (30%) 0.14
Respiratory diseases 44/295 (14.9%) 60/384 (15.6%) 0.10

Chronic kidney disease 35/295 (11.8%) 68/386 (17.6%) 0.04
Active cancer 26/295 (8.8%) 28/386 (7.3%) 0.047
Severe obesity 42/295 (14.2%) 34/384 (8.9%) 0.004

Neuropsychiatric disorders 34/295 (11.5%) 99/386 (25.6%) <0.001
Diabetes 50/295 (16.9%) 81/384 (21%) 0.08

Polytherapy at home 137/295 (46.4%) 183/384 (47.7%) 0.62
Haemoglobin (g/dL) 14 (13–15) 13 (12–15) >13 <0.001

Platelets (109/L) 207 (157–260) 204 (163–259) 0.98
Neutrophils (units/L) 5900 (4550–8600) 4900 (3370–7650) >4700 <0.001
Lymphocytes (units/L) 800 (570–1100) 860 (600–1200) 0.30

International Normalized Ratio (INR) 1.2 (1.1–1.3) 1.1 (1.0–1.2) >1.1 0.026
D-dimer (µg/mL) 847 (523–1550) 900 (530–1500) 0.95

Fibrinogen (mg/dL) 770 (640–880) 680 (570–790) <0.001
Aspartate aminotransferase (U/L) 39 (31–54) 31 (24–46) >33 <0.001
Alanine aminotransferase (U/L) 31 (19–51) 24 (16–39) <0.001

Lactate dehydrogenase (U/L) 620 (480–760) 470 (380–600) >570 <0.001
Total Bilirubin (mg/dL) 0.6 (0.5–0.8) 0.6 (0.5–0.8) 0.125

C-reactive protein (mg/dL) 8.3 (4–13) 4.8 (2–11) >4.6 <0.001
Procalcitonin (ng/mL) 0.12 (0.07–0.3) 0.09 (0.05–0.22) >0.1 <0.001
Interleukin-6 (pg/mL) 58 (31–100) 34 (14–66) >46 <0.001

Horowitz Index 230 (130–275) 260 (180–310) <270 0.006
Brain natriuretic peptide (pg/mL) 64 (35–140) 79 (34–190) 0.31

Call score 12 (10–13) 11 (9–12) >9 <0.001

Independent factors associated with the need for hCPAP confirmed by multivariate
analysis (Table 2, Figure 3) were the following: P/F < 270 (OR 3.1, 1.9–4.9), IL-6 serum
levels > 46 pg/mL (OR 2, 1.3–3.2), AST > 33 U/L (OR 1.7, 1.1–2.8), and LDH > 570 U/L
(OR 1.75, 1.1–2.8). Moreover, a reduction in the administration of hCPAP was found in
patients 78 years old and older (OR 0.38, 0.23–0.64) and in those with neuropsychiatric
disorders (OR 0.43, 0.23–0.78).

hCPAP failure occurred in 125 patients (42.4%); of them, 102 required OTI or died
(34.5%), and 47 (15.9%) died during hCPAP without the advancement of respiratory support.
In 25 patients, a trial of BLPAP was performed, and 11 (44%) died during BLPAP. After OTI,
23 (50%) patients died. Patients initially treated with BLPAP showed high rates of OTI and
death (13.68%).

Patients with hCPAP failure were elderly, male, and affected by hypertension, cardio-
vascular diseases, respiratory diseases, CKD, active cancer, and neuropsychiatric disorders,
polytherapy at home (at least three medications), and were treated with antibiotics during
hospitalization. They also showed lower values of platelet count, fibrinogen, and P/F and
higher values of total bilirubin, C-reactive protein, D-dimer, procalcitonin, interleukin-6,
and serum creatinine. Details are shown in Table 3.
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Table 2. Multivariate analysis of the factors associated with increased risk for need of hCPAP.

Variables OR (CI) p-Value

Age > 78 years 0.38 (0.23–0.64) <0.001
Male sex 1.14 (0.72–1.81) 0.561

Cronic kidney disease 0.95 (0.49–1.86) 0.874
Active cancer 1.84 (0.91–3.73) 0.088
Severe obesity 1.57 (0.84–2.9) 0.153

Neuropsychiatric disorders 0.43 (0.23–0.78) 0.006
Hemoglobin > 13 g/dL 1.5 (0.91–2.46) 0.113

Neutrophils > 4000 units/L 1.02 (0.71–1.44) 0.933
INR > 1.1 1.06 (0.76–1.47) 0.72

Aspartate aminotransferase U/L 1.72 (1.08–2.74) 0.022
Lactate dehydrogenase (U/L) 1.75 (1.09–2.82) 0.021
C-reactive protein > 5 mg/dL 1.18 (0.71–1.96) 0.527

Procalcitonin > 0.1 ng/mL 1.06 (0.64–1.74) 0.829
Interleukin-6 > 46 pg/mL 2.04 (1.28–3.24) 0.003

Horowitz index < 270 3.11 (1.95–4.95) <0.001

Table 3. Differences between patients with the success and failure of hCPAP. Younden indexes for
hCPAP failure are also reported.

Variables hCPAP Success hCPAP Failure Younden Index p-Value

Age (years) 66 (57–73) 73 (63–83) 70 <0.001
Male Sex 98/170 94/125 0.002

Hypertension 74/170 17/125 0.037
Cardiovascular disease 38/170 44/125 0.021

Respiratory diseases 21/170 26/125 0.05
Chronic kidney disease 11/170 22/125 0.002

Active cancer 10/170 18/125 0.048
Severe obesity 26/170 16/125 0.53

Neuropsychiatric disorders 15/170 20/125 0.044
Diabetes 31/170 22/125 0.057

Polytherapy at home 62/170 77/125 <0.001
Haemoglobin (g/dL) 14 (13–15) 14 (13–15) 0.37

Platelets (109/L) 220 (180–280) 174 (135–237) <180 <0.001
Neutrophils (units/L) 6000 (4400–8500) 6000 (4400–8500) 0.59
Lymphocytes (units/L) 860 (600–1200) 780 (510–1040) 0.051

International Normalized Ratio (INR) 1.2 (1.1–1.3) 1.2 (1.1–1.3) 0.46
D-dimer (µg/mL) 730 (470–1280) 1070 (630–1900) >1160 0.001

Fibrinogen (mg/dL) 800 (660–890) 720 (600–850) 0.001
Aspartate aminotransferase (U/L) 39 (25–60) 39 (25–60) 0.2
Alanine aminotransferase (U/L) 31 (20–53) 31 (20–53) 0.44

Lactate dehydrogenase (U/L) 620 (470–780) 620 (470–780) 0.11
Total Bilirubin (mg/dL) 0.6 (0.5–0.7) 0.7 (0.5–0.9) 0.027

C-reactive protein (mg/dL) 7.4 (3.7–13) 9.4 (5–14) >7 0.013
Procalcitonin (ng/mL) 0.09 (0.06–0.2) 0.2 (0.1–0.43) >0.1 <0.001
Interleukin-6 (pg/mL) 48 (24–84) 75 (40–130) >63 <0.01

Creatinine (mg/dL) 0.87 (0.78–1.05) 1.07 (0.86–1.5) >1.1 <0.001
Horowitz Index 250 (170–290) 190 (26–250) <240 0.001

Brain natriuretic peptide (pg/mL) 58 (34–127) 75 (34–180) 0.16
Call Score 11 (9–13) 12 (10–13) >10 0.002

Days from hospital admission to hCPAP delivery 2 (1–3) 1 (1–3) 0.58
Days from symptom onset to hCPAP delivery 8 (5–10) 7 (5–9) 0.083

Days of ventilation 8 (6–10) 7 (3–13) 0.233
Therapy with tocilizumab 25/170 26/125 0.10
Therapy with antibiotics 94/170 98/125 0.048
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Figure 3. Forest Plot of the factors associated with increased risk of hCPAP delivery.

Multivariate regression models confirmed the following independent factors were
associated with hCPAP failure: Male sex (OR 2.2, 1.1–4.8), polytherapy at home (at least
three medications) (OR 2.4, 1.1–5.1), platelet count < 180 × 109/L (OR 3.2, 1.6–6.2), and
P/F < 240 (OR 2, 1.04–4), as detailed in Table 4 and Figure 4.

Table 4. Multivariate analysis for factors associated with hCPAP failure.

Variables Odds Ratio (OR) p-Value

Age > 70 years 1.86 (0.96–3.62) 0.066
Male sex 2.24 (1.12–4.78) 0.023

Hypertension 0.71 (0.35–1.44) 0.345
Cardiovascular diseases 1.01 (0.44–2.36) 0.973

Respiratory diseases 0.75 (0.31–1.81) 0.525
Cronic kidney disease 1.48 (0.44–4.98) 0.524

Active cancer 2.04 (0.75–5.5) 0.161
Neuropsychiatric disorders 1.26 (0.47–3.35) 0.646

Polytherapy at home 2.4 (1.09–5.13) 0.03
Platelet count < 180 × 109/L 3.17 (1.58–6.34) <0.001

D-dimer > 1160 µg/mL 1 (0.49–2.0) 0.979
C-reactive protein > 10 mg/dL 1 (0.5–2.01) 0.993

Interleukin-6 > 63 pg/mL 1.74 (0.89–2.45) 0.106
Procalcitonin > 0.1 ng/mL 1.47 (0.73–2.96) 0.281

Creatinine > 1.1 mg/dL 1.19 (0.53–2.67) 0.669
Horowitz index < 240 2.04 (1.04–3.99) 0.037

Therapy with antibiotics 1.47 (0.7–3.1) 0.31
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In Table 5, the derived hCPAP-f Score is presented, ranging from a minimum value of
0 to a maximum value of 11.5 (see Section 2).

Table 5. Odds Ratios (OR) and points used to compute the hCPAP-f score.

Variable OR Score Points

Male Sex 2.2 2
Polytherapy at home 2.4 2.5

P/F
<84

84–240
241–300

>300

3.1
2.2
1.2
0.7

3
2
0
0

Platelet count (× 109/L)
<160

160–205
206–260

>260

3.9
2

1.3
0.85

4
2
0
0

In the group of patients forced to undergo hCPAP-f, the median hCPAP-f score value
was 4.5 (2.5–6.5) and was higher in patients with hCPAP failure (6.5, 4–8.5) with respect to
patients with hCPAP success (4, 2–5, p < 0.001). The hCPAP-f Score showed an AUC of 0.74
(0.69–0.79) and Younden’s value > 4.5, p < 0.001) with a sensitivity of 63% and a specificity
of 74%. As shown in Figure 5, the hCPAP-f Score appeared superior to the Call Score in
predicting hCPAP failure (AUC of Call Score 0.6, 0.53–0.66, p < 0.001).
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In the overall group of patients, the median hCPAP-f score value was also 4.5 (2.5–6.5),
with higher values for patients who died or needed OTI (6.5, 4–8.5) with respect to other
patients (4, 2–5, p< 0,001). The hCPAP-f score retained its predictive value for the secondary
outcome (AUC 0.73, 0.69–0.76, Younden’s value > 4.5, p < 0.001, sensitivity 64% and
specificity 72%) and appeared superior to the Call Score (AUC 0.67, 0.63–0.71, p = 0.037)
and non-inferior to Interleukin-6 (0.72, 0.68–0.76, p = 0.58, Figure 6).
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Figure 6. Comparison between Score and Call Score (A) and Interleukin-6 (B) for secondary outcome.

4. Discussion

During the SARS-CoV-2 pandemic, the prevalence of COVID-19-related ARDS in
hospitalized patients varied substantially over time and geographical areas, and data in
the scientific literature are heterogeneous. A report from the New York City area showed
a prevalence of respiratory insufficiency of almost 27.8% and the need for intensive care
of 14.2% with a high rate of OTI (12.2%) [18]. A register-based study of both the first
and the second waves (March–December 2020) in Poland showed a very low prevalence
of ARDS (3.6%) [19], while a higher percentage (32%) was found in Ethiopia during the
second and third waves (September 2020–June 2021) [20]. In an early report from the Milan
metropolitan area (February–March 2020), a very high prevalence (68%) of ARDS was found
in hospitalized patients for COVID-19 [21]. A global literature survey reported an overall
26% prevalence of ARDS in hospitalized patients for COVID-19 [1]. Most of the studies
included patients first admitted to both ordinary hospital and intensive-care beds. The
heterogeneity of the prevalence of ARDS in the committed studies could be explained by
many reasons, including the definition of ARDS used, the different rates of hospitalization
in many countries, the inclusion of all patients with a positive RT-PCR or antigenic test
(even those hospitalized for other reasons rather than symptomatic COVID-19), and the
impact of virus variants.
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In our experience, prior to the institution of mass vaccination programs, patients
hospitalized for symptomatic COVID-19 had a high rate of ARDS after admission to
medical regular wards (66%), with a median P/F of 242 (95–300) and a very significant
increase in risk for adverse events (OR 8.9 for OTI and death). These could, in part, be
explained by the ministerial recommendations for general practitioners to hospitalize
patients with severe COVID-19 symptoms, particularly low oxygen desaturation index,
dyspnea, and persistent fever. Moreover, inpatient transfers to the ICU were substantially
low (12.5%) considering the disease severity detailed in Table 1.

The optimal respiratory support for COVID-19-related ARDS is not clearly defined.
Experiences with early intubation lead to high mortality rates [2]. A choice between
noninvasive modalities, including HFNC, CPAP, and BLPAP, was hazardous for the scarce
data and the lack of indications from international guidelines. In Anglo-Saxon countries,
an initial preference for HFNC was proposed [18,22]; this indication was based on data
on undifferentiated acute hypoxemic respiratory failure, which showed no differences
between conventional respiratory support, NIV, and HFNC in OTI rates, with a small
advantage regarding 90-day survival for HFNC [23,24].

In our study, we reported data derived from our large experience in using hCPAP,
frequently associated with HFNC, as a synergic oxygen delivery support technique. We
report similar death and OTI rates to those reported by the recent Recovery-Rs prospective
trial (34.3% in our study and 36.3% in the Recovery-Rs trial) [25].

Factors associated with an increased need for hCPAP were low P/F, increased
interleukin-6 serum levels, increased AST values, and high LDH values. Our results
are in agreement with those reported in a small study (97 patients) showing that fever
> 37.5 ◦C, LDH value > 250 UI, and D-dimer over 1000 µg/mL were associated with the re-
quirement for NIV [26]. In another small study considering all the noninvasive respiratory
support techniques, only hypertension was found to be associated with an increased need
for NIV [27].

In our study, transaminases, especially AST, were associated with an increased risk of
death and OTI; AST is considered a marker of systemic disease, while ALT is considered
a more liver-specific marker [28]. Increased LDH levels are also considered a marker of
cell death/lisys and multi-organ failure due to cytokine storm, and it was associated with
the severity of COVID-19 disease and the risk of death [29]. Interleukin-6 is a highly
studied marker of immune activation in COVID-19, and its association with adverse
outcomes (including the need for transfer to the ICU and death) was analyzed in systematic
reviews [30]. The combination of these parameters, including low P/F, seemed to indicate
that patients with unwarranted production of pro-inflammatory cytokines (cytokine storm)
leading to ARDS and widespread tissue damage resulting in multi-organ failure are at
increased risk of needing hCPAP delivery.

Despite being generally well tolerated, in our study, a reduction in the delivery of
hCPAP was demonstrated in the elderly and in patients affected by neuropsychiatric
disorders. However, as the decision to apply hCPAP was in the hands of the attending
physicians, a very poor performance status, high dependency, and altered mentation could
lead to more conservative and/or conventional approaches to oxygen therapy, using nasal
prongs, cannula, or masks. Moreover, the benefit of ventilation in those patients could be
questionable. In fact, the use of CPAP in the very elderly with acute hypoxemia due to
heart failure did not lead to an increase in the survival of hospitalized patients [31], and the
use of HFNC in very elderly patients with COVID-19 was associated with a high mortality
rate (63.6%) [32].

Factors associated with hCPAP failure were male sex, polytherapy (the use of at least
three medications at home), platelet count below 180 × 109/L, and P/F < 240.

Male sex is associated with an increased risk of death and OTI in COVID-19 and other
coronavirus syndromes, due to a different pattern of the immune response, considering that
females had higher CD8+ and CD4+ lymphocyte counts, and stronger immunoglobulin
response [33]. This was also confirmed by our study population, in which males had higher
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values of IL-6 with respect to females (p < 0.001). Furthermore, males were more frequently
affected by almost one comorbidity, particularly hypertension and cardiovascular disease
(p = 0.03) even if they were slightly younger (median age 70 vs. 73 years, p = 0.045). No
differences were found in the risk of developing ARDS (p = 0.6).

No single comorbidity showed a significant association with hCPAP failure, while
the use of multiple medications at home was associated with an increased risk of hCPAP
failure, envisaging polytherapy as a marker of the patient’s frailty. Furthermore, the use
of some medications (i.e., acetylsalicylic acid, digoxin, folic acid, mirtazapine, linagliptin,
enalapril, atorvastatin, and allopurinol) was found associated with an increased risk of
death [34]. COVID-19 can lead to thrombocytopenia via many mechanisms, including
direct and direct platelet destruction, microthrombi formation, and reduced hematopoiesis
induced by cytokine storm and low platelet count was also found associated with adverse
events [35]. A very low P/F could suggest the need for more invasive treatments instead of
hCPAP to resolve the hypoxemic respiratory failure. Furthermore, in an Italian cohort of
COVID-19 patients hospitalized in 2020, the severity of ARDS (stratified as mild, moderate,
and severe according to P/F value) was found to correlate with the risk of NIV failure
(when considering both hCPAP and BLPAP) [36].

We derived a four-factor, 11.5-point score (hCPAP-f) showing good reliability in predict-
ing hCPAP failure in COVID-19 patients. The hCPAP-f score was superior to the Call Score,
first derived to detect the clinical deterioration of COVID-19 patients [15] and non-inferior
for the secondary outcome in the overall COVID-19 patient population. It also resulted
in being non-inferior to interleukin-6 serum levels, which we evaluated as a prognostic
factor [37], to predict the secondary outcome in the overall COVID-19 patient population.

Varied results are found in the scientific literature regarding NIV failure prediction,
and only the HACOR score was associated with CPAP failure, with an AUC of 0.74 [38].
However, in this observational study, many personal and laboratory factors analyzed in our
study were not tested. A large multicenter study found low P/F, low platelet count, and
high C-reactive protein to reliably predict NIV failure [39]. However, these two studies did
not differ systematically between hCPAP and BLPAP, and both studies did not include the
need for BiPAP in the outcomes as a rescue technique for patients who experienced hCPAP
failure. Moreover, we also derived a new score to help physicians in rapidly stratifying
high-risk patients for ICU transfer and selection for more aggressive respiratory support
strategies (BLPAP, OTI).

Our study has some limitations, primarily related to its monocentric retrospective
observational design, while the strengths are related to the real-world setting, the large
sample size, and the great number of variables analyzed. Our derived score needs external
validation for application in clinical practice.

5. Conclusions

Defining optimal respiratory support in COVID-19-related ARDS is challenging;
nonetheless, NIV is realistically valuable to decrease the need for invasive mechanical
ventilation, while the specific role of HFNC remains uncertain. As a first-line therapy,
CPAP plus HFNC and additional interventions may be a useful option according to the
patient’s condition and compliance [40].

In our clinical setting, hCPAP was largely used to treat COVID-19-related ARDS,
leading to a low rate of OTI. Factors associated with the need for hCPAP were high
AST, LDH, and IL-6 serum levels, as well as low P/F; older age and neuropsychiatric
disorders led to a reduction in its use. Failure of hCPAP was associated with male sex,
polytherapy with the use of at least three medications at home, low platelet count, and
very low P/F. A feasible and reliable four-variable early score was derived, with good
reliability in predicting both hCPAP failure and the combination of OTI and death in
patients hospitalized for symptomatic COVID-19. The hCPAP-f score could be used at
the time of hospital admission for the initial stratification of high-risk COVID-19 patients
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to assess the need for the selection of more aggressive respiratory support and/or early
transfer to the ICU.
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Abstract: Background: The clinical presentation of SARS-CoV-2 varies from patient to patient. The
most common findings noted were respiratory tract infections, of different severity grades. In
some cases, multi-organ damage was noted. Due to its high potential for causing severe systemic
inflammation such as myositis and myocarditis, patients should be properly investigated, which
carries high chances of SARS-CoV-2 being easily missed if not investigated on time and which can
result in more fatal outcomes. Case report: We present a case of COVID-19 infection in a non-
vaccinated male patient, who presented to our clinic with no symptoms of respiratory involvement
but with severe muscle aches. Cardiac markers and procalcitonin levels were high, and concentric
hypertrophy of the left ventricle, severe hypokinesia of the interventricular septum and of the antero-
lateral wall, hypokinesia of the inferior and posterior wall and an ejection fraction of the left ventricle
being around 34% was noted. Coronary angiography showed no lesions. Corticosteroids and
antibiotics were instituted which showed improvement. A possible link to an autoimmune process
was suspected, due to the presence of anti-PL-7 antibody, suggesting an antisynthetase syndrome.
Conclusion: Each and every patient should be thoroughly investigated, and presently little is known
in regards to this virus. Studies focusing on possible relationships between the COVID-19 and
autoimmune disease can help to potentially generate better outcomes.

Keywords: myocarditis; COVID-19; myositis; autoimmune diseases

1. Introduction

COVID-19 was declared a global pandemic after the first case was detected in 2019,
which led to a massive spread worldwide, infecting and affecting lives of millions of people
with very high mortality rates [1–3]. Healthcare system around the globe were not prepared
to fight this unprecedented situation, especially because very little was known about it, and
no vaccinations or medications to prevent it were on hand. Many changes were instituted to
separate entry and exit of the infected cases in most hospitals. WHO guidelines were issued
to stop the spread of this devastating virus [3,4]. Surgical interventions were done only on
an emergency basis, and elective surgeries were postponed [5]. The clinical presentation
varied widely depending on different strains of the virus [6,7]. Few patients were found to
be asymptomatic, while some had serious respiratory symptoms, to the extent that oxygen
therapy was mandatory, while some developed multi-organ failure [7]. The vaccination
programs were implemented as soon as they were approved by the WHO to minimize the
spread. The use of pharmacological and non-pharmacological measures were evaluated
and implemented on a large scale to combat the pandemic [8].

Angiotensin-converting enzyme 2 (ACE2) is crucial in cardiovascular neurohumoral
regulation. The increased binding affinity of the SARS-CoV-2 virus to ACE2 receptors
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modifies the ACE2 signaling pathways, leading to acute myocardial injuries [9]. The
cytokine release syndrome is the prerogative of severe forms of COVID-19. This extreme
inflammatory response with high levels of cytokines determines systemic injuries, including
endothelial and myocardial ones, as well as acute respiratory distress syndrome and various
end-organ damage. Viral myocarditis might appear as a result of a direct myocardium
infection [10]. From 8–62% of COVID-19 hospitalized patients show increased levels of
cardiac troponins, as a consequence of acute cardiac injury. If echocardiographic changes
are present, there is an increased risk of in-hospital mortality, which, fortunately, did not
happen in our case. Common echocardiographic abnormalities are: left ventricular wall
motion changes, global left ventricular systolic dysfunction, right ventricular dysfunction,
pericardial effusion, and diastolic dysfunction [11]. There is a large clinical variety of
presentations of COVID-19 myocarditis: from mild symptoms (fatigue, dyspnea), to severe
situations with hemodynamic instability. Recent literature illustrates the possibility of
variable evolution of the subject with myocardial injury in the context of SARS-CoV-2
infection. Patients with no or mild cardiac symptoms at the onset might develop acute
heart failure and cardiogenic shock [12]. The Antisynthetase Syndrome (ASS) is a rare
condition belonging to the Idiopathic Inflammatory Myopathies (IMS), which is quite
difficult to diagnose. Its clinical presentation is heterogenous, with interstitial lung disease
and/or inflammatory myositis, and with positive antisynthetase antibodies [13].

Here we present a non-vaccinated, infected COVID-19 male, who developed serious
cardiac complications.

2. Case Details

A 62-year-old male patient, known to have primary hypertension and type 2 diabetes
mellitus, presented with a brutal onset of loss of consciousness, muscle pain in the upper
limbs accompanied by increased movement impairment. In the emergency department a
rapid antigen test for SARS-CoV-2 was performed which was found to be positive. The
patient had not been vaccinated against SARS-CoV-2. Clinical assessment showed no
significant changes: BMI = 32.41 kg/m2; BP = 140/85 mmHg; HR = 95 bpm with normal
rhythmic heart beats; SpO2 = 97% (room air); no fever; no pulmonary rales. Initial lab values
showed increased inflammation (CRP = 59.5 mg/L), increased values of cardiac enzymes
(hsTnI = 8248 ng/L) and possible sepsis (procalcitonin = 68.03 ng/L). The ECG showed
no acute ischemic changes. A CT angiography of the pulmonary arteries was performed
with the following result: cardiomegaly with contrast refluxed into the hepatic veins,
pulmonary arteries with dimensions at the upper limits for normal values, homogeneously
opacified, without acute pulmonary lesions. Considering these data, the patient underwent
a standard cardiac ultrasound examination revealing concentric hypertrophy of the left
ventricle, severe hypokinesia of the interventricular septum, of the anterior and antero-
lateral wall, and hypokinesia of the inferior and posterior wall with an estimated ejection
fraction of the left ventricle to be approximately 34% (Figure 1); global strain was −7.7%
(Figure 2); systolic pressure in the pulmonary artery was 50 mmHg. Approximately 2 h
after admission, the dynamics of myocardial necrosis was entertained, enzymes registered
an increasing trend (hsTnI = 9755 ng/mL; CK = 51432 U/L; CK-MB = 189 U/L). As a
result of the accumulated data, an acute coronary syndrome without ST segment elevation
was suspected. The patient underwent coronary angiography using the right radial artery
approach, in which the coronary arteries revealed no significant angiographic lesions.
Figures 3 and 4 show the dynamics of hsTnI, CK and CK-MB.
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Figure 2. Global strain (GS) of the left ventricle: polar map with the regional values and the GS value
calculated from the 17 segments of the left ventricle, which is significantly impaired (ANT, anterior;
ANT SEPT, anteroseptal; GS, global strain; INF, inferior; LAT, lateral; POST, posterior; SEPT, septal).

97



Biomedicines 2023, 11, 95Biomedicines 2023, 11, x FOR PEER REVIEW 4 of 7 
 

  
Figure 3. hsTnI (high sensitive I troponin) behavior during hospitalization. 

 
Figure 4. CK and CK-MB behavior during hospitalization. (CK, creatine phosphokinase; CK-MB, 
muscle-brain creatine phosphokinase isoenzyme). 

Considering possible sepsis of unknown origin, antibiotics were initiated with ceftri-
axone. A sputum culture was positive for Klebsiella pneumoniae spp pneumoniae, and 
ceftriaxone was continued according to the antibiogram. Blood cultures taken consecu-
tively were negative. During day 3, a thorax CT scan was performed, which showed fine 
areas of ground glass arranged peripherally and classified as minimal lung damage (Fig-
ure 5) and small bilateral areas of pleurisy with a maximum thickness of 10 mm in the 
right costo-phrenic recess. Methylprednisolone was given, with progressive decreasing of 
the dose over time. Standard medication for heart failure with a reduced ejection fraction 
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Figure 4. CK and CK-MB behavior during hospitalization. (CK, creatine phosphokinase; CK-MB,
muscle-brain creatine phosphokinase isoenzyme).

Considering possible sepsis of unknown origin, antibiotics were initiated with ceftri-
axone. A sputum culture was positive for Klebsiella pneumoniae spp pneumoniae, and
ceftriaxone was continued according to the antibiogram. Blood cultures taken consecutively
were negative. During day 3, a thorax CT scan was performed, which showed fine areas
of ground glass arranged peripherally and classified as minimal lung damage (Figure 5)
and small bilateral areas of pleurisy with a maximum thickness of 10 mm in the right
costo-phrenic recess. Methylprednisolone was given, with progressive decreasing of the
dose over time. Standard medication for heart failure with a reduced ejection fraction was
given [14]. The serum level of interleukin-6 was 2.32 pg/mL, which was considered to be

98



Biomedicines 2023, 11, 95

normal [15]. The evolution was favorable: cardiac enzymes, inflammatory markers and
procalcitonin continued to decrease and eventually were normalized. Kidney function was
preserved. The muscle pain in the upper limbs subsided, with full recovery of functionality.
Patient tested negative for SARS-CoV-2 infection on day 14 (RT-PCR).
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Corroborating the clinical, paraclinical and biological context, the panel of IgG antibod-
ies specific for myositis was observed, with a positive result for anti-PL-7 antibodies. We
consider that the episode of myocarditis and extensive myositis was clinically triggered by
the SARS-CoV-2 infection, possibly linked to his autoimmune status, which was unknown
to the patient.

3. Discussion

This is a case of a patient diagnosed with COVID-19, not vaccinated against SARS-
CoV-2 infection, with no respiratory symptoms, but with the presence of an inflammatory
syndrome with skeletal and myocardial muscle damage. Intriguingly, symptomatology
due to myocarditis and heart failure was lacking and a bacterial pulmonary superinfection
did not produce classic clinical symptoms such as dyspnea, cough or fever. Laboratory
assessment documented sepsis. Cytokine storm was not documented and specific biologic
therapy was not considered.

As previously described [16], COVID-19 may be associated with an extreme inflam-
matory response of both skeletal muscles and the myocardium, with respiratory symptoms
being poorly expressed or even absent. We considered that the muscle damage in this
case was due to SARS-CoV-2 infection, previously reported by Pawar et al., who observed
similar findings in their case study [17]. Myositis and myocarditis were reported, but post
vaccination, which in our case, could not be correlated as our patient was unvaccinated [18].
Given its severity, we also considered investigating the potential of an underlying autoim-
mune condition for myositis for which the anti-PL-7 antibodies were positive. Of course,
a muscular biopsy would have been necessary to further document the findings, but the
patient refused. Myalgia and muscular weakness can be found quite frequently in COVID-
19 patients (11–50%) [19], but an association with a connective tissue disorder is rare. It
has been found that patients positive for anti-PL-7 or anti-PL-12 antibodies may develop a
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severe form of interstitial lung disease with myositis not being a frequent association [13].
More evidence is evolving, illustrating the fact that SARS-CoV-2 may induce different
myopathies, while anti-PL-7 positive patients may clinically express dermatomyositis,
during the course of a COVID-19 infection [20]. In the case of patients with known and
therapy-controlled ASS, healing for COVID-19 infection was achieved if they were asymp-
tomatic for acute COVID-19 and had at least one negative SARS-CoV-2 polymerase chain
reaction test. Long-term evolution after COVID-19 in unvaccinated patients with ASS may
be characterized by a worsening of the underlying condition (pulmonary hypertension,
myocarditis) [21]. Momin and Nagori [22] presented the case of a female patient with
family exposure to COVID-19 infection and vaccinated with the second dose of a mRNA
vaccine. She developed symptoms (body ache/pain, dyspnea and leg swelling), but testing
for SARS-CoV-2 infection was negative. Thorax computer tomography was suggestive
for COVID-19. Laboratory findings were consistent for ASS. As in our case, ASS might
be revealed by exposure to SARS-CoV-2 infection, corticosteroids being the treatment of
choice for clinical and biological improvement.

Myositis-specific autoantibodies and myositis-associated autoantibodies should be
determined in COVID-19 patients who present with clinical myositis. Autoimmunity might
be caused by molecular triggers, or by a potential mechanism which primes an underlying
predisposition, or by the COVID-19 induced immune dysfunction [23].

Cortico-therapy is beneficial by decreasing rhabdomyolysis and the inflammatory
syndrome, consistent with literature data [13,16,19,20]. The COVID-19 pandemic led to
increased diagnosis of anti-synthetase syndromes [24], which needs more investigation
into the link between SARS-CoV-2 infections and autoimmune diseases.

4. Conclusions

Since the nature and clinical pattern is unclear and differs from patient to patient,
physicians should leave no stone unturned while dealing with a COVID-19 positive patient.
A thorough investigation is a must even in the absence of classical symptoms. More
extensive studies are still required to better understand the link between the virus and
different pathologies, especially in patients suffering from autoimmune diseases.
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Abstract: During COVID-19 pandemic, clinicians have had to deal with an ever-increasing number
of cases of olfactory disturbances after SARS-CoV-2 infections and in some people this problem
persisted for long time after negativization from virus. This a prospective randomized controlled
trial aims at evaluating the efficacy of ultramicronized palmitoylethanolamide (PEA) and Luteolin
(LUT) (umPEA-LUT) and olfactory training (OT) compared to OT alone for the treatment of smell
disorders in Italian post-COVID population. We included patients with smell loss and parosmia who
were randomized and assigned to Group 1 (intervention group; daily treatment with umPEA-LUT
oral supplement and OT) or Group 2 (control group; daily treatment with placebo and OT). All
subjects were treated for 90 consecutive days. The Sniffin’ Sticks identification test was used to
assess the olfactory functions at the baseline (T0) and the end of the treatment (T1). Patients were
queried regarding any perception of altered olfaction (parosmia) or aversive smell, such as cacosmia,
gasoline-type smell, or otherwise at the same observational points. This study confirmed the efficacy
of combination of umPEA-LUT and olfactory training as treatment of quantitative smell alteration
COVID-19 related, but the efficacy of the supplement for parosmia was limited. UmpEA-LUT is
useful for the treatment of brain neuro-inflammation (origin of quantity smell disorders) but has
limited/no effect on peripheral damage (olfactory nerve, neuro-epithelium) that is responsible of
quality disorders.

Keywords: smell loss; parosmia; qualitative smell disorders; treatment; PEA; olfactory training

1. Introduction

Smell disorders are classically divided into two main categories, they can be quanti-
tative and qualitative. Hyposmia and anosmia are quantitative disorders diagnosed and
managed more easily than qualitative disorders namely parosmia and phantosmia, that are
areas of research more open to interpretation. Unlike phantosmia, in which distorted smell
detection occurs without any smell stimuli to trigger it, parosmia is a distortion of smell
detection in the presence of smell stimuli. The two subtypes of parosmia are cacosmia, the
detection of unpleasant smell and euosmia the detection of pleasant smell.

Although parosmia was an already known condition but with limited clinical inter-
ventions, it is only after the COVID pandemic that researchers have had to deal with an
ever-increasing number of cases, thus contributing to an accumulation of knowledge and
new approaches [1].

For instance, about 35% of people suffering from smell disorders are found to have
parosmia, but the prevalence of smell disorders in COVID-19 infections are up to 75% and
up to 45% for parosmia [2–5].
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Generally, parosmia recovers in the first 1–2 months after the onset of symptoms but
recent studies emphasize an improvement in parosmia even after 40 years of symptoms. [6]

The highly variable durations of parosmia explain why qualitative smell disorders
require multiple approaches and treatments. This significant variation must induce clini-
cians to approach a therapeutic protocol even in cases of long-lasting parosmia. In addition,
some patients could take up to 6 months to recover, so it is important to extend treatment
duration [7,8].

Recent literature demonstrated that traditional treatment methods as olfactory training
and steroids were rarely effective in the treatment of post-COVID parosmia highlighting
the importance of finding new therapeutic approaches [9].

Because of the origin of parosmia and the absence of a treatment we speculated that
a treatment by an anti-neuroinflammatory molecule could benefit. Di Stadio in 2022 [5]
identified a high prevalence of parosmia in their patients affected by smell disorders
COVID-19 related; the authors justified the presence of this symptom because of neuro-
inflammatory process in the olfactory bulbs [10,11]. The inflammation, in the authors opin-
ion, negative impact on the recovery causing the persistence of the
qualitative disorder [12].

Several authors showed the efficacy of umPEA-LUT to fight the inflammation caused
by COVID-19 infection [13–15], as well as the ability of the molecule of inhibiting the
penetration of the SARS-CoV-2 virus protecting people from the infection [16].

Different studies have shown the efficacy of combination between a supplement con-
taining ultramicronized-palmytoiletanolamide and luteolin (umPEA-LUT) and olfactory
training in ameliorating the quantitative smell alteration in patients who suffered from this
persistent concern [17–19].

This randomized clinical trial aims at evaluating the efficacy of umPEA-LUT on the
quality smell disorders in Italian post-COVID population suffering from parosmia following
daily treatment with PEA-LUT and olfactory training compared to
conventional therapy.

2. Materials and Methods
2.1. Study Population and Demographic Data

This prospective randomized controlled trial was conducted in a tertiary referral
hospital of Naples from January 2022 to December 2022. A total of 130 people were included
in this trial. The randomized controlled trials registration number is NCT04853836.

For patients’ recruitment, we used both clinician communication and mass media.
At the moment of recruitment, we assigned a number to the patient, and we elucidated
that the study aim was to identify new methods for treating persistent loss of smell after
COVID-19. We informed patients that after baseline assessment they would be re-checked
after 90 days, with up to two possible intermediary olfactory assessments, as dictated by
protocol. Patients were aware that their participation was voluntary and that they could
leave the study at any time. To guarantee the blinding we divided the investigations in two;
one physician, who did not know the assignation to the experimental group, performed
the endoscopy to study the baseline condition (e.g., polyps or tumors), and another did
olfactory testing using validated measures of threshold, discrimination, and identification
scores. Self-report data on mental clouding/brain fog was also collected. The anonymized
data were recorded on a protected Excel sheet [Google (Mountain View, CA, USA)].

Study participants were included or excluded based on the following criteria.

2.1.1. Inclusion Criteria

Inclusion criteria for outpatients were ages between 18 and 65 years, confirmed history
of COVID-19 by positive nasopharyngeal swab for SARS-CoV-2), and anosmia/hyposmia
identified by using the 16-pen version of the Sniffin’ sticks psychophysical test (I score
0–16), olfactory impairment persisting ≥180 days (6 months) after sub-sequent negative
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COVID-19 nasopharyngeal swab, acceptance to participate to the study by signature of
written consent.

2.1.2. Exclusion Criteria

We identified specific exclusion criteria like history of smell and taste alterations,
current or past alterations of memory or cognitive functions, current under chemotherapy
or estaromatase, neuroinflammatory/neurodegenerative diseases in active phase, use of
therapy able to alter smell and taste, active rhino-sinusitis including allergic and athropic
rhinitis, previous chemo-radiotherapy in the head/neck, previous removal of tumor in
nose or paranasal sinuses, recent history (<3 years) of stroke or moderate/severe head
trauma, nasal septal deviation or turbinate hypertrophy, recent use of steroid nasal ther-
apy within 30 days from the enrollment. The patients who were using drugs that could
either independently reduce inflammation or interfere with PEA-LUT were excluded from
the study.

2.2. Demographic Data Extraction

All this demographic information was collected for each patient included in the study:
age, sex, time elapsed since negative COVID-19 test, prior treatment for olfactory disorders,
presence of major disease, tobacco/alcohol use and medications. We designed a personal
medical record to collect info about current and history of systemic diseases, including
previous olfactory disorders or neuroinflammatory/neurodegenerative concerns, details
about COVID as onset symptoms, swab results, treatments used, symptom persistence
and COVID vaccine. The medical recorder also contained a section to annotate patient’s
self-perception of the smell alteration; we explained the differences and type of quantitative
and qualitative smell alteration before asking for this specific info. After three from the
beginning of the therapy the data of the patients who concluded the therapeutic scheme
were extracted and analyzed by a statistician supervised by the study coordinator (ADS).

2.3. Experimental Groups

The consecutive patients enrolled in the study were assigned to 2 groups, as follows:

1. Intervention therapy (intervention group): Daily treatment with co-ultra-micronized
PEA 700 mg and Luteolin 70 mg (umPEA-LUT) (Glialia ®, Epitech Group SpA, Milano,
Italy) ultraPEA-LUT oral supplement and olfactory training. The oral supplement
was prescribed as single dose to be assumed 5–10 min before breakfast in combination
with daily olfactory training. The latter was done using four 100% organic essences
of Lemon, Rose, Eucalyptus and Cloves three times a for 6 min each session; the
olfactory stimulus consisted in smelling an odor for 4–6 s, then 40 s of relaxation, and
then, new stimulation for 4–6 s with another odor. The short duration-stimulus was
necessary to avoid “saturation” of the olfactory receptors [20]. This treatment was
performed for 90 consecutive days.

2. Conventional therapy (control group): patients assigned to this group performed daily
olfactory training exactly as previously described plus a placebo supplement therapy
(multivitamin, vitamin D (400 UI), and/or alpha-lipoic acid (120 mg). The dosages
used for vitamin D and of alpha-lipoic acid were selected based on an evidence-
based literature review that showed these dosages did not have significant systemic
anti-inflammatory, immunomodulatory, or antioxidant effects [13–15,18,19].

For ethical reason it was not possible to recruit patients and leave them without any
treatment, creating in this way a “real” control group. By the way, because we included
patients who were without treatment for at least 6 months; this could be supportive of the
concept that without any treatment, neither OT nor supplement, there was no recovery and
could justify this study design that compared traditional therapy (OT performed in control)
and OT plus umPEA-LUT.

All patients performed their house-olfactory training (self-administered rehabilitation)
after being adequately trained by the physician. Initially, the patients were trained in
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the hospital by face-to-face explanation on how to perform the sniffing exercise, practice
performing the exercise. A written description on how to prepare the sniffing essence
was given to each participants and for detailed instruction we provided a “YouTube” link
(https://www.youtube.com/watch?v=Ri5YwM6EmWM; accessed on 1 January 2022). The
video used was previously selected by the study coordinator and it was always the same
for all patients.

To follow our participants and promote adherence to the study, members of clinic
staff and physician regularly contacted people (1 contact each 15 days) by via phone calls,
electronic communications, and office visits.

2.4. Nasal Endoscopy Assessment of Olfactory Dysfunction

A nasal endoscopy to exclude nasal conditions was always performed to identify
conditions that could alter the olfactory functions or interfere with the treatment. In
presence of conditions described in the exclusion criteria (for example nasal mass prior
impaired smell, history of nasal/nasopharyngeal malignancy, history of radiation, or other
anatomical abnormalities) the patients were excluded.

2.5. Assessment of Olfactory Dysfunction

The Sniffin’ Sticks identification test was administered to assess olfactory function
following a previously established protocol [16]. Briefly, clinicians used standard pen-like
devices filled with odorants to score olfactory function and were blinded to the patients’
experimental groups. During the odor identification task, participants were presented with
16 common odors. In multiple-choice format, participants were asked to select which of
4 odor labels matched the presented odor. Possible scores for odor identification ranged
from 1–16. These scores were used classify olfactory function as anosmia (score <7),
hyposmia (score from 7–14), or normosmia (score ≥14), and scores were then recorded for
subsequent analysis.

2.6. Parosmia Evaluation

Patients after being educated about the quality alterations of the smell were asked
about presence of parosmia (distorted perception of smell) or cacosmia (aversive smell like
gasoline-type odor). This method, which modified the questionnaire used by Di Stadio
et al. [11], was validate by De Luca et al. [19] on 100 patients.

2.7. Statistical Analysis

One-way ANOVA for repeated measures and Bonferroni-Holmes (BH) post-hoc tests
were used to compare the results of the Sniffin’ stick score at T0 and T1 between treatment
and control groups. Chi-square (c) was used to compare nominal data represented by the
changes or not of the parosmia after treatment considering both groups, and to evaluate
the recovery based on the >3 points, <3 points, stable or worsening. Multi-linear regression
analyses were performed to evaluate the effect of age, sex and TDI at T0 (x variables) on
TDI at T1 (y variables).

Multi-linear regression including age, sex, smoke, TDI at T0 and TDI at T1 (x variables)
and parosmia (y variable) were performed in each group to identify which of the parameters
could affect the presence/absence of parosmia. p was considered significant < 0.05.

3. Results

A total of 130 patients were included in the study. Because the efficacy of combination
between umPeaLut and olfactory training was known [12–15], the allocation of patients in
the treatment was 4:2.7.

94 patients (49 women and 45 men, age average 36.7 ± 11.8) were assigned to
the treatment group and 36 (21 women and 15 men, age average 50.5 ± 12.7) to the
control group.
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The patients in treatment group suffered from smell alteration for 8.8 ± 3.7 months
average, patients in the control for 8.5 ± 2 months average.

Table 1 shows the demographic characteristics of the two groups including comorbidi-
ties and previous treatments performed for smell loss.

Table 1. Characteristic of patients of patients included in the study.

Variable
Group 1 Group 2
(n = 94) (n = 36)

Mean age ± SD (range), yr 36.7 ± 11.8 50.5 ± 12.7
Gender—no (%)
Female 49 (52%) 21 (58%)
Male 45 (48%) 15 (42%)

Smoking habits
Smokers 14 (15%) 6 (16.6%)
Non-smokers 80 (85%) 18 (50%)

Comorbidities
Hypertension 1 (1%) 2 (5%)
Thyroid Disorders 6 (6%) 2 (5.5%)
Allergy 5 (5%) 2 (5.5%)
Psychiatric disturbances 2 (2%) 6 (16%)

Time from symptoms onset (mean ± SD, range), months 8.8 ± 3.68 (3–15) 8.5 ± 1.97 (5–12)
Type of olfactory disfunction—no. (%)
Anosmia 39 (41.5%) 8 (22%)
>Hyposmia alone 0 (0%) 14 (39%)
Parosmia/Cacosmia alone 7 (7.5%) 2 (5.5%)
Hyposmia ± Parosmia/Cacosmia 48 (51%) 14 (39%)

T0 Identification score (Sniffin’ Sniff Test) (mean ± SD, range) 8.2 ± 2.7 9.6 ± 2.4

T1 Identification score (Sniffin’ Sniff Test) (mean ± SD, range) 11.1 ± 2.2 10.1 ± 2.3

SD—standard deviation.

Most of the patients both in treatment (83) and in the control (33) did not perform
brain MRI, however the ones who did, 11 in treatment and 6 in the control group did not
show olfactory bulbs atrophy.

14 patients (14.9%) in the treatment group were smokers, 9 (27.2%) in control.
At the baseline (T0) 48 patients were anosmic and 46 hyposmic in the treatment group,

while in the control group 12 were anosmic and 24 hyposmic.
The average Sniffin’ score at the baseline (T0) was 8.2 ± 2.7 (CI95%: 2–15) in the

patients assigned to the treatment group and 9.6 ± 2.4 (CI95%: 8–13) in the control. The
difference between the two groups at the T0 was not statistically significant (p > 0.05).

The average Sniffin’ score at T1 was 11.1 ± 2.2 in the treatment group and 10.1 ± 2.3
in the control.

In the treatment group, despite sex, age and TDI at T0 influenced the Sniffin’ score
at T1 (p < 0.00001), the only variable that had statistically significant impact on the final
results was the Sniffing score at T0 (p < 0.00001).

In the control, despite sex, age and TDI at T0 affected the Sniffin’ score at T1
(p = 0.0009), as well as observed in the treatment group, the only variable that had statisti-
cally significant impact on the Sniffin’ score at T1 was the Sniffing score at
T0 (p = 0.009).

We identified statistically significant differences comparing T0 and T1 in the treatment
group (ANOVA: p < 0.0001; BH: p < 0.01), but not statistically significant difference com-
paring the Sniffin’ score at T0 and T1 in the control (HB: p > 0.05). Statistically significant
differences were observed between treatment and control (HB: p < 0.05) at T1(Figure 1).
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Figure 1. Comparison between the Sniffin’ Score at T0 and T1 both in the treatment group and in
control group. A statistically significant difference was observed T0 and T1 in the treatment group
(ANOVA: p < 0.0001; BH: p < 0.01), and between treatment and control group at T1 (HB: p < 0.05)
but not statistically significant difference comparing the Sniffin’ score at T0 and T1 in the control
(HB: p > 0.05).

49 patients (52.1%) in the treatment (average 11.4 ± 2.5, CI95%: 8–16) and 6 (18.2%)
in the control (average 10.5 ± 0.7; CI95% 10–11) recovered more than 3 points at T1.
33 (35.1%) in the treatment (average 10.6 ± 1.7, CI95%: 8–13) and 15 (45.4%) (aver-
age 11.2 ± 2.4, CI95%: 8–14) in the control recovered less than 3 points. 3 patients
(3.2%) in the treatment group did not change they score comparing T0 and T1 (average
12.6 ± 0.6, CI95%: 12–13), while in the control group three subjects (9.1%). Finally, we
observed 7 patients (7.4%) in the treatment group that worsened their Sniffin’ score com-
paring T0 and T1 (average 10.6 ± 2.5, CI95%: 6–14) and 12 (36.4%) in the control presented
the same concern (average 8.5 ± 2.4, CI95%: 7–12). The differences between treatment and
control in term of recovery were statistically significant (c: p = 0.0008) (Figure 2A,B).
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The totality of the patients in both groups had associated parosmia before the treatment.
After treatment 58 patients (61.7%) in the treatment group and 21 (58.3%) in the control
resolved the parosmia. The difference was not statistically significant (χ: p = 0.3) between
treatment and control at T1 (Figure 3).
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Figure 3. Comparison between the patients who recovered from parosmia in treatment group and in
control group; the difference was not statistically significant (χ: p = 0.3).

The multilinear regression analysis showed that in the treatment group the score of
the Sniffin’ score at T1 were not correlated to the resolution of the parosmia (p = 0.06), while
in the control this was related to the age (p = 0.0007) and the Sniffin’score at T0 (p = 0.02).

4. Discussion

This prospective randomized controlled trial confirmed the efficacy of combination
between olfactory training and umPEA-LUT as treatment of quantitative post COVID
smell disorders; the efficacy of the treatment on qualitative smell disorders should be
deeply investigated because several co-factors other than the Sniffn’scores can impact on
the persistence or resolution of parosmia after treatment.

Based on the hypothesis that quantitative smell disorders could be related to the
inflammation in the olfactory bulbs, while qualitative disorders might be caused by the
damage of neuro-epithelium [5] the absence of statistically significant difference regarding
the recovery from parosmia that we observed was totally predictable. On the other hand,
Di Stadio et al. speculated that the use of umPEA-LUT might help even in case of parosmia
because the qualitative disorders might be also caused by an abnormal regeneration of the
olfactory nerve; our study, despite preliminary because performed on a small sample of
patients, seems confirming the hypothesis that neuro-epithelium is responsible of parosmia.
UmPEA-LUT is a drug active on the central structures (olfactory bulbs) rather than on
the peripheral ones (olfactory nerve and neuro-epithelium) [18] and this can explain why,
despite an important effect on the recovery of the smell, the compound did not do the
difference on the quality of odors perception between treatment and control groups.

In this study, patients in the treatment group started with worsen quantitative smell
problems than control (respectively 8.2 ± 2.7 and 9.6 ± 2.4); however, despite that, the
patients in the treatment group recovered as well as the ones in the control, but with more
homogeneous scores (lower standard deviation than control). All subjects included were
affected by olfactory disorders from 8.5 months at least (8.8 treatment and 8.5 control) so
part of the recovery might be spontaneous; in fact, some authors reported recovery of
olfactory functions by spontaneous recovery within two years [21] but the authors did not
reported info about the SS. Moreover, in this study over 60% of patients did not recover fully
olfactory capacities. Probably the concept of spontaneous recovery should be re-evaluated
even considering that the treatment with umPEA-LUT and olfactory training allowed the
return to normal olfactory function in over 60% of patients as previously showed [18].

This current study confirms the efficacy of the Di Stadio et al. protocol [14,15];
80% patients treated with umPEA-LUT improved their SS in most of cases with gain over
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3 points. On the contrary, in control less than 25% of patients recovered over 3 points and
the likelihood of worsening was around 30%.

We noted that the only variable that affected the SS at T1 both in the control and
treatment group with statistically significant impact was the score that patients had at
the baseline (T0); this result confirms previous studies that did not identify an effect
of the age and gender on the recovery of the olfactory function in young population
(<60 ies) [2,3,18,20].

Anyway, although only SS at T1 was correlated (not statistically significant p) with the
resolution of parosmia, no statistically significant differences for this finding were observed
between treatment and control. In the latter the resolution of the qualitative disorder
was correlated (with statistically significant p) with age and SS at T0. Because patients in
control were younger than treatment and McWilliams et al. showed that in patients <40
spontaneously recovery of smell is likely [21], the improvement of parosmia in the control
could be related to the young age rather than to the olfactory training. Additional study
with the same design but with homogeneous ages among groups should be performed to
understand if umPEA-LUT could really benefit the qualitative smell problems [21].

Although only few patients performed brain MRI both in the treatment and control
group, in none of them we identified an atrophy of the olfactory bulbs. The atrophy of
these structures was identified as negative prognostic factors in the recovery of normal
olfactory functions [22]. Other authors showed that a change in the shape of the olfactory
bulbs [23], without atrophy, could be observed in patients with post-COVID anosmia. The
authors speculated that these changes could be related to the neuro-inflammation [23] and
this could explain why, despite absence of atrophy, the patients in our sample suffered
from anosmia. The use of umPEA-LUT, which reduces neuro-inflammation [13–15,18,19],
improved the quantitative smell functions in our patients; additional study using 3T MRI
and/or functional MRI focused on the olfactory bulbs could elucidate the mechanism of
action of the supplement.

Overall, this study confirmed the efficacy of the combination of umPEA-LUT and
olfactory training to recover quantitative olfactory functions, but additional study with age
and sex stratification should be performed to understand the benefit of this treatment for
qualitative disorders.

Our group is currently testing a new combination of supplements (umPEA-LUT and
alpha-lipoic acid) to solve both quantitative and qualitative smell problems.

Limitations of the Study

The present study has some limitations. First, we only did odor identification, and
the lack of a comprehensive battery of olfactory assessments incorporating thresholds and
discrimination (complete TDI score) it is extremely important especially in patients with
parosmia. Second, we used a previously published method for measuring parosmia, but
this tool is not well-validated due to the limited published experience with COVID-19
parosmia, and it relies on subjective patient assessments. Third, the number of patients
quite differed between the treatment group and the control group, and this disproportion
could affect our results. Last, there is a significant difference between the mean age of the
two groups, and this could be another confounding factor.

Despite these limitations, the prospective nature of the study, the presence of control
group, the strengthens of the statistical analysis, and the promising results are the strengths
of the present analysis.

5. Conclusions

This study confirmed the efficacy of combination of umPEA-LUT and olfactory train-
ing as treatment of quantitative smell alteration COVID-19 related. The results we obtained
regarding the efficacy of the same treatment on parosmia are limited and their interpreta-
tion has been impacted by the difference in age average among the groups. In fact, control
group included younger patients than treatment, who could have benefit by spontaneous
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recovery which is less likely in patients over 40 ies; this finding was confirmed by the
identification of age and sniffing score at T0 as elements that impacted on the parosmia res-
olution. Additional studies comparing patients with same age are necessary to understand
if umPEA-LUT might be helpful for the treatment of qualitative smell alterations.

Moreover, we are currently evaluating a combination between umPEA-LUT and alpha
lipoic acid to understand if this combination of supplements associated with olfactory
training can help to recovery full sense of smell.
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Abstract: Parsonage-Turner syndrome (PTS) is an inflammatory disorder of the brachial plexus.
Hypothesized underlying causes focus on immune-mediated processes, as more than half of patients
present some antecedent event or possible predisposing condition, such as infection, vaccination,
exercise, or surgery. Recently, PTS was reported following the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection. We aimed to investigate data on PTS triggered by SARS-CoV-
2 infection to provide an extensive perspective on this pathology and to reveal what other, more
specific, research questions can be further addressed. In addition, we aimed to highlight research gaps
requiring further attention. We systematically reviewed two databases (LitCOVID and the World
Health Organization database on COVID-19) to January 2023. We found 26 cases of PTS in patients
with previous SARS-CoV-2 infection. The clinical and paraclinical spectrum was heterogeneous,
ranging from classical PTS to pure sensory neuropathy, extended neuropathy, spinal accessory nerve
involvement, and diaphragmatic palsy. Also, two familial cases were reported. Among them, 93.8%
of patients had severe pain, 80.8% were reported to present a motor deficit, and 53.8% of patients
presented muscle wasting. Paresthesia was noted in 46.2% of PTS individuals and a sensory loss
was reported in 34.6% of patients. The present systematic review highlights the necessity of having
a high index of suspicion of PTS in patients with previous SARS-CoV-2 infection, as the clinical
manifestations can be variable. Also, there is a need for a standardized approach to investigation and
reporting on PTS. Future studies should aim for a comprehensive assessment of patients. Factors
including the baseline characteristics of the patients, evolution, and treatments should be consistently
assessed across studies. In addition, a thorough differential diagnosis should be employed.

Keywords: Parsonage-Turner syndrome; neuralgic amyotrophy; SARS-CoV-2; COVID-19; systematic
review

1. Introduction

Neuralgic amyotrophy, or Parsonage-Turner syndrome (PTS), is a peripheral nervous
system disorder with two prominent features: severe pain and significant muscle atrophy.
The symptoms primarily affect the forequarter region of the body, including the cranial,
shoulder, upper limb, and ipsilateral chest wall. A precipitating antecedent event, or a
trigger, can be recognized in most cases.

In the mid-1800, two separate disorders, serratus magnus paralysis and post-infectious
paralysis, were initially described, indicating the muscle involved (serratus anterior) and
that the syndrome followed an infection. Subsequently, two other entities were reported:
serogenic neuropathy and vaccinogenic neuropathy, relating to their presumed triggers.
Later, several other entities were identified and labeled with terms relevant to their location,
pathology, or trigger. In 1948, Parsonage and Turner recognized the common characteristics
of these conditions, concluding that they represented a single entity with various presenta-
tions [1]. They coined the term neuralgic amyotrophy based on recognizing these two major
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clinical features: severe pain and significant muscle wasting. Ultimately, a unifying clinical
triad was identified: an antecedent event or trigger, sudden onset of intense forequarter
region pain, and severe weakness and wasting of regional muscles. Nowadays, it is widely
recognized that these disorders represent phenotypic variations of a single syndrome.

1.1. Epidemiology

Traditionally, PTS has been considered a rare disorder, with an annual incidence
estimated at 1.64 cases per 100,000 population [2]. Nonetheless, the actual incidence
is much higher, as the condition is underrecognized. A prospective study reported an
incidence of 1 case per 1000 population [3]. PTS presents two major forms: sporadic and
hereditary. The sporadic form is more frequent, affecting primarily young to middle-aged
adults, with a mean age of onset of 40 years; the male-to-female ratio has been reported to
be 2–2.3 [4]. The hereditary form has a mean age of onset of 25 years [4].

1.2. Clinical Presentation

Van Alfen and van Engelen presented one of the most comprehensive case series
of PTS to date. They reported on 246 patients in a tertiary care setting [3], defining the
typical clinical characteristics of PTS. In this series, PTS manifested with the primary
onset of severe neuropathic pain, followed by patchy upper limb paresis, ranging from
isolated anterior interosseous nerve palsy to severe bilateral paresis of both upper limbs.
Nonetheless, despite significant variations in presentation, the triad comprising of (i) a
recognized trigger, (ii) forequarter region pain, and (iii) forequarter region muscle weakness
and wasting are distinctive, enabling easy diagnosis. Even if the triad is incomplete, PTS
is typically identified based on the two most significant clinical features (severe pain,
muscle weakness, and/or atrophy) that are almost invariably present. Although most
patients report focal pain as the primary chief complaint, a focal sensory loss is rarely found;
when present, it is usually minor. Accordingly, the neurologic examination abnormalities
primarily involve the motor system [5].

The pain typically has a sudden onset; usually, it awakens the patient from sleep
or is noted immediately upon awakening. The pain increases in intensity over several
hours. Due to its severity, it leads the patient to seek medical attention promptly. The pain
is exacerbated by movements of the shoulder or the upper extremity. Notably, it is not
aggravated by head or neck movement, differentiating it from acute radiculopathies. After
1–2 weeks, the symptom resolves or is replaced by dull aching pain. Despite severe pain,
cutaneous sensory axon involvement producing numbness is rare [6].

Forequarter motor deficit and muscle wasting follow the pain. The symptoms are
generally identified when the pain subsides and the patient starts to use the affected limb.
The weakness is sometimes not initially noted; muscle atrophy is the identified feature.
Muscle wasting usually appears within a few weeks of the PTS onset. Rarely, weakness
and atrophy might be absent.

1.3. Etiology and Pathophysiology

Triggering events are reported to be associated with at least 50% of PTS cases. The
most common is an upper respiratory infection or influenza-like illness. Bacterial infections
that may trigger PTS include pneumonia, malaria, typhus, diphtheria, rheumatic fever,
borreliosis, dysentery, sepsis, rickettsia coroni, and bartonella henselae (cat claw). Among
viruses, influenza, cytomegalovirus, herpes virus, varicella-zoster virus, parvovirus B19,
Epstein-Barr, coxsackie, Echo 13/30 virus, smallpox, poliomyelitis, and hepatitis B were
reported to trigger PTS [7]. Furthermore, approximately 10% of PTS patients were found
to have a concomitant hepatitis E virus infection in the acute phase, thereby explaining
previous reports of elevated liver enzymes in some [3]. Other triggers include immuniza-
tions and vaccinations, medical or surgical procedures, childbirth, unaccustomed physical
activity, and trauma, including the minor trauma associated with falling (without apparent
injury) and intravenous procedures (intravenous therapy, intravenous contrast, or intra-
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venous blood withdrawal) [7]. In addition, PTS has been reported after administering some
medications, including nivolumab [8] and botulinum toxin [9].

These triggers are considered to activate the immune system in susceptible individuals.
The latency between the trigger and PTS is generally reported to range from several hours
up to 4 to 6 weeks. Nonetheless, in about two-thirds of patients, the pain starts during the
first week [6].

Most triggering factors indicate an underlying autoimmune process with selected
peripheral nerve inflammation. Furthermore, pathological studies from nerve biopsies
in acute PTS report the presence of lymphocytic inflammatory infiltrates in the affected
nerves. The initial inflammation causes intraneural edema. The swollen fascicles are less
flexible, and the motion of a nearby articulation induces kinking. Repetitive kinking and
rotation of the nerves can lead to constriction and fascicular entwinement. Many patients
report intense physical activity of the upper body before the onset of PTS [3]; this indicates
that mechanical stress to the nerves plays a predisposing role [3]. Repeated microtrauma to
the brachial plexus nerves of the plexus might determine an increase in the permeability of
the blood-nerve barrier, opening the endoneurial space to immune factors and enabling the
autoimmune process [10].

The sudden onset, monophasic course of PTS, association with preceding infection,
serum sickness, vaccinations, and use of immunomodulating agents all support immune-
mediated pathology. In addition, this hypothesis is supported by the involvement of both
immune mechanisms, humoral and cellular, the existence of focal chronic inflammatory
infiltrates, edema, and onion bulb appearance. The endoneurial and epineurial vessels
are surrounded by mononuclear inflammatory infiltrates without features of necrotizing
vasculitis. Furthermore, the PTS patients were reported to present altered lymphocyte
subsets (decreased CD3 levels and increased CD4/CD8 ratios due to decreased CD8 levels),
antiganglioside and anti-peripheral nerve myelin antibodies, and terminal complement
activation products [11–14]. Oligoclonal bands were reported in the cerebrospinal fluid
(CSF) [11,12,14]. Moreover, triggers of PTS, such as an upper respiratory infection, also rep-
resent triggers for other autoimmune diseases, including acute and chronic inflammatory
demyelinating polyradiculoneuropathy [6].

The hereditary form of PTS has been described in approximately 200 families world-
wide [15]. This form accounts for about 10–19% of PTS cases [4]. The patients present
similar clinical features with the sporadic form, including antecedent triggers, intense pain,
muscle weakness, and atrophy. Differences between the hereditary and sporadic forms
include the age of onset, the frequency of recurrences, and some morphological features [6].
For example, although hereditary and sporadic forms are generally present in the third
and fourth decades, and both forms may present in the first decade, children are more
frequently affected by the hereditary form.

The hereditary form of PTS transmits in an autosomal dominant manner. Researchers
found that approximately 55% of gene mutations in North American families affect the
SEPT9 gene on chromosome 17 q and show high penetrance of 80–90% [10,16,17]. The ge-
netic abnormality in the other 45% of these families is unknown, suggesting that hereditary
PTS is a genetically heterogeneous syndrome.

Electrodiagnostic research indicates that the primary pathophysiology associated with
both forms of PTS comprises axon disruption with Wallerian degeneration. Following Wal-
lerian degeneration, conduction failure occurs as action potentials can no longer propagate
along the axon. In contrast to focal myelin disruption, which remains focal, focal axon
disruption presents with distant effects. Clinically, early muscle wasting and long recovery
periods are also consistent with these findings. However, rarely (less than 1% of cases), PTS
patients with sporadic forms might present focal demyelination [6].
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1.4. Diagnostic Workup

Laboratory investigations have only a limited diagnostic value. They may aid in
identifying specific infections associated with the onset of PTS and are used primarily for
some differential diagnoses [10].

Electrodiagnostic investigations are widely used, supporting the diagnosis of PTS.
Needle electromyography (EMG) is an invasive but valuable tool to detect muscle dener-
vation. However, denervation may take up to four weeks to be fully apparent in EMG,
and early measurements can thus be of limited value [18]. Nerve conduction studies (NCS)
indicate the site of the lesion [5]. Nonetheless, in the subacute stages, after some reinnerva-
tion has appeared, the parameters of affected nerves may be normal, limiting the sensitivity
of this diagnostic tool [10].

Furthermore, conduction slowing or blockage may be technically challenging to detect
in some specific nerves due to their anatomical location. Sensory abnormalities are absent
on NCS in 80% of clinically affected nerves [19]. Therefore, a normal NCS does not exclude
a PTS diagnosis.

There is no differential diagnosis when a patient presents a PTS with paralysis of a
long thoracic nerve and a left suprascapular nerve simultaneously. Otherwise, the main
differential diagnoses include cervical root and shoulder joint disorders [9]. In patients with
mononeuropathies, an entrapment neuropathy associated with a fibrous arcade, synovial
cyst, or lipoma may cause the symptoms. Depending on clinical and additional investiga-
tions, meningoradiculitis, neoplastic plexopathy, or vasculitis could be considered. If the
patient presents no pain, the differential diagnosis includes chronic idiopathic demyelinat-
ing polyneuropathy, multifocal motor neuropathy, Lewis Sumner syndrome, hereditary
neuropathy with liability to pressure palsy, and facio-scapulo-humeral myopathy [7].

Recently, PTS was reported following the severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2) infection. Our objective is to provide a comprehensive report on
existing literature by investigating data on PTS triggered by SARS-CoV-2 infection, provide
an extensive perspective on this pathology, and reveal what other, more specific, research
questions can be further addressed. In addition, we aim to highlight research gaps requiring
further attention. Therefore, we aim to evaluate the clinical, laboratory, neurophysiological,
and neuroimaging features of PTS in patients with Coronavirus disease 2019 (COVID-19)
and explore possible links in this pathology.

2. Materials and Methods

This systematic review was performed following the guidelines of the Preferred
Reporting Items for Systematic reviews and Meta-Analyses extension for Scoping Reviews
(PRISMA-ScR) [20–23] (see Supplemental Materials S1) and the current recommendations
on the synthesis of case reports and case series [24].

The research questions were defined based on the Population, Concept, and Context
(PCC) of the review, as recommended by the Joanna Briggs Institute [20]:

• Is there a relationship between SARS-CoV-2 infections and the apparition of PTS?
• If yes, what are the clinical features?
• What do we know about laboratory, neurophysiological, and neuroimaging investiga-

tions?
• Which are the presumptive mechanisms underlying PTS?
• What interventions might work?
• What do we know about the evolution of PTS after SARS-CoV-2 infection?

In order to identify the extent of the current research on PTS after SARS-CoV-2 in-
fection, we searched LitCOVID, the World Health Organization database on COVID-19
(to 17 January 2023), using the following search strings “Parsonage AND Turner”, and
“brachial”. As these databases are curated for SARS-CoV-2 infection articles, we did not
need to use search terms like “coronavirus”, “COVID-19”, or “SARS-CoV-2”. We screened
for additional studies using the reference lists of relevant research papers. As we aimed
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to generate an extensive list of research suitable for answering our questions, we did not
apply any search filters and language restrictions.

Two authors reviewed the title, abstract, and full text (when needed) of all retrieved
articles, assessing whether the study met the inclusion criteria. A third reviewer’s opinion
was considered if disagreements were not solved through discussion.

The PCC mnemonics for this systematic review were children and adults (over 18 years
old) (P), with studies investigating patients with PTS (C) in the context of previous or
concurrent SARS-CoV-2 infection (C). We included case reports, case series, and prospective
or retrospective observational and interventional studies. Conference abstracts were also
included if the authors did not publish a full paper on the study.

We excluded commentaries, opinions, and narrative reviews but examined their
reference lists for possible inclusions. Also, we excluded patients with COVID-19 reported
to present neuropathy after prone positioning.

We extracted data to a pro forma template piloted on five randomly selected articles
and adjusted the template as necessary. One reviewer extracted all relevant information,
and a second reviewer checked the data.

Our primary scope was to provide an overview of the evidence reported on PTS
triggered by SARS-CoV-2 infection, regardless of the risk of bias in the included studies [20].
Therefore, we did not perform a formal evaluation of the methodological quality of the
included studies.

The protocol was not registered to any database.

3. Results

The literature search resulted in 470 records. After deduplication, 288 articles were
included. Finally, we identified 57 papers on PTS in patients with COVID-19 to assess in
full text; 21 papers were ultimately included [25–45]. The screening and selection of papers
were conducted by one reviewer and cross-checked by a second author. Disagreements
were managed by discussing between the two screeners or having a third author arbitrate.
The PRISMA diagram with the selection process is illustrated in Figure 1.

Figure 1. Flow chart showing the process for inclusion of studies. Legend: PTS: Parsonage-Turner
syndrome. SARS-CoV-2: severe acute respiratory syndrome coronavirus 2.
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This systematic review included 21 articles reporting on 26 cases of patients from the
USA (8 cases) [25,27,32,38,40,44], France (6 patients) [34,36,41,43], Italy (3 cases) [29,31,45],
Spain (1 case) [26], Germany (1 case) [42], Hong Kong (1 case) [33], Singapore [39], Kuwait
(1 case) [37], Iran (1 case) [28], Chile [35], and Mexico (2 cases) [30].

The patients were aged between 17 and 76 years, most of them being males (21/26,
80.8%). The publication dates ranged from 2020 to 2022. The detailed study characteristics
are presented in Supplemental Materials S2.

3.1. Medical History

Regarding the immunological status of the patients, one report notes that the patient
was vaccinated a few months prior to PTS [41], but the authors provide no further infor-
mation on the vaccine; another patient was vaccinated with Moderna mRNA 1273 four
months prior to PTS [39], and two patients had no recent vaccination [31,35]. One case
received kidney transplantation due to polycystic kidney disease and was under treatment
with prednisolone, tacrolimus, and mycophenolate mofetil [28]. Two patients, a sister
and a brother, had a history of steroid allergy [30]. Two patients were investigated for
autoimmune diseases, but the vaccination status is not reported [34]. For the remaining
17/26 (65.4%) PTS cases, the authors did not provide information on vaccination status or
other immunosuppressing states.

Nine (34.6%) patients presented significant comorbidities: clavicle fracture [25], fa-
milial history of PTS [30], history of work-related shoulder pain [32], shoulder arthro-
plasty [32], psoriatic arthropathy in remission [33], an episode of anterior dislocation of the
shoulder [41], or prior rotator cuff repair performed 2.5 years previously [44].

3.2. Clinical Picture

The PTS had an acute onset in all cases (26/26, 100%). In two patients (2/26, 7.7%), the
onset time of PTS was unclear [26,29]. The neurological complaints were reported to occur
simultaneously with COVID-19 in 5/24 (20.8%) patients [30,32,41,45], and within one week
of infection in 3/24 (12.5%) cases [25,37,39]. Nine individuals (9/24, 37.5%) developed PTS
after more than seven days but within one month of infection [28,31–33,35,36,42,43]. In 7/24
(29.2%) patients, PTS symptom onset occurred after more than a month from COVID-19
infection [27,32,34,38,40,44]. In two patients, the time of onset of PTS was unclear.

Pain was present in most cases (25/26, 96.2%). Only one patient (1/26, 3.8%), hospital-
ized in the intensive care unit (ICU) with Acute Respiratory Distress Syndrome (ARDS),
had neuralgic amyotrophy affecting C5–C6 nerve roots, the lateral pectoral and phrenic
nerves; he presented hypoesthesia, motor deficit, muscle wasting, and diaphragmatic
palsy [43]. The characteristics of pain in each case are presented in Table 1.

Table 1. Pain characteristics in PTS patients.

Study Pain
Severity

Onset Timing
(Day/Night) Location of Pain Sleep Mechanical

Sensitivity
Time between

Pain and Other PT
Symptoms

Duration

Ahorukomeye
2022 [25] Severe N/R Contralateral

(right) shoulder N/R N/R 2 days Resolved (at 12 weeks
follow-up)

Alvarado
2021 [26] Severe N/R Both shoulders Disrupted

sleep N/R N/R N/R

Alvarez 2021 [27] Unclear N/R Left shoulder N/R N/R N/R Resolved (at
3 months follow-up)

Ansari 2022 [28] Severe N/R Cervical spine, left
scapular region N/R N/R N/R Resolved (at

2 months follow-up)

Cabona 2021 [29] Unclear N/R Left shoulder N/R N/R N/R Resolved (at 1-month
follow-up)

Cabrera 2022
case 1 [30] Severe N/R Left shoulder N/R N/R N/R Resolved within

26 days
Cabrera 2022

case 2 [30] Severe N/R Left shoulder N/R N/R N/R Resolved within
21 days
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Table 1. Cont.

Study Pain
Severity

Onset Timing
(Day/Night) Location of Pain Sleep Mechanical

Sensitivity
Time between

Pain and Other PT
Symptoms

Duration

Cacciavillani
2021 [31] Severe N/R

Left wrist and
upper limb in the

distribution
of the lateral
antebrachial

cutaneous nerve

N/R N/R N/R Resolved after
2 weeks

Castaneda 2022
case 1 [32] Severe N/R Left shoulder Sleep

disruption
Exacerbated by

movement N/R
Occasional aching
pain (at 4 months

follow-up)

Castaneda 2022
case 2 [32] Unclear N/R

Left shoulder,
radiating below

elbow

Sleep
disruption,

worse at night
N/R N/R Improvement (at

9 months follow-up)

Castaneda 2022
case 3 [32] Unclear N/R

Left shoulder,
radiating to the

neck
N/R N/R

A few weeks
following onset of

pain
N/R

Cheung 2022 [33] Severe N/R

Extended from the
neck and right
interscapular
region to the

shoulder and the
ulnar side of the

right arm and
forearm

Sleep
disruption

Aggravated by
movement N/R Little or no pain (at

3 months follow-up)

Coll case 1 [34] Unclear N/R Right shoulder N/R N/R N/R N/R
Coll case 2 [34] Unclear N/R Left shoulder N/R N/R N/R N/R
Diaz 2021 [35] Unclear N/R Right shoulder N/R N/R 7 weeks after pain

onset N/R
Fortanier 2022

case 1 [36] Unclear N/R Right shoulder N/R N/R Low interval Resolution (at
3 months follow-up)

Fortanier 2022
case 2 [36] Severe N/R Right shoulder N/R N/R N/R Pain persisted

(4-month follow-up)

Ismail 2021 [37] Severe N/R

Left shoulder,
followed by right

shoulder one week
later.

Afterward, the pain
intensified and

progressed to both
forearms and

hands

N/R
Aggravated by

touch and
movement

2 weeks Partial relief (8 weeks
follow-up)

Mitry 2021 [38] Severe N/R

Multifocal joint
pain, most

prominent in the
left shoulder and

left hand. Followed
by abdominal pain

N/R Aggravated by
movement Shortly after onset N/R

Ng 2022 [39] Unclear N/R Left shoulder N/R N/R N/R Resolved (day 13)
Queler 2021 [40] Severe N/R Left upper limb N/R N/R N/R N/R

Saade 2022 [41] Unclear N/R
Cervical

spine and right
upper limb

N/R N/R N/R Resolved (6 months
follow-up)

Siepmann
2020 [42] Severe N/R

Right shoulder,
with a subsequent

gradual shift to
forearm and hand

N/R Aggravated
by arm extension 2 weeks

Partial relief (at
1.5 months after

onset)

Viatgé 2021 [43] Absent N/A N/A N/A N/A N/A N/A

Voss 2022 [44] Severe N/R Left shoulder Sleep
disruption

Not alleviated or
aggravated by

shoulder
movement

1 week Important relief at
1 week

Zazzara
2022 [45] Severe N/R

Chest pain
radiating to the

proximal left arm,
the shoulder

and the upper
region of the
homolateral
hemithorax

N/R N/R N/R

Persistence of painful
dysesthesia (at
2 months from

symptom onset).
Improvement (at

4 months)

Notes: PTS: Parsonage-Turner syndrome; N/R: not reported; N/A not applicable.

A motor deficit was present in 21/26 (80.8%) patients [26–29,32–36,38–44,46]. Muscle
strength was normal in 3/26 (11.5%) patients; two presented a pure sensory PTS [31,45],
and one case is unclear: the authors report a normal motor function, but eight weeks later,
he had scapula winging [25]. In addition, in two familial cases (2/26), the authors do not
mention any motor deficit, but the patients presented deltoid, supraspinatus, and scapular
muscle wasting [30].

Muscle wasting was reported in 14/26 (53.8%) patients [25–27,29,30,32,34,35,37,41].
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Paresthesia was noted in 12/26 (46.2%) PTS individuals [25–27,30,32,33,37,39,40,42].
However, a sensory loss was reported in 9/26 (34.6%) patients [26,28,31,33,37,42–45].

The clinical picture of individual cases is presented in Table 2. The extended data can
be found in Supplemental Materials S1.

Table 2. Clinical characteristics of PTS patients.

Study Pain Motor
Deficit

Muscle
Wasting Paresthesia Sensory

Loss Notes

Ahorukomeye 2022 [25] Present Absent Present Present Absent
Alvarado 2021 [26] Present Present Present Present Present Bilateral PTS
Alvarez 2021 [27] Present Present Present Present Absent Extended PTS
Ansari 2022 [28] Present Present Absent Absent Present

Cabona 2021 [29] Present Present Present Absent Absent Musculocutaneous
nerve

Cabrera 2022 case 1 [30] Present Absent Present Present Absent Family case
Cabrera 2022 case 2 [30] Present Absent Present Present Absent Family case
Cacciavillani 2021 [31] Present Absent Absent Absent Present Pure sensory

Castaneda 2022 case 1 [32] Present Present Present Absent Absent
Castaneda 2022 case 2 [32] Present Present Present Present Absent
Castaneda 2022 case 3 [32] Present Present Present Present Absent

Cheung 2022 [33] Present Present Absent Present Present
Coll case 1 [34] Present Present Present Absent Absent Accessory nerve
Coll case 2 [34] Present Present Present Absent Absent Accessory nerve
Diaz 2021 [35] Present Present Present Absent Absent

Fortanier 2022 case 1 [36] Present Present Absent Absent Absent
Fortanier 2022 case 2 [36] Present Present Absent Absent Absent

Ismail 2021 [37] Present Present Present Present Present Bilateral PTS
Mitry 2021 [38] Present Present Absent Absent Absent Diaphragm

Ng 2022 [39] Present Present Absent Present Absent
Queler 2021 [40] Present Present Absent Present Absent
Saade 2022 [41] Present Present Present Absent Absent

Siepmann 2020 [42] Present Present Absent Present Present
Viatgé 2021 [43] Absent Present Absent Absent Present
Voss 2022 [44] Present Present Absent Absent Present

Zazzara 2022 [45] Present Absent Absent Absent Present Pure sensory

3.3. Ancillary Investigations

Among 26 patients, NCS was performed in 11 cases (11/26, 42.3%) [27,31,33–37,42,45],
and EMG in 18 cases (18/26, 69.2%) [25,28,31–37,41–45]. The NCS findings varied de-
pending on the nerve fibers affected and the timing of the investigation. The authors
reported acute motor axon loss signs [26], normal latencies with an important reduction
of compound action potentials (CMAP) amplitude [34], signs of subacute plexopathy [35],
and normal findings three months after PTS onset [33]. In addition, a few patients also pre-
sented an absence of sensory responses [26] or reduced sensory nerve activation potential
amplitude [31]. Some authors noted that they performed electrophysiological studies for
four patients [26,29,30]. Likewise, the EMG results were also heterogeneous: signs of den-
ervation [25,29,32,34,36], patchy plexopathy [40], positive sharp waves and fibrillation [35],
chronic trunk plexopathy with reinnervation [27], and normal findings five weeks after
PTS symptoms onset [31].

A neuromuscular ultrasound investigation was employed in 5/26 (19.2%)
cases [25,29,31,42,43]. The findings included enlargement of the affected nerves [25,29,42],
multifocal damage of the nerves [29], and amyotrophy [43]. Also, normal findings were
reported in a patient with pure sensory PTS [31].

Diaphragmatic ultrasound was useful for assessing diaphragmatic dysfunction [43].
MRI was performed in 17/26 (65.4%) cases. The most common finding was muscle

edema (10/17, 58.8% cases) [26,27,29,37,38,41–44], followed by hyperintensity of the af-
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fected fascicles (8/17, 47.1% cases) [29,33,36,39,40,43,45], and muscle atrophy (5/17, 29.4%
patients) [34,41,43,44]. Contrast enhancement of the affected nerve was reported in one pa-
tient [42]. Also, on MRI diffusion neurography of the brachial plexus, the measurements of
anisotropic fractions and apparent diffusion coefficient (ADC), compared with the normal
side, identified a tendency to isotropy, with nervous elements structural disorganization,
consistent with PTS. With contrast medium, no reinforcement foci were noted. The authors
suggest this signal asymmetry was probably due to inflammation [35]. Other authors note
a short inversion time inversion recovery (STIR) hypersignal on the path of the affected
nerve bundles, without caliber abnormality or lesion detectable by MRI [43] or segmental
diffusion-weighted imaging (DWI) restriction and corresponding apparent diffusion coeffi-
cient (ADC) low signal of the nerve trunk [45]. Also, hourglass constrictions were detected
in one case [29].

A nerve biopsy from a medial brachial cutaneous nerve was performed in one case,
demonstrating marked axonal loss [40].

3.4. Treatment

Non-steroidal anti-inflammatory drugs (NSAIDs) were prescribed initially for 8/26
(30.8%) cases, with minimal or no effect [25–27,30,33,44]. Two patients (2/26, 7.7%) also
received muscle relaxers [25,44]. Other authors report an initial administration of ac-
etaminophen (2/26, 7% of patients) with minimal relief [31,37].

As the patients presented with severe pain, 5/26 (19.2%) received gabapentin or
gabapentin-type neuromodulators [25,30,33,45]. Pregabalin was tried for 3/26 (11.5%)
cases [33,35,37], and duloxetine was given to one patient [45]. Five patients (5/26, 19.2%)
were treated with opioids [26,30,37,44].

In addition, one patient also received local injections with steroids and lidocaine,
leading to a slight improvement [37]. Two patients received pain medication, but the
authors did not specify precisely the type of drugs (2/26, 7.7%) [34].

Corticosteroids were administered in 12/26 (46.2%) PTS cases [26,28,29,32,34,36–38,41,42,45].
One patient received intravenous methylprednisolone (1000 mg daily for 5 days), but it
was stopped due to dermatological side effects. A course of intravenous immunoglobulins
(IVIG) (25 g/day for 5 days) was also employed, with partial relief of pain and no improve-
ment in muscle power [37]. The rest of the patients received oral steroids. Among the
patients that received steroid therapy, the authors reported the outcome in eight cases. One
patient with isolated musculocutaneous involvement fully recovered at one month [29].
Another PTS patient that received oral prednisolone (25 mg) for three weeks, followed
by tapering, presented partial improvement of muscle strength at 21 days after the initia-
tion of the treatment. At the 2-month follow-up, the patient’s shoulder examination was
normal, without pain or functional limitations [28]. Four patients demonstrated partial
improvement on follow-up visits at different time intervals (ranging from two months to
six months) [32,36,41,45]. In one individual, the neurological examination remained the
same at eight weeks [37]. Another case reported pain relief at 7- and 14-days, but the motor
and sensory examinations remained the same [42].

In two patients, a brother and sister with a history of steroid allergy, the authors
administered extended-release pirfenidone, starting on day 22, considering its potential
anti-inflammatory action [30]. On day 26 post-infection, the symptoms of neuralgia sub-
sided [30].

Rehabilitation was recommended for 11/26 (42.3%) PTS patients [26,32–35,41,43,44].
One patient with pure motor PTS received no treatment (1/26, 3.8%). Nonetheless,

the evolution was favorable, with the complete disappearance of the symptoms after three
months [36]. The authors provided no information on the treatment [39,40].
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3.5. Evolution

In 7/26 (26.9%) patients, the authors did not report on the evolution of PTS [26,32,34,38,40,43].
Among the 19 patients with reported outcomes, 5/19 (26.3%) had a complete remission
of symptoms at 1 month [29], 2 months [28], 3 months [27,36], and 6 months follow-up
visits [35], respectively.

The clinical examination was found to be improved in 11/19 (57.9%) patients. Nonethe-
less, the timing of the follow-up visits was heterogeneous: 13 days [39], approximately
3 weeks [30], 6 weeks [31], 2 months [25,45], 3 months [33], 4 months [32,36], 6 months [41],
8 months [44], and 9 months [32].

3.6. SARS-CoV-2 Infection

The COVID-19 diagnosis was based on a positive real-time reverse-transcription poly-
merase chain reaction (RT-PCR) test in 15/26 (73.1%) patients [25,27,28,30,31,34,36,37,41–43,45].
However, the cycle threshold (Ct) of the positive RT-PCR test was not specified in any cases.
In 9/26 (34.6%) patients, the authors did not specify how the COVID-19 diagnosis was
obtained [26,29,32,33,39,40,44]. Two patients (2/26, 7.7%) were not tested by RT-PCR and
the diagnosis of SARS-CoV-2 infection was made retrospectively. One patient presented
anti-SARS-CoV-2 antibodies suggesting prior infection/exposure (elevated IgG, normal
IgM) [35]. Another case had a negative RT-PCR but positive IgG antibodies a few weeks
after the respiratory illness [38].

Regarding the COVID-19 severity, 4/26 (15.4%) patients had mild disease [33,42,44,45],
one patient presented moderate to severe infection (1/26, 3.8%), and 9/26 (34.6%) had
severe illness [25–27,29,32,34,40,43]. The severity of the SARS-CoV-2 infection was not
reported for 12/26 (46.2%) of cases [30–32,35–39,41]. Among the patients with severe
COVID-19, eight (8/26, 30.8%) required ICU treatment [26,27,29,32,34,40,43]. Four patients
(4/8, 50%) developed PTS symptoms several days or weeks after ICU discharge or extu-
bation [26,27,32,34], including one with extended PTS [27]. The data on ICU stay and PTS
symptoms is presented in Table 3.

Table 3. Characteristics of patients with PTS that necessitated ICU treatment.

Study ICU Stay Prone Positioning PTS Symptoms

Alvarado 2021 [26] Several days On 2 occasions During a visit to the
rehabilitation department

Alvarez 2021 [27] 23 days Intermittently 8 days after extubation
Cabona 2021 [29] 13 days N/R At ICU discharge

Castaneda 2022, case 2 [32] Several weeks N/R Following extubation
Coll 2021, case 1 [34] 6 weeks Present 1 month after ICU discharge
Coll 2021, case 2 [34] 5 weeks Present 1 week after ICU discharge

Queler 2021 [40] 7 weeks None Following extubation
Viatgé 2021 [43] 24 days Present Following extubation

Notes: ICU—intensive care unit; PTS—Parsonage-Turner syndrome; N/R—not reported.

4. Discussion

The present systematic review identified 26 cases of PTS following SARS-CoV-2 in-
fection. The study population included 80.8% males, a more significant proportion than
commonly reported in the literature in PTS. For example, the cohort evaluated by van Alfen
et al. consisted of 67.5% males [4]. However, as PTS is considered to present an autoim-
mune origin, one would expect to present a female predominance. Therefore, an unknown
sex-specific factor in this pathology may make male patients more prone to attacks [4].
In addition, a family history was present in two cases [30], but no genetic testing was
performed. This proportion (7.7%) is lower than reported in the general population (19%),
but several authors in our review did not report on the family history of their patients.
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In our series, 15/26 (57.7%) patients experienced severe pain. However, the pain
intensity was not clearly presented in 10/26 (38.5%) cases. One patient did not present
pain [43]. Therefore, among 16 patients with information on pain intensity, 93.8% had severe
pain. This data is similar to other reports in the literature [4,6]. Usually, the pain in PTS
emerges within a few hours and, in most cases, the attacks begin at night [4,15]. However,
most articles in our review did not provide detailed patient pain data. Among 25 patients
with pain, 22 (88%) had unilateral symptoms and three (12%) presented bilateral symptoms
in an asymmetric pattern [26,37,38]. Our percentage of patients with unilateral pain is
higher than the data found by other authors in patients with PTS. For example, van Alfen
reported that, in 71.5% of patients, the pain was unilateral, and in 28.5%, it was bilateral [4].
In 5/25 (20%) patients with pain, the symptom caused sleep disturbances [26,32,33,44].
In our systematic review, the percentage is much lower than reported in the literature
(93.5%) [4], possibly because the authors do not mention anything about sleep quality
in 20/25 (80%) cases. An increased mechanical sensitivity (pain elicited by movement,
pressure, or touch of the affected limb) was reported in 5/25 (20%) of patients (4 males and
1 female) [32,33,37,38,42]. In one case (1/25, 4%), the pain was not alleviated or aggravated
by shoulder movement [44]. Nonetheless, these aspects are not presented in most cases
(19/25, 76%).

In PTS, many patients describe three pain phases during the attack. The constant
initial pain may be followed by intense neuropathic stabbing or shooting pains, often
elicited by motion, lying on, or prolonged limb posturing. About two-thirds of PTS cases
reported further subsequent persisting musculoskeletal pain. This later pain type is usually
localized to the origin or insertion of the paretic or compensating muscles, primarily in the
periscapular, cervical, and occipital regions [4]. However, such a detailed description of the
patient’s symptoms was unavailable in the studies included in this review.

The timing of other symptoms and signs that follow the pain was reported in 8/25
(32%) patients [25,32,35–38,42,44]. Among them, 6/8 (75%) presented additional symptoms
within 2 weeks; in 2/8 (25%) patients, the motor deficit was reported after a longer time
interval (seven weeks [35] or a few weeks [32]). Our findings are similar to other reports,
where authors found that 27.2% of all cases of paresis did not manifest themselves until
>2 weeks after the onset of pain [4]. A recent study with an in-depth analysis of PTS
patients found that, in about one-third of patients, there is an increment of the motor deficit
over days (8.6%), weeks (16%), or months (5.6%) [4]. However, we did not find reports on
the aggravation of the motor deficit.

Among the 24 patients with a motor deficit or muscle wasting, in ten patients, the
motor deficit was assessed using the Medical Research Council (MRC) grading system
(see Supplemental Materials S2). The intensity varied from 1/5 to 4/5, with 7/10 (70%) of
individuals presenting a maximum deficit of 3/5 or 4/5 [27,29,32,36,39,41] and 3/10 (30%)
cases presenting severe paralysis with an MRC of 1/5 or 2/5 [32,35,37]. This contrasts with
the literature, where about two-thirds of patients presented severe motor deficits [4]. In our
review, among individuals with reported outcomes, 26.3% had a complete recovery.

In addition, the clinical assessment revealed that 53.8% of patients presented muscle
atrophy, while data from the literature indicate more significant proportions, ranging from
75.4 to 88.5% [4]. This discrepancy could be due to the timing of examination, as the median
time for atrophy to first appear was reported to be 5 weeks [4], or to the fact that in our
series, the motor deficit was not severe in most cases. Furthermore, muscle weakness and
wasting might go unnoticed. First, weakness is only sometimes appreciable in the early
PTS stage if pain limits the patient’s movements. Also, synergistic muscles may mask the
motor deficit, or an overlying muscle may mask the muscle wasting (e.g., the trapezius
muscle masks supraspinatus muscle atrophy, the biceps muscle may mask brachialis muscle
atrophy) [6].
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The pattern of sensory symptoms in our series also differs from the results of other stud-
ies investigating PTS. Paresthesia was noted in 12/26 (46.2%) PTS
individuals [25–27,30,32,33,37,39,40,42]. However, a sensory loss was reported in 9/26
(34.6%) patients [26,28,31,33,37,42–45]. The sensory symptoms and signs were present
alone or in combination with motor findings in different patterns. Although previous
research demonstrated that in more than half of PTS patients, there is no recovery on
follow-up [4], the evolution of sensory symptoms was poorly reported in PTS patients
following SARS-CoV-2 infection, with the authors focusing on motor recovery.

In addition, in our review, no patient presented autonomic nervous system involve-
ment (e.g., vegetative and trophic skin changes, edema, temperature dysregulation), al-
though they have been reported in 15.4% of PTS patients [4]. Involvement of nerves outside
the brachial plexus was reported in several patients, including the lumbosacral plexus [27],
phrenic nerve [43], and spinal accessory nerve [34].

The lumbosacral nerves may be rarely affected in hereditary PTS forms [6], but authors
investigating large series of sporadic series of PTS did not report any lower extremity
muscle involvement [5]. Furthermore, when the lower extremity muscle involvement is
not concomitant with the episodes of forequarter region weakness, it is uncertain that they
represent the same disorder [6]. For example, lumbosacral radiculoplexus neuropathy and
PTS share the same clinical features: severe pain, muscle weakness, and atrophy. For the
patient with extended PTS included in the present review, although he did not present
genetic testing, the authors note he had no family history of neurological diseases [27].

Phrenic nerve involvement is difficult to diagnose. For example, in a study of phrenic
neuropathies due to PTS, 10 of the 17 cases were isolated, with no evidence of involvement
of other concomitant nerves [47]. The patients may present with unilateral or bilateral
diaphragmatic palsy. When unilateral, it may be undiagnosed. In addition, when isolated,
phrenic neuropathies are likely to go unrecognized if asymptomatic or if they cause only
mild and transient dyspnea. They are more likely to be diagnosed when accompanied
by an antecedent event or severe shoulder pain [6]. In the present review, one patient
presented phrenic nerve involvement [43], but the possibility of diaphragmatic palsy might
have been overlooked.

The incidence of cranial nerve involvement varies from 0% [48] to 10% [49], being
more frequent in patients with hereditary forms of PTS [4]. In a study on sporadic PTS,
the spinal accessory nerve was the most commonly involved cranial nerve, accounting
for approximately 2% of the total lesions [5]. Two patients in our review presented spinal
accessory nerve involvement [34], but they had no genetic testing, and the family history is
not mentioned.

Pulmonary imaging, including chest X-ray or computed tomography results, were re-
ported in 9/26 (34.6%) patients. These imaging methods help investigate the differential di-
agnosis for PTS (e.g., Pancoast tumor) and the possibility of diaphragmatic paralysis. How-
ever, in our cases, it was performed primarily for COVID-19, with rare exceptions [34,43].
Also, an MRI of the cervical spine was performed in 8/26 (30.8%) patients in order to ex-
clude a spinal pathology [25,27,28,33,36,39,42,44]. An MRI of the shoulder was performed
in 7/26 (26.9%) cases [32,34,35,38]. Although many patients presented changes on the
cervical spine MRI (see Supplemental Materials S2), the results did not explain the patients’
clinical picture and course.

The most used diagnostic test was EMG (69.2% of cases), followed by MRI of the
upper limb and brachial plexus (65.4% of individuals), NCS (42.3% of patients), and
neuromuscular ultrasound (19.2% of cases). Only on one occasion did the authors perform
a nerve biopsy (3.8% of cases). Interestingly, the MRI scan was abnormal in 16/17 (94.1%)
patients. Only one case with MRI without gadolinium presented normal findings [28].

The diagnosis of PTS is primarily clinical, based on the typical history and neurologic
examination findings. Nonetheless, electrodiagnostic studies are helpful. They can localize
and characterize individual peripheral nervous system lesions and identify typical patterns
(e.g., mononeuropathies and multiple mononeuropathies involving pure or predominantly
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motor nerves, severe involvement of one muscle, and spare or relative spare of others).
However, a normal NCS does not exclude, with certainty, a PTS diagnosis. In addition, MRI
and ultrasound studies provide information on individual lesions, potentially providing
additional confirmation when required [50–53]. Although ultrasound is less valuable than
MRI for brachial plexus imaging, it is much more helpful for extraplexal imaging due to its
ability to follow the nerves and fascicle courses [6]. As most lesions in PTS are extraplexal,
this gives ultrasonography a benefit over MRI. Other advantages of ultrasonography
include better spatial resolution, lower costs, ease of side-to-side comparisons, and real-
time examination [54]. Some authors prefer ultrasound imaging, considering that most
PTS lesions are extraplexal [5,52] and because the MRI field of view at a given resolution
restricts the detailed examination of the peripheral nervous system, with false-negative
results [6].

Although there are no diagnostic blood, urine, or CSF tests for PTS, routine blood work
is required to exclude emergent and treatable conditions. For example, metabolic studies
may reveal increased liver enzymes, and a further hepatitis profile is warranted. Also,
serology for common infections and laboratory testing for vasculitis might be required.
When the patients present risk factors for specific disorders (e.g., human immunodeficiency
virus infection), ancillary investigations related to these conditions are also helpful. Recent
reports note that antiganglioside antibodies are present in 26% of the PTS patients tested [4].
Nonetheless, in the present review, the authors investigated the antiganglioside antibodies
only in one patient [36].

During the acute phase of PTS, pain control is a priority. In general, NSAIDs and
acetaminophen do not provide relief [6], and neuropathic pain medication is recommended
(an antiepileptic drug, such as gabapentin or pregabalin, or a tricyclic agent, such as
amitriptyline or nortriptyline) [6]. Patients with PTS following SARS-CoV-2 infection
received various pain medications. Corticosteroids in different doses and regimens were
administered in 46.2% of PTS cases with mixed results, from full recovery at one month to
partial improvement of symptoms or no improvement. Nonetheless, randomized placebo-
controlled trials are needed to evaluate the effects of corticosteroids and other medications
in PTS patients.

One patient with PTS following SARS-CoV-2 infection received a course of IVIG, with
partial relief of pain and no improvement in muscle power [37]. Small case series of IVIG
treatment report that early treatment may shorten the disease course, being more efficient
than delayed treatment [54]. Nonetheless, further research is required in this direction.

Physical therapy was recommended in 42.3% of the cases in the present review. In the
acute phase, the pain is severe and may be exacerbated by limb motion. Therefore, physical
therapy should be started once the pain permits movement, including range-of-motion
exercises, stretching exercises, agonist muscle strengthening, and orthotic devices [6].
Surgical intervention is reserved for patients with refractory or severe disease who have
failed conservative treatment. However, at least three months should be given to await any
spontaneous recovery [55–57], but in cases where no constrictions are found on ancillary
investigations, conservative treatment should be continued [58].

The data on the prognosis of PTS are variable. For example, some authors found
that 36% of patients recover within one year, 75% within two years, and 89% within three
years [48]. Other studies report that only 11 of 83 PTS patients had complete recovery over
a 17-year follow-up [59]. Nonetheless, the likelihood of recovery for each unique lesion
should be determined using the basic rules of reinnervation [6]. In patients with previous
SARS-CoV-2 infection, the PTS symptoms, 26.3% had a complete remission by six months.

The limitations of the present review are primarily related to the quality of the in-
cluded studies. The data extraction was challenging due to missing, incomplete, or unclear
descriptions of the information. This could be due to the lack of standardized method-
ology and clear reporting criteria contributing to substantial methodological variation in
SARS-CoV-2 studies. Furthermore, some included studies generated interesting scientific
debates [60–63].
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In addition, an increased possibility of bias associated with case reports and the
limited inferences they provide may raise concerns. Our findings are confined by the
quality and the extent of information in included reports, which were inconsistent among
the 26 included patients. This concerns both the PTS and the SARS-CoV-2 infection. For
example, information on previous COVID-19 is scarce in most patients. In addition,
other PTS triggers, such as coinfections, intravenous procedures (e.g., intravenous therapy,
contrast administration, or blood withdrawal), and certain medications, are not thoroughly
assessed.

However, case reports are an appropriate study design, essential in advancing re-
search, particularly for rare conditions. Despite the methodological constraints, observing
individual patients provides important insights into a disease’s etiology, pathogenesis,
natural evolution, and treatments [24]. They play a critical role in shedding light upon new
events and provide first-line evidence to further test hypotheses with statistical approaches.
The present systematic review highlights the necessity of having a high index of suspicion
of PTS in patients with previous SARS-CoV-2 infection, as the clinical manifestations can be
variable. Our findings emphasize the need for a standardized approach to investigation and
reporting on PTS. Future studies should aim for a comprehensive assessment of patients.
Factors such as the baseline characteristics of the patients, evolution, and treatments should
be consistently assessed across studies. Also, a thorough differential diagnosis should be
employed.

5. Conclusions

To the best of our knowledge, this is the first systematic review of PTS following
SARS-CoV-2 infection. We found that, to date, only 26 cases have been reported, with
various clinical and paraclinical findings. The clinical and paraclinical spectrum was het-
erogeneous, ranging from classical PTS to pure sensory neuropathy, extended neuropathy,
spinal accessory nerve involvement, and diaphragmatic palsy. Also, two familial cases
were reported. The present systematic review highlights the necessity of having a high
index of suspicion of PTS in patients with previous SARS-CoV-2 infection, as the clinical
manifestations can be variable.

Nonetheless, a standardized approach is needed in order to investigate and report
on PTS. Future studies should aim for a comprehensive assessment of patients. Factors
such as the characteristics of the patients, evolution, and treatments should be consistently
assessed across studies. Also, a thorough differential diagnosis should be employed.
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PET/CT Study
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Abstract: Background: Since most endocrine glands express ACE-2 receptors and can be infected by
SARS-CoV-2 virus, this retrospective multicentre observational study aims to assess the metabolic
activity of thyroid and adrenal glands of COVID-19 patients by 18F-FDG PET/CT. Methods: We
retrospectively evaluated the 18F-FDG PET/CT scans of COVID-19 patients admitted by three
different centres, either in a low-intensity department or in the intensive care unit (ICU). A visual
assessment and a semi-quantitative evaluation of areas of interest in thyroid and adrenal glands
were performed by recording SUVmax and SUVmean. The 18F-FDG PET/CT uptake in COVID-19
patients was compared with those observed in normal age-matched controls. Results: Between
March 2020 and March 2022, 33 patients from three different centres (twenty-eight patients in a
low-intensity department and five patients in ICU), were studied by 18F-FDG PET/CT during active
illness. Seven of them were also studied after clinical remission (3–6 months after disease onset).
Thirty-six normal subjects were used as age-matched controls. In the thyroid gland, no statistically
significant differences were observed between control subjects and COVID-19 patients at diagnosis.
However, at the follow-up PET/CT study, we found a statistically higher SUVmax and SUVmean
(p = 0.009 and p = 0.004, respectively) in the thyroid of COVID-19 patients. In adrenal glands, we
observed lower SUVmax and SUVmean in COVID-19 patients at baseline compared to control
subjects (p < 0.0001) and this finding did not normalize after clinical recovery (p = 0.0018 for SUVmax
and p = 0.002 for SUV mean). Conclusions: In our series, we observed persistent low 18F-FDG
uptake in adrenal glands of patients at diagnosis of COVID-19 and after recovery, suggesting a
chronic hypofunction. By contrast, thyroid uptake was comparable to normal subjects at disease
onset, but after recovery, a subgroup of patients showed an increased metabolism, thus possibly
suggesting the onset of an inflammatory thyroiditis. Our results should alert clinicians to investigate
the pituitary–adrenal axis and thyroid functionality at the time of infection and to monitor them after
recovery.

Keywords: COVID-19 patients; SARS-CoV-2; thyroid gland; adrenal glands; 18F-FDG PET/CT; ICU
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1. Introduction

Since the outbreak of coronavirus disease 2019 (COVID-19) pandemic, increasing
evidence in the literature highlights that severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) does not show a selective tropism on the respiratory system. It is, indeed,
now well known that SARS-CoV-2 variants have widespread effects on many tissues and
organs, including central nervous, cardiovascular and digestive systems, thus shifting
COVID-19 from a respiratory syndrome to a systemic disease [1,2]. A large body of
literature also describes endocrine gland impairment deriving from several factors: a direct
gland damage induced by the virus, an indirect effect on hypothalamus–pituitary gland
axis, a massive production of inflammatory cytokines and chemokines and virus-triggered
inflammation [3,4].

SARS-CoV-2 mainly uses angiotensin-converting enzyme 2 (ACE-2) receptors to gain
cellular access, causing tissue damage [3]. ACE-2 receptors are variably expressed in
pituitary, thyroid, adrenal, pancreatic and gonadal glands; therefore, the endocrine system
offers several potential targets for viral-induced damage [5–7]. It is now clear that endocrine
disorders contribute to the complex and varied symptoms experienced by infected patients
and that some of them may take a long time to normalize endocrine functionality [5–7].

It has been reported that 13 to 64% of COVID-19 patients are affected by thyroid
disfunctions [4], with a higher prevalence compared to non-COVID-19 subjects [8–10].
Transient thyrotoxicosis has been mainly described in patients admitted to the intensive
care unit (ICU) [11] and it has been associated with high interleukin 6 (IL-6) levels [12].
This would increase cardiovascular risks, such as arrhythmias, that have been frequently
reported in COVID-19 patients. Sub-acute thyroiditis and Graves’ thyrotoxicosis have also
been described [13,14] as well as hypothyroidism, with the majority of patients reverting to
normal thyroid function after several months post infection [8].

Similar findings have been described after SARS-CoV-2 vaccination, thus suggesting a
direct role of spike protein interaction with ACE-2 receptors, cross reactivity with thyroid
proteins and immune-mediated phenomena triggered by the vaccine itself [15–17].

Adrenal impairment has also been frequently reported. Its aetiology is multifac-
torial. Several case reports described adrenal insufficiency due to adrenal infarction or
haemorrhage [18–22]. Moreover, it has been postulated that SARS-CoV-2 is able to im-
pair the stress-induced cortisol production by expressing several amino acid sequences
that mimic human adrenocorticotropic hormone (ACTH). Therefore, the host’s antibodies
produced against the virus will also cross-react and inactivate endogenous circulating
ACTH [23,24]. This “immune-invasive strategy” may result in the development of cor-
ticosteroid insufficiency and could predispose to more critical clinical presentation of
respiratory tract infection and persisting symptoms [23,24]. In addition to this, a direct
injury on the adrenal cortex, due to the expression of ACE2 receptors in the zona fascic-
ulata and reticularis, impairs the glucocorticoid synthesis [25]. The indiscriminate use of
high doses of exogenous corticosteroids, which have been largely used for therapy, deter-
mines a suppression of hypothalamus–pituitary–adrenal (HPA) axis, thus contributing to
hypocortisolism [23,26–29].

As the acute and devasting phase of SARS-CoV-2 pandemic is passed, “long COVID”
is becoming the new challenge facing clinicians. This condition, due to a multi-systemic
involvement, is characterized by persistent malaise, fatigue, dizziness, myalgia and joint
pain, headache and possible cognitive disturbances affecting the patient for a long time
after COVID-19 diagnosis [30–32]. It has been postulated that adrenal insufficiency concurs
in the development and maintenance of fatigue, myalgia and arthralgia, which have
been reported in 65%, 50.6%, and 54.7%, respectively, of long COVID patients [33,34].
Nevertheless, data on cortisol levels in COVID-19 patients are rarely reported and provide
discordant findings [34,35] and, in general, the long-term impact of endocrine dysfunction
still needs to be further elucidated.

Fluorine-18 fluorodeoxyglucose positron emission tomography/computed tomogra-
phy (18F-FDG PET/CT) is not recommended for diagnosis or for follow-up of COVID-19
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patients despite the literature having extensively described incidental cases of SARS-CoV-2
infection diagnosed in patients undergoing 18F-FDG PET/CT for other reasons [36–40].

Moreover, with the increasing awareness that SARS-CoV-2 infection is not only con-
fined to the respiratory tract, but rather showing a multi-systemic tropism, several papers
have described the 18F-FDG uptake in extra-thoracic tissues and organs during SARS-CoV-2
infection or vaccination [41–49]. During the early months of the COVID-19 pandemic, after
observing the first two patients affected by SARS-CoV-2 infection [42], we performed a
qualitative and semi-quantitative analysis of 18F-FDG uptake in several organs/tissues, in
addition to lungs, and correlated these measurements with patients’ haematological param-
eters [43]. Given the increasing evidence of endocrine gland involvement, our attention
now focuses on the analysis of 18F-FDG uptake in the thyroid and adrenal glands. There-
fore, the aim of this retrospective multicentre observational study is to describe 18F-FDG
uptake in thyroid and adrenal glands in COVID-19 patients at baseline, during follow-up,
and in comparison to normal age-matched subjects.

2. Materials and Methods
2.1. Patients

Inclusion criteria for patients in this retrospective study were:

− Positivity to nasopharyngeal swab with real time polymerase chain reaction (RT-PCR)
test for SARS-CoV-2 between 2020 and 2022;

− Patients admitted in low intensity departments or intensive care unit (ICU);
− Availability of at least one 18F-FDG PET/CT scan during the active SARS-CoV-2

infection performed in order to assess the extent of the disease.

Exclusion criteria were:

− Patients with pre-existing structural and/or functional alterations of thyroid and
adrenal glands;

− Patients who previously received chemotherapy or biologic therapies for oncologic
reasons;

− Pregnancy or nursing women;
− Age < 18 years.

For the control group, we retrospectively evaluated 18F-FDG PET/CT studies per-
formed for several oncologic and non-oncologic clinical indications between 2020 and 2022.
Patients without a history of thyroid and adrenal dysfunctions, based on the electronic pa-
tient file, and showing a normal 18F-FDG biodistribution without any pathological uptake
were enrolled. Patients receiving chemotherapy or immune check-point inhibitors at the
time of the study were excluded from the analysis.

2.2. The 18F-FDG PET/CT Studies

The 18F-FDG PET/CT scans at diagnosis, and at recovery when available, were ac-
quired at Sant’Andrea University Hospital of Rome (Rome, Italy), International European
Oncology hospital in Milan (Milan, Italy), and University Medical Centre Groningen
(Groningen, The Netherlands) by using a hybrid PET/CT system (Siemens, Germany).

The 18F-FDG (3–5 MBq/Kg) was administered 1 h before imaging from pelvis to
head as per standardized EARL procedures [50,51]. After image acquisition, attenuation
corrected PET images were automatically fused with CT images and displayed in maximum
intensity projection (MIP) in axial, coronal and sagittal plane.

To minimize mismatches between CT and PET scans, CT images were obtained with a
slice thickness of 3.75 mm. Moreover, immediately after CT acquisition, PET scan started
from the pelvic region (therefore, less than 2 min delay from CT to pelvic PET).

Patient data were retrospectively collected via electronic patient files. Given the
retrospective nature of this study, the local Ethical Committee waived the need for approval,
but written informed consent was obtained from all non-ICU patients. For ICU patients,
written informed consent was obtained from their closest relatives.
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2.3. Analysis of 18F-FDG PET/CT Studies

A visual analysis of 18F-FDG metabolic activity on lungs and mediastinal lymph-nodes
was performed to assess the severity of the infection [43,52–55] and to meet the clinical
need of each patient. The 18F-FDG biodistribution in both thyroid and adrenal glands was
retrospectively visually evaluated.

A semi-quantitative analysis on axial sections of EARL reconstructed images was also
performed by drawing circular regions of interest (ROIs) in right and left thyroid lobe and
on both adrenal glands and by calculating the maximum and mean standardized uptake
value (SUVmax and SUVmean). The whole glands’ activity was calculated as the mean
of right and left lobe of thyroid gland and as the mean of left and right adrenal gland.
In patients with the right adrenal gland too close to the liver, the measurement was not
performed due to overlap of liver metabolic activity.

2.4. Statistical Analysis

Continuous variables are presented as mean ± standard deviation (SD) and 95%
confidence interval (95% CI).

Comparisons between control subjects, COVID-19 at diagnosis and COVID-19 ICU
of SUVmax and SUVmean of thyroid and adrenal glands were evaluated by generalized
linear mixed model (GLIMMIX) with Gaussian distribution.

Normality residuals were tested by Shapiro–Wilk test and checking the Q-Q plot.
Homoscedasticity was evaluated by checking the studentized residuals vs. fitted values
plot.

Post-hoc analysis was performed using the Tukey method.
The differences between thyroid and adrenal glands in control subjects versus COVID-

19 subjects after recovery were estimated by the Student’s t-test (normality verified) or
Brunner–Munzel test (normality failed).

COVID-19 at diagnosis versus COVID-19 after recovery of thyroid and adrenal glands
was tested by paired Student’s t-test.

The cut-offs of thyroid and adrenal gland uptake were obtained using Youden index,
as described elsewhere [56,57].

Statistical analysis was performed using the SAS v.9.4 TS level 1M8 (SAS Institute Inc.,
Cary, NC, USA). A p-value < 0.05 was considered statistically detectable.

3. Results
3.1. Patients

Between March 2020 and March 2022, we enrolled 33 patients (twenty-four males and
nine females, mean age 57.67 ± 14 years) with SARS-CoV-2 infection admitted to three
centres and studied with 18F-FDG PET/CT (fourteen patients were studied at Sant’Andrea
hospital in Rome; four patients were recruited by IEO in Milan; and fifteen patients were
studied at UMC Groningen). Five out of these fifteen patients were mechanically ventilated
and admitted to ICU for their critical illness at the time of 18F-FDG PET/CT.

Seven patients were studied twice, at diagnosis and after complete clinical recovery,
which occurred between 3 and 6 months after diagnosis, and a double negative RT-PCR
test for SARS-CoV-2.

Respiratory symptoms (mainly dyspnoea), anosmia and persistent fever were the
main causes for hospitalization of these patients. These clinical manifestations appeared
on average 5 to 7 days before 18F-FDG PET/CT. Therapies varied amongst the different
centres and according to the severity of patients’ clinical manifestations, and mainly in-
cluded personalized doses of corticosteroids, remdesivir, tocilizumab, paracetamol and
hydroxychloroquine.

One critically ill patient admitted in ICU died due to progressive respiratory failure
and extra-pulmonary organ failure. Another five patients died for unrelated complications.

For the control group, we identified 36 age-matched patients (17 males and 19 females,
mean age 59.40 ± 15.73 years) without known thyroid and adrenal dysfunctions that
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underwent 18F-FDG PET/CT for oncological and non-oncological reasons and who showed
no pathologic metabolic lesions at scan analysis.

3.2. Thyroid and Adrenal Gland Analysis

Semi-quantitative results of thyroid and adrenal gland 18F-FDG uptake in control
group (group A), non-critical COVID-19 patients (group B) and ICU group (group C) are
reported in Table 1.

Table 1. Differences between control group, non-critical COVID-19 patients and the ICU group, in
terms of SUVmax and SUVmean of thyroid and adrenal glands.

Variable

A
Control
Subjects
(n = 36)

Mean ± SD
(95% CI)

B
COVID-19 at

Diagnosis
(n = 28)

Mean ± SD
(95% CI)

C
COVID-19

ICU
(n = 5)

Mean ± SD
(95% CI)

p p (A vs. B) p (A vs. C) p (B vs. C)

Thyroid
(SUVmax)

1.36 ± 0.18
(1.30 to 1.42)

1.55 ± 0.47
(1.37 to 1.73)

1.31 ± 0.24
(1.02 to 1.61) 0.06 -- -- --

Thyroid
(SUVmean)

1.24 ± 0.16
(1.19 to 1.30)

1.35 ± 0.38
(1.21 to 1.50)

1.18 ± 0.22
(0.90 to 1.45) 0.19 -- -- --

Adrenal
(SUVmax)

2.16 ± 0.32
(2.05 to 2.27)

1.65 ± 0.26
(1.55 to 1.75)

1.73 ± 0.26
(1.40 to 2.06) <0.0001 <0.0001 0.003 0.58

Adrenal
(SUVmean)

1.94 ± 0.30
(1.84 to 2.04)

1.51 ± 0.27
(1.40 to 1.61)

1.64 ± 0.23
(1.35 to 1.93) <0.0001 <0.0001 0.03 0.34

When examining thyroid 18F-FDG uptake (Figure 1), no differences were observed
among the three groups of patients in terms of pattern distribution. Non-critical patients
showed slightly higher SUVmax and SUVmean compared to normal subjects.
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Figure 1. Example of calculation of quantitative parameters on thyroid gland of one COVID-19
patient. Yellow circles and arrows show the regions of interest drawn on thyroid tissue. In this patient,
the right lobe had an SUVmax of 2.18 and an SUVmean of 2.05; the left lobe had an SUVmax of 2.10
and an SUVmean of 1.94.

No statistically significant differences were observed comparing basal and follow-up
study in the seven patients who repeated PET/CT scan, but interestingly, they showed
higher SUVmax (p = 0.009) and SUVmean (p = 0.004) at follow-up study compared to
control subjects (Table 2). Despite mean values that were significantly higher at follow-up
scan, only three patients showed an increased thyroid uptake, thus suggesting that thyroid
inflammation or thyroid hyperfunction may appear evident several months after COVID-19
diagnosis, but not in all patients.
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Table 2. Differences between control group and COVID-19 patients after recovery in terms of SUVmax
and SUVmean of thyroid gland.

Thyroid Uptake

Control Group
(n = 36)

Mean ± SD
(95% CI)

COVID-19 after Recovery
(n = 7)

Mean ± SD
(95% CI)

p

SUVmax 1.36 ± 0.18
(1.30 to 1.42)

1.65 ± 0.30
(1.37 to 1.93) 0.009

SUVmean 1.24 ± 0.16
(1.19 to 1.30)

1.46 ± 0.22
(1.25 to 1.66) 0.004

For thyroid gland in control subjects, a cut-off of 1.56 for SUVmax showed a sensitivity
of 42.4% and a specificity of 94.4%; for SUVmean, a cut-off of 1.41 provided 39.4% of
sensitivity and 91.7% of specificity. SUVmax was higher than the cut-off in 14/33 COVID-
19 patients at diagnosis (42.4%) and in 2/36 controls (5.56%) (p = 0.0003). SUVmean was
higher than the cut-off in 13/33 COVID-19 patients at diagnosis (39.4%) and in 3/36 controls
(8.3%) (p = 0.002) (Figures 2 and 3).

Only two patients were excluded from the analysis of right gland because it was too
close to the liver.
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Figure 3. Boxplots and violin plots of SUVmean in thyroid glands of control group vs. COVID-19
patients at the diagnosis and distribution of SUVmean of COVID-19 patients according to the cut-off.

Similar to the thyroid gland, no correlation was detected between the uptake distri-
bution pattern of adrenal glands and disease severity (Figure 4). As reported in Table 1,
the adrenal glands of COVID-19 patients, either admitted in low-intensity unit or in ICU,
showed statistically lower SUVmax and SUVmean than control subjects.
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Figure 4. Example of calculation of quantitative parameters on adrenal glands of one COVID-19
patient. Yellow circles and arrows show the regions of interest. In this patient, the right adrenal gland
had an SUVmax of 1.33 and an SUVmean of 1.21; the left adrenal gland had an SUVmax of 1.26 and
an SUVmean of 1.20.

The post-hoc analysis showed lower SUVmax and SUVmean in patients with moderate
infection (group B; p < 0.0001 for both SUVmax and SUVmean) and in ICU patients (group
C; p = 0.003 for SUVmax and p = 0.03 for SUVmean) compared to the control group.
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No statistically significant differences were observed when comparing the basal study
and the follow-up study in the seven patients who repeated PET/CT scan, but after recovery,
they showed persistently lower 18F-FDG uptake in adrenal glands compared to healthy
control subjects, in terms of SUVmax and SUVmean (Table 3).

Table 3. Differences between control group and COVID-19 patients after recovery in terms of
SUVmax, SUVmean of adrenal glands.

Adrenal Glands’
Uptake

Control Group
(n = 36)

Mean ± SD
(95% CI)

COVID-19 after Recovery
(n = 7)

Mean ± SD
(95% CI)

p

SUVmax 2.16 ± 0.32
(2.05 to 2.27)

1.66 ± 0.26
(1.57 to 1.75) <0.0001

SUVmean 1.94 ± 0.30
(1.84 to 2.04)

1.53 ± 0.26
(1.43 to 1.62) <0.0001

For adrenal glands, a cut-off of 1.99 for SUVmax showed a sensitivity of 93.9% and
specificity of 66.7%; for SUVmean, a cut-off of 1.88 provided 97% of sensitivity and 52.8%
of specificity (Figures 3 and 4). SUVmax was lower than the cut-off in 31/33 COVID-19
patients at diagnosis (93.9%) and in 12/36 controls (33.3%) (p < 0.0001).

SUVmean was lower than the cut-off in all but one of the COVID-19 patients at
diagnosis (97%) and in 17/36 controls (47.2%) (p < 0.0001) (Figures 5 and 6).
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4. Discussion

Endocrine glands represent a potential target of SARS-CoV-2 infection, and thy-
roid dysfunctions and adrenal insufficiency have been largely described in the litera-
ture [4–27,58–61]. Their impairment takes part of the complex and variegated symp-
tomatology experienced by the patients and might influence the clinical course of the
disease [62].

It is well known that this virus is able to trigger long-term immune activation thus
being responsible for latent or overt inflammatory and autoimmune phenomena or hy-
pofunctionality [63,64]. Drugs may also indirectly impair endocrine glands by exerting
a suppressive effect, and this especially, holds true for HPA axis due to the large use of
steroids, which may turn in the development of hypocortisolism [23,27–29]. It is, indeed
well known that a prolonged treatment with high corticosteroid doses leads to high risk of
adrenal insufficiency that may take up to 6 months to revert [29]. In COVID-19 patients,
both the virus itself and steroid treatment could contribute to the development of cortisol
deficiency and to understand which of these aspects has a major role, deserves further
speculations.

As opposed to thyroid dysfunctions, which usually revert after a variable time from
the infection, adrenal insufficiency might persist for several months after the recovery,
thus having a potential role in long-COVIDsyndrome. In particular, HPA axis impairment
and hypothyroidism are, in part, implied in persistent fatigue reported by the majority of
patient with long-COVID [58–62].

Although 18F-FDG PET/CT plays only a marginal role in the diagnosis and moni-
toring of COVID-19 patients, the increasing evidence of incidental findings detected by
this imaging modality further supports the awareness that SARS-CoV-2 infection is not
only confined to the respiratory tract, but rather it may involve several other organs and
apparatuses [36–43,65,66].

Therefore, this retrospective multicentre study aimed at comparing the 18F-FDG uptake
in thyroid and adrenal glands in patients affected by SARS-CoV-2 infection and in normal
control subjects. Moreover, we compared the 18F-FDG uptake in seven patients who
performed an 18F-FDG PET/CT study at both basal time and after recovery.

For thyroid gland we did not observe any difference in 18F-FDG uptake between
control subjects and newly diagnosed COVID-19 patients (either admitted in low-intensity
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departments or in ICU). Neither was a difference observed from basal PET/CT scan and
follow-up study in the subgroup of patients who performed a double scan. However,
we found statistically higher metabolic activity in the follow-up PET/CT as compared
to control group, thus potentially suggesting an inflammatory status or hyperfunction of
thyroid gland. Unfortunately, given the retrospective nature of this study, data on thyroid
function were not collected; therefore, we are not able to correlate 18F-FDG uptake with
the hormonal status of these patients. It would have been very interesting to investigate
whether these patients experienced a thyroiditis or changes in thyroid hormone function
during and after SARS-CoV-2 infection.

As far as adrenal glands are concerned, we found interesting results. COVID-19
patients (either admitted in low-intensity departments or in ICU) showed statistically lower
SUVmax and SUVmean than control subjects. No differences were observed from basal
PET/CT scan and follow-up study, the metabolic activity did not normalize at recovery but
was persistently lower than activity observed in healthy controls. This would potentially
suggest a suppressive state of adrenal glands, which may persist for a long time after
recovery, thus negatively influencing patients’ quality of life [67]. As previously mentioned,
given the observational retrospective nature of this study, we are not able to correlate
PET/CT findings with pituitary and adrenal function, but this aspect deserves further
speculation, especially considering the role of adrenal insufficiency in the development
of long-COVID syndrome. Furthermore, we are not able to determine the contribution of
direct gland damage due to the virus or the possible role of steroid therapies in adrenal
glands of COVID-19 patients. We can only speculate that in our population, a combination
of both aspects would have contributed to low 18F-FDG uptake in adrenal glands, but this
requires further investigations.

Similar to our findings, Sollini et al. recently analysed 18F-FDG uptake in several
organs in patients suffering from long-COVID, reporting lower adrenal uptake in COVID-
19 patients than in control subjects and speculating that hypocortisolism might play a role
in long-COVID syndrome [68].

Conversely, Bülbül and colleagues recently assessed 18F-FDG uptake in several en-
docrine glands including pituitary, thyroid, adrenal glands, testis and pancreas. Although
they found a statistically higher SUVmean in the pancreas of COVID-19 patients compared
to non-COVID-19 patients, they did not observe statistical differences in thyroid, adrenal,
pituitary glands and testis [69].

Despite the multicentre nature, our study has several limitations. First of all, as
previously mentioned, it has a retrospective design. All 18F-FDG PET/CT scans were
performed during the pandemic wave and, in that period, the restrictions due to spreading
of SARS-CoV-2 infection in the many departments had a negative impact on the working
quality also in Nuclear Medicine Units and did not allow the clinician to deeply assess the
whole status of the patients [70–73].

Moreover, the number of examined patients is limited; however, 18F-FDG PET/CT
is not included as a crucial imaging modality for the assessment of COVID-19 severity,
rather it retains a supportive role over conventional radiological scans, and it is justified
only in selected patients. Indeed, despite the large number of COVID-19 patients admitted
in our three centres during the pandemic waves, only a small percentage of them required
a PET/CT study to assess the severity of the infection, to detect possible involvement of
other organs or when clinical symptoms did not match CT findings. Another limitation is
the lack of pituitary, thyroid and adrenal function assessment in COVID-19 patients. We,
therefore, herein only describe the 18F-FDG uptake in thyroid and adrenal gland, opening
new questions about the different behaviour of different endocrine glands. Some may
show an inflammatory or autoimmune status and hyper-functionality; some others may be
downregulated and lead to hypofunctionality. The availability of laboratory tests would
have allowed a correlation between hormonal status of these patients and 18F-FDG uptake
and would have laid the basis for further speculations. Moreover, we cannot exclude that
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the use of high-dose glucocorticoids, which has been largely adopted during the SARS
outbreak, might be responsible of the reduced metabolism observed in adrenal glands.

Despite these limitations, our observation should alert clinicians about excluding a
cortisol deficiency or a thyroid impairment in these kinds of patients in order to promptly
start supportive therapies [23,74].

The correlation between hormonal status of COVID-19 patients, in particular on the
HPA axis and 18F-FDG uptake deserves further speculations and might be relevant in
preventing long-COVID syndrome and improving patients’ quality of life.

5. Conclusions

Despite the observation that thyroid uptake was comparable to normal subjects at
disease onset, after recovery, a subgroup of patients showed an increased metabolic activity,
thus possibly suggesting the onset of an inflammatory thyroiditis. Moreover, we observed
lower 18F-FDG uptake in adrenal glands of COVID-19 patients compared to normal sub-
jects and this finding did not normalize after recovery. This would potentially suggest a
persistent hypofunctionality and would alert clinicians to investigate the endocrine status
at both basal time and after the recovery. In the long-COVID era, this aspect should be one
of the priority areas for future research.
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Abstract: The main pathogens of severe respiratory infection in children are respiratory viruses, and
the current molecular technology allows for a rapid and simultaneous detection of a wide spectrum
of these viral pathogens, facilitating the diagnosis and evaluation of viral coinfection. Methods: This
study was conducted between March 2020 and December 2021. All children admitted to the ICU
with a diagnosis of SARI and who were tested by polymerase chain reaction on nasopharyngeal
swabs for SARS-CoV-2 and other common respiratory viral pathogens were included in the study.
Results: The result of the viral panel identified 446 children, with one infected with a single virus and
160 co-infected with two or more viruses. This study employed descriptive analyses, where a total of
twenty-two coinfections among SARI-causing viruses were identified. Thus, the five most frequent
coinfections that were selected for the study are: hRV/SARS-CoV-2 (17.91%), hRV/RSV (14.18%),
RSV/SARS-CoV-2 (12.69%), hRV/BoV (10.45%), and hRV/AdV (8.21%). The most significant age
group was 38.1%, representing patients aged between 24 and 59 months (61 individuals). Patients
older than 59 months represented a total of 27.5%, comprising forty-four patients. The use of oxygen
therapy was statistically significant in coinfections with Bocavirus, other CoVs, Metapneumovirus,
and RSV. Coinfections with SARS-CoV-2 and the other different coinfections presented a similar
time of use of oxygen therapy with a value of (p > 0.05). In the year 2020, hRV/BoV was more
frequent in relation to other types of coinfections, representing a total of 35.1%. The year 2021
presented a divergent profile, with hRV/SARS-CoV-2 coinfection being the most frequent (30.8%),
followed by hRV/RSV (28.2%). Additionally, 25.6% and 15.4% represented coinfections between
RSV/SARS-CoV-2 and hRV/AdV, respectively. We saw that two of the patients coinfected with
hRV/SARS-CoV-2 died, representing 9.52% of all deaths in the study. In addition, both hRV/hBoV
and hRV/RSV had death records for each case, representing 8.33% and 6.67% of all deaths, respec-
tively. Conclusion: Coinfections with respiratory viruses, such as RSV and hBoV, can increase the
severity of the disease in children with SARI who are admitted to the ICU, and children infected with
SARS-CoV-2 have their clinical condition worsened when they have comorbidities.

Keywords: viruses; SARI; comorbidities; epidemiology; sickness
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1. Introduction

The main pathogens of severe respiratory infection in children are respiratory viruses,
and the use of real-time polymerase chain reaction (PCR) technology allows a rapid and si-
multaneous detection of a wide spectrum of these viral pathogens, facilitating the diagnosis
and evaluation of viral coinfection in severe respiratory syndromes [1].

Viral coinfections are present in severe acute respiratory infections (SARI) in a substan-
tial proportion of children, with a rate of 14% to 44% [2,3]. During the pandemic period, the
coinfections had a potential role in increased morbidity and mortality rates in the world [4].

Many respiratory viruses can cause coinfection, such as Human Metapneumovirus
(hMPV), Respiratory Syncytial Virus (RSV), and Human Rhinovirus (hRV), and data on
these viruses in the COVID-19 pandemic help in the diagnosis of patients, as well as
determining which follow-up for the propaedeutic clinical signs presented may be of
paramount importance in choosing the optimal antiviral therapy [4,5].

In the beginning of the COVID-19 pandemic, in March 2020, when the first cases of
SARS-CoV-2 appeared in Brazil, the number of SARI registered was 68,100, and in 2021,
there were 62,772 cases registered in children and adolescents [6].

In the city of Goiânia, capital of Goiás State, located in the center of western Brazil,
11,509 cases of SARI were recorded in 2020, 7911 by SARS-CoV-19, 22 by Influenza, 112
by other viruses, and 3419 by unspecified SARI, in the age groups <02 to ≤60. In 2021,
17,576 cases of SARS were reported, by SARS-CoV-2 (14,775), Influenza (57), other respira-
tory viruses (187), and unspecified (2530), in the age groups from <02 to ≤60. In the age
group <2 to 19 years of age, the cases of SARI reported in the State of Goiás in the years
2020 and 2021 were 5078 cases in total, 1042 by SARS-CoV-2, 63 cases by influenza, 1002 by
other respiratory viruses, and 2903 by unspecified SARI [7].

Blocking and closing borders between countries are strict health measures that help
contain the spread of SARS-CoV-2 and decrease other respiratory infections caused by other
viruses in children [8]. During the COVID-19 pandemic period, in the United Kingdom, a
rate of 2% of viral coinfections associated with a wide variety of respiratory viruses was
found [9].

This work was carried out with children and adolescents hospitalized in an intensive
care unit with severe respiratory infection or with suspected COVID-19, with the objective
of describing the viral coinfections detected, comparing the clinical epidemiology of chil-
dren due to viral coinfection, and to determine whether viral coinfections contributed to
disease severity.

2. Methods
2.1. Ethical Aspects and Hospitals Participating in the Study

All procedures and protocols for sample collection and processing were submitted
and approved, under registration number 33540320.7.0000.5078 by the Research Ethics
Committee of Hospital das Clínicas–GO of Federal University of Goiás, located in Goiânia-
Goiás, Brazil. All parents of sick patients and voluntary donors signed the informed
consent form.

The hospital unit responsible for the collection of samples and the availability of
medical records for the study was the State Emergency Hospital of the Northwest Region
of Goiânia Governador Otávio Lage de Siqueira (HUGOL).

2.2. Target Population

This study included 606 pediatrics patients with SARI patients due to viral contami-
nation. The samples were collected in one hospital in a capital in the Center-West region
of Brazil in the period from March 2020 to December 2021. We considered the following
eligibility criteria: children (≤14 years old) admitted to emergency pediatric intensive care
units (ICU). The coinfections and clinical aspects related to them were also analyzed such
as: sex, age, comorbidities, fever, dyspnea, respiratory distress, wheezing, cough, chest
X-ray, chest computed tomography, use of corticosteroids, use of antibiotics, salbutamol,
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antivirals, oxygen therapy, non-invasive ventilation (NIV), invasive mechanical ventilation
(IMV), and the outcomes, for the five main coinfections mentioned. In addition, all subjects
were tested by RT-qPCR (TaqMan—Thermo Fisher®, Boston, MA, USA, EUA).

2.3. Collection and Processing of Samples

For viral identification, 606 samples were collected using Rayon swabs of nasal se-
cretion of the 606 hospitalized children. The swabs were stored in 15 mL Falcon tubes
containing 3 mL of viral transport medium (VTM) and sent to the laboratory. The samples
were transferred to tubes to transport samples of 5 mL containing 750 µL of TRIzol-LS
reagent (Invitrogen®, New York, NY, USA, EUA) and 250 µL of the sample collected.
Then, the tubes with the samples were stored in a freezer at −80 ◦C until the moment of
ribonucleic acid extraction.

The amplification of the genetic material was performed with the kits of the Thermo
Fisher Scientific (Applied Biosystems TrueMarkTM Respiratory I Combo Kit [A56284C]
and Applied Biosystems TrueMarkTM Respiratory II Combo Kit [A56286C]). Both kits con-
tained primer/probe sets specific to genomic regions of adenovirus, enterovirus, influenza
A (Pan), influenza B, respiratory syncytial virus A/B, rhinovirus, human metapneumovirus,
SARS-CoV-2 and primer/probe specific to conjoint coronavirus 229E, HKU1 coronavirus,
NL63 coronavirus, OC43 coronavirus, parainfluenza virus 1, parainfluenza virus 2, parain-
fluenza virus 3, parainfluenza virus 4, and RNase P genomic regions.

The steps of experiments followed the manufacturer’s instructions. A cycle threshold
between 8 and 35 was considered a detected virus (positive); for greater than 40, undetected
viruses (negative); and between 35 and 40 required confirmations.

2.4. Statistical Analysis

All analyzed data were deposited in Excel, version 2016 (Microsoft Windows™, Wash-
ington, DC, USA) and the data analyses were performed in the R software (R Core Team,
Vienna, Austria), version 4.2.1 with the dplyr library. While the statistical analyses were
performed with the aid of the R software, descriptive analyses of absolute and relative
frequencies were performed with the standard functions of R Studio. To verify the asso-
ciation of variables, Pearson’s chi-square test was used, and the Student’s test was used
to compare the means. Statistical modeling with binomial logistic regression, odds ratio
calculations, and confidence intervals (95%) were performed using the “mfx” libraries. All
graphical analyses were built using the ggplot2 and plotly libraries.

3. Results

A total of 606 children admitted to pediatric intensive care units with severe acute
respiratory infection (SARI) were screened for the viral panel. The result of the viral panel
identified 446 children with one infected with a single virus and 160 co-infected with two
or more viruses. Among the viruses detected, Human Rhinovirus (hRV) was the most
prevalent (30%), followed by Respiratory Syncytial Virus RSV (17%), SARS-CoV-2 (13%),
and coinfections 24% (Figure 1).

Viral coinfections accounted for 24% of all samples studied, and among these, 79.4%
of the patients analyzed had coinfections with only two viruses, and 20.6% of the affected
patients had coinfections caused by three or more viruses (multiple virus).

This study employed descriptive analyses where a total of twenty-two coinfections
among SARI-causing viruses were identified. Thus, the five most frequent coinfections
that were selected for the study are: hRV/SARS-CoV-2 (17.91%), hRV/RSV (14.18%),
RSV/SARS-CoV-2 (12.69%), hRV/BoV (10.45%), and hRV/AdV (8.21%) (Figure 2).
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Figure 1. Profile of the virus found in the viral panel of 606 children hospitalized with SARI in
the years 2020 and 2021 in a tertiary hospital. Legend: hRV (Human Rhinovirus), RSV (Respiratory
Syncytial Virus), hMPV (Human Metapneumovirus), hBoV (Human Bocavirus), hPVI (Human
Parainfluenza), CoVs (Coronavirus), and AdV (Adenovirus).
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Figure 2. Comparative analysis of twenty-two respiratory coinfections caused by viruses. Leg-
end: (hRV—Human Rhinovirus; HBoV—Human Bocavirus; AdV—Adenovirus; RSV—Respiratory
Syncytial Virus; FLU—Influenza; hPVI—Human Parainfluenza Virus; CoV—Coronavirus;
hMPV—Human Metapneumovirus).

It was analyzed which coinfections were more prevalent among age groups, and it was
verified that the most affected of the public were children aged between 0.1 and 2 years
old, with virus coinfections such as RSV/SARS-CoV-2 (7%) for 0.1 and 2 years old and
hRV/RSV (9.1%) for 0.1 and 2 years old (Figure 3). It is worth mentioning that the coin-
fection caused by hRV/SARS-CoV-2 also stands out, where it was possible to verify its
involvement in the age groups of 0–2 years (5.6%), 2–5 years (6.6 %), and 5–14 years old
(3%) (Figure 3).
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Figure 3. Analysis of involvement of coinfections according to age group. Legend: 0,1–2 years
(blue), 2,1–5 years (orange), and 5,1–14 years (gray). Rhinovirus (hRV), Bocavirus (hBoV),
SARS-CoV-2, Respiratory Syncytial Virus (RSV), Adenovirus (AdV), Coronavirus (CoVs), Human
Metapneumovirus (hMPV), Parainfluenza (hPVI).

It was also evaluated whether there were differences in the length of stay of patients
in intensive care units (ICU), in patients who were hospitalized with two viral types, and
patients who were co-infected with several types of viruses. Patients co-infected with
two viral types were hospitalized for a period of 161 h (6.7 days) and children co-infected
with several viral types remained hospitalized for a period of 147 h (6.1 days), but despite
verifying a reduction in the length of hospital stay of patients affected by multiple types of
viruses, there were no statistically significant differences when compared with the group
co-infected with only two types of viruses (p > 0.005) (Figure 4).
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The age range of coinfected patients has been analyzed based on data obtained previ-
ously. Thus, the most significant age group was 38.1%, representing patients aged between
24 and 59 months (61 individuals). Patients older than 59 months represented a total of
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27.5%, comprising forty-four patients (Figure 5A). Then, evaluations of the age groups
affected by the five most frequent coinfections were carried out. For the group represent-
ing co-infections caused by hRV/SARS-CoV-2, the age group with the highest frequency
(33.3%) was patients aged over 59 months (Figure 5B).
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Figure 5. Analysis of the age group of co-infected patients. Legend: (A) representation of the
age group of patients in relation to all coinfections analyzed during the study. (B) The age range
of patients co-infected with hRV and SARS-CoV-2. (C) The age group of individuals co-infected
with RSV and SARS-CoV-2. (D) The age group of patients co-infected with Rhinovirus and RSV.
(E) Individuals affected by hRV and hBoV. In (F), individuals affected by coinfections caused by hRV
and AdV had their age profile highlighted.
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For the group of patients co-infected with RSV/SARS-CoV-2, three groups showed the
same rates of frequency of involvement. Thus, patients younger than 6 months, between
24 to 59 months, and older than 59 months represented an individual percentage of 25% for
each group (Figure 5C). The most representative age group of patients affected by hRV/RSV
was from 24 to 59 months, totaling 68.75%. The other age groups had low frequencies of
coinfection (Figure 5D). When analyzing the coinfections caused by hRV/hBoV, the most
affected age group was those aged over 59 months, representing a total of 46.2% of the
cases (Figure 5E). The highest frequency of patients affected by hRV/AdV were those aged
between 24 to 49 months, which totaled 50% of cases (Figure 5F).

Another variable evaluated was the percentage of patients who required Invasive
Mechanical Ventilation (IMV) and Non-Invasive Mechanical Ventilation (NIV): 16.25% of
co-infected patients underwent IMV and 18.13% underwent NIV (Table 1).

Table 1. Analysis of the need for IMV and NIV during ICU stay.

Variables IMV NIV
YES 26 (16.25%) 29 (18.13%)
NO 126 (78.75%) 123 (76.88%)
N/A 8 (5%) 8 (5%)

Invasive Mechanical Ventilation (IMV); Non-Invasive Mechanical Ventilation (NIV).

When the duration of oxygen therapy was observed for patients with different coinfec-
tions, only patients with Rhinovirus/SARS-CoV-2 coinfection had a shorter oxygen therapy
time when compared to patients with Rhinovirus/Bocavirus (p < 0.001), Rhinovirus/CoVs
(p < 0.01), Rhinovirus/Metapneumovirus (p < 0.02), and Rhinovirus/VSR (p < 0.02). All
patients with the other different coinfections had similar oxygen therapy use time (p > 0.05)
(Figure 6).
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Figure 6. Time of use of oxygen therapy in children with viral coinfection with SARI.
(hRV—Rhinovirus; hBoV: Bocavirus; CoVs: Coronavirus; hMPV: Metapneumovirus). Legend:
letter (A) means all the virus types were statistically significant with relation to oxygenotherapy;
letter (B) the virus type have no significant statistic with relation to oxygenotherapy.
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Although the number of hospitalization days between those infected with RSV and
non-infected with this virus did not have a statistically significant difference (p > 0.36), we
compared the number of hospitalization days of children co-infected with RSV and other
children co-infected with other viruses and demonstrated that children coinfected with
RSV spent more days in the hospital (7.6 days) than uninfected children (6 days) (Table 2).

Table 2. Comparison between the length of stay of patients co-infected with RSV in the ICU and
those not co-infected with RSV.

Statistic/Coinfection Coinfection with RSV Coinfection without RSV
Average ICU days 7.69 6.00

Standard Error 0.72 1.65
p-value 0.36

A descriptive analysis demonstrated the clinical outcome for all cases related to the
five most frequent coinfections; unfortunately, due to the severity of the infection, some
children died. Thus, we saw that two of the patients co-infected with hRV/SARS-CoV-2
died, representing 9.52% of all deaths in the study. In addition, both hRV/hBoV and
hRV/RSV had death records for each case, representing 8.33% and 6.67% of all deaths,
respectively (Table 3).

Table 3. Descriptive analysis of the clinical outcome of co-infected patients.

Outcome General hRV/
SARS-CoV-2

RSV/
SARS-CoV-2

hRV/
RSV

hRV/
hBoV

hRV/
AdV

Hospital
discharge

152
(95.0%) 19 (90.48%) 11 (100%) 14

(93.34%)
11

(91.67%)
10

(100%)
Death 8 (5.00%) 2 (9.52%) 0 (0.0%) 1 (6.67%) 1 (8.33%) 0 (0.0%)

Legends: hRV—Human Rhinovirus; RSV—Respiratory Syncytial Virus; hBoV—Human Bocavirus;
AdV—Adenovirus.

We compared age groups versus clinical course, and identified eight deaths of five children
aged over 59 months (3.13%), one aged between 12 and 23 months (0.63%), and two aged
between 24 and 59 months (1.25%). For the proportion of deaths versus comorbidities, we
observed that 50% of the dead children had some type of comorbidity, and neurological
disease was the most prevalent. The other 50% of children who died were due to the
severity of SARS symptoms caused by viruses (Table 4).

Table 4. Characteristics of patients with coinfection by two or more viruses who died during the
COVID-19 pandemic.

Age/Months Comorbidities *ICU Days *IMV–O2 Days Viruses
20 Neurological 22 19 SARS-CoV-2/Influenza/ Rhinovirus
31 Neurological 15 15 SARS-CoV-2/Rhinovirus
36 No comorbidity 9 9 RSV/Rhinovirus
63 Neurological 20 18 Bocavirus/Rhinovirus
84 No comorbidity 9 9 RSV/Metapneumovirus

108 No comorbidity 26 25 Rhinovirus/Metapneumovirus
132 No comorbidity 1 1 SARS-CoV-2/RSV
144 Endocrine 7 7 SARS-CoV-2/Influenza/ Rhinovirus

Legend: IMV—Invasive Mechanical Ventilation; O2: oxygen; ICU—Intensive Care Unit.

The analysis was conducted between the years 2020 and 2021. In the year 2020,
hRV/BoV was more frequent in relation to other types of coinfections, representing a total
of 35.1%. Then, hRV/SARS-CoV-2 represented a total of 24.3% in relation to the other
coinfections analyzed during this period. RSV/SARS-CoV-2, hRV/RSV, and hRV/AdV
had a total of 16.2%, 13.5%, and 10.8% of coinfections, respectively (Figure 7A).
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Figure 7. Analysis of the seasonality profile of the most frequent viral coinfections in the years
2020 and 2021. Legend: (A) the percentage of the five most frequent coinfections in 2020 is observed.
(B) Refers to the percentages of the five most frequent coinfections in 2021. (C) Analysis of the
frequency of coinfections in relation to the months of the year in 2020. (D) Characterization of the
most frequent coinfections in relation to the months of 2021.

Moreover, the year 2021 presented a divergent profile, with hRV/SARS-CoV-2 coinfec-
tion being the most frequent (30.8%), followed by hRV/RSV (28.2%). Additionally, 25.6%
and 15.4% represented coinfections between RSV/SARS-CoV-2 and hRV/AdV, respectively.
Interestingly, hRV/BoV presented the highest rates of coinfection during the year 2020.
However, this type of coinfection was not recorded in the year 2021 (Figure 7B).

Coinfection frequency levels have also been evaluated in relation to the months of
the year. For the year 2020, the coinfection that presented the highest rate of involvement
in the months of April, September, and October was hRV/BoV. Rhinovirus/SARS-CoV-2
also had elevated levels of coinfection for the months of April and August 2020. In the
month of April, an exponential increase in coinfection caused by RSV/SARS-CoV-2 was
observed until the month of June, followed by a decline in cases until the month of August
(Figure 7C).

When analyzing the coinfection rates for the months of 2021, two main types of coin-
fections have been highlighted. Initially, there was an increase in coinfections caused by
hRV/SARS-CoV-2 between January and March, followed by a decline until June. Subse-
quently, increases in rates of hRV/SARS-CoV-2 coinfections were again observed in August,
and an exponential increase in hRV/RSV coinfections between April and May, a decrease
in cases until June, and stabilizing coinfection rates up to October 2021 (Figure 7D).

4. Discussion

Since the beginning of the COVID-19 pandemic, several measures have been taken
by the government of Brazilian states to assist the population with SARI suspected of
being contaminated by SARS-CoV-2. Our findings are important to demonstrate the
circulation of respiratory viruses and their interactions with other viruses that caused
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severe acute respiratory infection in children during the period of health mitigation to
contain COVID-19.

In this study, we detected 22 variations with two viruses (79.4%) or three viruses or
more (20.6%), and the most prevalent viral coinfections were hRV/SARS-CoV-2, hRV/RSV,
RSV/SARS-CoV-2, hRV/BoV, and hRV/AdV. Silva et al. [10] studied viral panels in chil-
dren of ages between 18 days and 13 years old. The results indicated that rhinoviruses,
adenoviruses, metapneumoviruses, and influenza were among the most important agents
of ARI in pediatrics; equal results were found in this work. In a study prior to the COVID-
19 pandemic, coinfection rates varied. Paulis et al. [11] found a rate of 31.2% of viral
coinfection in children and A. Martínez-Roig et al. [12] found a rate of 61.81% (36.36%
with two, 16.10% and 9.35% with more than two viruses). Already during the pandemic,
some studies have demonstrated lower rates of coinfection. Elen Vink et al. [9] found a 2%
coinfection rate, which claimed to be a rare event during the pandemic. Varella et al. [13]
described an 8.9% rate of viral coinfection in children hospitalized in the pandemic. Nihan
Şık and colleagues [14] found a rate of 86% coinfection with hRV and enterovirus being the
most prevalent.

The highest proportion of coinfection in this study was between hRV and SARS-CoV-2,
which we believe to be due to the high spread of the two viruses in the same period.
Varela et al. [13], in a study like ours, found a rate of 7.1% of coinfection of hRV with
SARS-CoV-2 and described that the viral occurrence was totally indistinct in epidemio-
logical levels during the COVID-19 pandemic, since hRV was the most frequent virus
co-circulating with SARS-CoV-2 in hospitalized children. Le Glass et al. [15] also described
SARS-CoV-2 coinfection with hRV as more frequent, with patients presenting more respira-
tory distress and a greater chance of being admitted to ICUs.

When we analyzed only the year 2020, the most frequent coinfection was hRV and
hBoV. Wang et al. [16] detected a high rate of patients co-infected with hBoV and other
viruses, with hRV and RSV being the most frequent, and suggested that hBoV is often
associated with coinfection, stating that the acute infection was caused by this virus induc-
ing responses in the immune system in children with respiratory diseases. HBoV can be
detected alone in respiratory samples from children with acquired pneumonia, and the
high incidence of severe pneumonia found in HBoV patients demonstrates that this virus
is a major contributor to severe respiratory disease [17].

Li et al. [18] suggested that seasonal respiratory viruses decreased significantly in
2020, except for hBoV, which in late autumn and winter 2020 was very prevalent, compared
to the last 10 years which was 0.7% to 13.3%, and at the beginning of the third wave of
COVID-19 in South Korea, where the scenario was of intense social distancing measures.

In a study by Kim et al. [19], it was described that in 2020, there was a decrease in the
circulation of some enveloped viruses such as influenza, metapneumovirus, parainfluenza,
and RSV, but that there was a significant increase in the circulation of hRV and hBoV, which
are non-enveloped viruses; these findings agree with our study.

Coinfection of RSV/hRV viruses was more prevalent in children aged 0 to 2 years,
and the length of hospital stay was longer for children affected with RSV, although there
was no statistically significant difference. These two viruses are the main agents that cause
respiratory tract infection in children for all years [20,21].

Hanchi et al. [22], in research conducted in Marrakech, studied double or multiple
coinfections and found a percentage of 38.8% of positivity in the tested samples. The
authors indicated that there was a significant difference when comparing the pandemic
period and the period before the pandemic (p < 0.001). They found a predominance of SARI
during COVID-19. It was equal to our results; the most detected virus was HRV, followed by
RSV. The authors believe that the results found before and during the COVID-19 pandemic
could be explained by the impact of implementing preventive measures.

In a study carried out by Calvo et al. [23], the coinfections between hRV and RSV were
in children around one year of age, and the ages have different characteristics in relation to
the unique infections of each virus; where RSV affected babies up to one year of age and
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hRV was detected in children almost two years of age; and whether in simple infection or
coinfection, contamination with RSV implies a worse prognosis with increased duration of
both hypoxia and hospitalization days.

Costa et al. [24] described that single hRV infections were less severe, as they had a
lower proportion of hospital admissions than hRV-RSV coinfections, and hRV-only patients
were older than RSV patients with simple infection and coinfections. They concluded that
severe illness in hRV infections is caused by other risk factors concurrent with risk factors
for RSV-induced hospitalization.

The coinfection between RSV and SARS-CoV-2 affected all age groups, with a slightly
greater difference in the 2- to 5-year-old age group, and it was observed that the use of oxy-
gen therapy devices was statistically significant. Alvares [25], analyzing the hospitalization
of 32 children of 2 years of age with COVID-19, found a rate of 18.7% of coinfection with
RSV and that these children remained hospitalized longer.

Children are affected with respiratory infections by both SARS-CoV-2 and RSV, and
coinfection with these two viruses can generate a serious problem in the scenario of the
COVID-19 pandemic, as both viruses represent significant challenges in terms of diagnosis
and treatment in children. It is not clear how severe the pathogenicity of SARS-CoV-2 is
for children, but coinfection of RSV with SARS-CoV-2 can be serious and affect clinical
prognosis, making treatment difficult [26].

In the hospitalization of children with severe SARS-CoV-2 infection, 32% required
some form of respiratory support. RSV can cause severe respiratory illness in children that
require hospitalization and, in some cases, can lead to death [25,26]; therefore, coinfection
with the two viruses can worsen the clinical condition of the child with SARI. Despite not
having a statistically significant result, Lee et al. [27] reported that SARS-CoV-2–positive
patients with coinfection had a higher prevalence of hospitalization, with a significantly
longer hospital stay.

In this study, 3.75% of children died during the period of hospitalization. Of these
children, 50% had some type of comorbidity, with an exceptionally long hospital stay, and
neurological damage was the highest rate.

In three patients who died, there was SARS-CoV-2 coinfection with other viruses,
two of whom had underlying neurological diseases and one who had an endocrine dis-
ease. Some studies have shown that there is an extremely high association between a
severe course of COVID-19 in children and some risk factors including cancer, immunode-
ficiency, chronic lung and heart disease, genetic and neurological diseases, diabetes, and
obesity [28,29]. In a literary review conducted by Tsankov et al. [30], they examined the
severity of COVID-19 infection among pediatric patients with comorbidities and concluded
that children with pre-existing conditions are at increased risk of severe COVID-19 and
associated mortality.

Most children do not require hospitalization for COVID-19 as SARS-CoV-2 causes
mild symptoms in this age range, but the need for ICU admission depends on the comor-
bidities and complex medical history of the children evaluated [31,32]. The influence of
comorbidities and SARS-CoV-2 infection on clinical outcome may be combined, and this
virus may exacerbate coexisting chronic disease or be an additional factor in the severity of
a clinical outcome in a patient [31].

In Brazil, a total of 1439 children under 5 years of age died because of COVID-19 during
the first two years of the pandemic. For these deaths, SARS-CoV-2 made the infection
worse for cases with pre-existing risk conditions and was associated with the leading cause
of death; that is, SARS-CoV-2 aggravated a pre-existing problem [33].

A child who had no comorbidity had brain death decreed after 9 days of hospitaliza-
tion, due to RSV/hRV coinfection, where he developed hypoxic encephalopathy and severe
ischemia. Wouk et al. [34], in a literature review study, concluded that the appearance
of neurological disorders in viral infections can cause neurological symptoms or lead to
immune responses that trigger these pathological signs, since irreversible damage and cell
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death can occur if there is chronic dysfunction of the cells. Neuronal cells, both central and
peripheral, can influence the development and progression of these disorders.

Neurological disorders can be caused by pathogens that cross the intact blood barrier,
causing severe encephalitis or acute infections progressing to chronic disease or leading to
death; these disorders can also occur indirectly through accumulation of protein aggregates,
elevated levels of oxidative stress, alterations in autophagic mechanisms, synaptopathy,
and neural destruction [33,35,36].

The seasonality of coinfections was evaluated, demonstrating that there was a dif-
ference between the years 2020 and 2021. In 2020, hRV/hBoV were detected in April,
September, and October, and hRV/SARS-CoV-2 and RSV/SARS-CoV-2 detected in the
months of April and August. In 2021, hRV/SARS-CoV-2 coinfection had peaks from
January to March and August, and hRV/RSV peaked between April and May.

The epidemiological bulletin for COVID-19, in December 2020 in the state of Goiás/Brazil,
showed the distribution of confirmed cases with severe acute respiratory infection (SARI)
by date of hospitalization and moving average, where cases started in March and there were
high peaks in June, July, and August [37]. In 2021, with the new wave of SARS-CoV-2, it
did not differ from the previous year; the hospitalization rate increased in January, growing
significantly in March [38].

Our study shows that more children in 2021 were infected with SARS-CoV-2, but it
was also a period when mitigation measures were more lenient, and children were also
returning to school.

We emphasize that according to research, in Brazil, there have been changes in the
frequency of SARS-CoV-2 strains. At the beginning of the pandemic, strains B.1.1.28 and
B.1.1.33 were more prevalent until October 2020, and then there was a predominance of two
Brazilian variants, P.1 and P.2, originating from the lineage B.1.1.28. In just four months,
these two Brazilian variants represented 75% of sequencing in Brazil. In terms of public
health in Brazil, during the study period, four variants classified as variants of concern
(VOC) and two (Zeta and Lambda) of the seven variants classified as variants of interest
(VOI) by the WHO [39–42] were registered.

This study had limitations. The first limitation could indicate a bias in the results, the
fact that we did not have viral panel data of the children evaluated in the outpatient clinic
or ward. However, we believe that our data represent important data and do not agree
with bias, since all were hospitalized with SARI and a viral panel was performed in all
children. Because it was a pandemic season, it was recommended that children with mild
flu symptoms stay at home. Another limitation would be to prove whether a co-infected
child had a worse prognosis than children with single virus infection. Data such as blood
tests and X-rays were not described in a cohesive manner in all medical records analyzed.

5. Conclusions

Coinfections with respiratory viruses, such as RSV and hBoV, can increase the severity
of the disease in children with SARI who are admitted to the ICU, and children infected
with SARS-CoV-2 have their clinical condition worsened when they have comorbidities.
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Abstract: The characteristics, dynamics and mechanisms/determinants of the immune response to
SARS-CoV-2 infection are not fully understood. We performed a bibliometric review of studies that
have assessed SARS-CoV-2 antibody responses in the pediatric population using Web of Science
online databases, VOSviewer and Bibliometrix tools. The analysis was conducted on 84 publications,
from 310 institutions located in 29 countries and published in 57 journals. The results showed the
collaboration of scientists and organizations, international research interactions and summarized the
findings on (i) the measured titers of antibodies (total antibody and/or individual antibody classes
IgG, IgM, IgA) against different antigens (C-terminal region of N (N CT), full-length N protein (N
FL), RBD, RBD Alpha, RBD Beta, RBD Gamma, RBD Delta, spike (S), S1, S2) in the case of different
clinical forms of the disease; and (ii) the correlations between SARS-CoV-2 antibodies and cytokines,
chemokines, neutrophils, C-reactive protein, ferritin, and the erythrocyte sedimentation rate. The
presented study offers insights regarding research directions to be explored in the studied field and
may provide a starting point for future research.

Keywords: antibodies; COVID-19; bibliometric analysis; disease severity; inflammatory markers;
VOSviewer; Bibliometrix

1. Introduction

The virus that caused the pandemic at the end of 2019 is SARS-CoV-2 (Severe Acute
Respiratory Syndrome coronavirus 2). SARS-CoV-2 is a single-stranded RNA virus be-
longing to the B lineage of the beta-coronavirus family with the ability to encode 14 open
reading frames (ORFs). The ORFs have the capacity to encode 4 structural proteins (tip [S],
nucleocapsid [N], envelope [E], and membrane [M] proteins), 16 nonstructural proteins,
and 9 putative accessory proteins (ORF3a, 3b, 6, 7a, 7b, 8, 9b, 9c and 10) [1].

When the SARS-CoV-2 virus enters the human body, the host’s immune system recog-
nizes it, initiates and induces an immune response (develops proteins called antibodies) in
order to attack/eliminate the virus [1–3].

The characteristics, dynamics and mechanisms/determinants of the immune response
to SARS-CoV-2 infection are not fully understood. Understanding the antibody response
to SARS-CoV-2 infection might provide important insights for planning clinical inter-
ventions/therapeutics and policy interventions (identifying individuals at risk of ad-
verse outcomes, preventing progression to severe disease, improving treatment, cost-
effectiveness/advantages of vaccination). The immune response to SARS-CoV-2 infection is
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generally determined by the antibodies developed against COVID-19 (specific immunoglob-
ulin M (IgM), A (IgA) and G (IgG)) against different antigens (spike (and its subunits S1,
S2), nucleocapsid, receptor-binding domain (RBD)).

There have been a number of research studies (and are continually being updated) that
have included analyses of the human immune response to SARS-CoV-2 in adult patients;
this is in comparison with the pediatric population, where the evidence is more scarce.

The aim of this study was to perform a bibliometric review of studies that have
assessed SARS-CoV-2 antibody responses in the pediatric population in order to provide a
comprehensive overview of the state of, and trends observed in, the research conducted in
the analyzed field. We identify the main areas of research, the collaboration of scientists and
organizations, international research interactions and the immunological features associated
with the different clinical forms of SARS-CoV-2 infection and its inflammatory markers.

2. Materials and Methods

For this study, a search of the literature was performed using the Web of Science
Core Collection (WoS) online databases in November 2022 in order to identify scientific
contributions, including the assessment of SARS-CoV-2 antibody responses in pediatric
patients. The search strategy included the keywords (antibod* or IgA or IgG OR IgM) and
COVID and (pediatric OR children) and (prevalence or leve* or tite*). The search identified
publications that contained the mentioned terms in their title, abstract or keywords. The
retrieved studies were than evaluated by the authors to ensure that only articles related to
the SARS-CoV-2 antibody responses in children were included in the analysis. Only article-
type documents that measured the titres of antibodies against different tested antigens
were included. For each included study, the publication title, abstract, keyword/keyword
plus, authorship, publication year, journal title, language, journal category and number of
total citations were extracted. The process of study selection is described using a PRISMA
flow diagram in Figure 1.
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The bibliometric analysis and visualizations were performed by using Visualization of
Similarities viewer (VOSviewer) software (VanEck andWaltman, Center for Science and
Technology Studies of Leiden University [4,5]), a tool that has been used in studies in
various areas of research [6–17]. Bibliographic techniques, such as citation and co-citation
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analysis, bibliographic coupling and co-occurrence analysis, were used to create collabora-
tion networks and text mining. In the case of inter-institutional or country collaboration
networks, the number of publications (that have authors from different institutes or coun-
tries) was considered as a metric for collaboration. The Bibliometrix 3.1 package (Aria and
Cuccurullo, University of Naples and University of Campania’s Luigi Vanvitelli, Italy, [18])
and RStudio environment (CRAN, https://cran.r-project.org/ (accessed on 1 November
2022)) were used to create the historiographical citation network, the co-citations network
statistics, and the top authors’ production over time plots.

3. Results

Of the 345 studies retrieved from the search, 84 were included in the bibliometric
analysis. A total of 29 countries had published documents in the research field. Among the
most productive countries were North American countries (USA, Canada), Asian countries
(China, Israel), European countries (Italy, UK, Poland, Spain, France, Germany, Netherlands,
Turkey, and Russia), one Oceania country (Australia), and one South American country
(Argentina). The scientific collaboration between countries is presented in Figure 2. The
links between the countries represent co-authorships and the widths of the links represent
the different frequencies of collaboration (thicker links reflect more collaboration between
the two countries). As indicated in the graph, clusters of interconnected countries (marked
with different colors—purple, red, blue, green, orange), but also isolated/unconnected
countries (those that did not have any international collaboration, although some of them,
such as Turkey, had four publications), can be observed.
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A total number of 310 organizations were found to have published papers related to
the topic of SARS-CoV-2 antibody responses in pediatric patients. The most productive
and cited organizations are presented in Table 1 and Figure 3.

Table 1. Top productive and cited organizations.

Rank Organizations Publications Rank Organizations Citations Rank Organizations Affiliations

1 Univ Melbourne (5) 1 Harvard Med Sch (257) 1 Emory Univ (18)
1 Emory Univ (5) 2 Brigham and Women’s Hospital (252) 2 Univ Hong Kong (17)
1 Univ Hong Kong (5) 2 Massachusetts Gen Hosp (252) 3 Johns Hopkins Univ (16)
2 Chinese Univ Hong Kong (4) 3 Albert Einstein Coll Med (214) 4 Inst Pasteur (14)
2 Childrens Healthcare Atlanta (4) 3 Child. Hosp Montefiore (214) 5 Univ Bristol (11)
3 Harvard Med Sch (3) 3 Montefiore Med Ctr (214) 5 Univ Melbourne (11)
3 Univ Amsterdam (3) 3 Yale Univ (214) 5 Univ Penn (11)
3 Murdoch Child. Res Inst (3) 4 Harvard Th Chan Sch Publ Hlth (192) 6 Univ Barcelona (10)

3 Royal Child. Hosp (3) 5 Hosp Sick Child. (167) 7 Univ Med Ctr Hamburg
Eppendorf (8)

3 Hosp Author Hong Kong (3) 6 Icahn Sch Med Mt Sinai (163) 8 Hosp Author Hong Kong (7)

3 London Sch Hyg and Trop med (3) 7 Univ Melbourne (128) 8 Hosp Infantil Mexico Dr Federico
Gomez (7)

3 Univ Bristol (3) 8 Univ Calif Merced (119) 8 Med Univ Lublin (7)
3 Barcelona Inst Sci and Techno (3) 9 Univ Amsterdam (113) 8 Royal Child. Hosp (7)
3 Huazhong Univ Sci and Techno (3) 10 Murdoch Child. Res Inst (109)
3 Queen Mary Hosp (3)
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citations, weights—citations, largest set of connected items—236).

The University of Melbourne (Australia) was found to have published 5 related papers,
with 128 citations. The main partners of the organization are the Royal Children’s Hospital
and Murdoch Childrens Res. Inst., and other organizations also from Australia, but also
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organizations from the USA (Univ. of Michigan, Washington Univ. School of Medicine
in St. Louis, Icahn School of Medicine at Mount Sinai), UK (London Sch Hyg and Trop
med), China (Univ. Hong Kong, Chinese Univ. of Hong Kong), Netherlands (University of
Amsterdam), France (Univ. de Versailles Saint-Quentin, Univ. Paris Descartes), and Japan
(Ishikawa Prefectural Univ.). The researches focused on a comparative analysis between
the coronavirus antibody responses present in children and adults/elderly people with
COVID-19 and/or healthy patients.

Emory University (Atlanta, Georgia, USA) was also found to have published 5 related
papers with 93 citations. The main partner of the organization is the Children’s Healthcare
Atlanta hospital and other organizations also from Atlanta or from other USA states
(Missouri, Arizona, Florida, Tennessee, Virginia, Georgia, Texas); the researches mainly
concentrated on inflammatory markers and the SARS-CoV-2 antibody profiles of children
with multisystem inflammatory syndrome (MIS-C) (and/or comparison with patients
with acute/symptomatic COVID-19, healthy controls, Kawasaki disease, and also with a
mouse model).

Next in the hierarchy of the top productive organizations were two universities from
China: the University of Hong Kong and the Chinese University of Hong Kong, with
5/4 related publications, of which 4 are joint articles (62/61 citations). The main partners
of the organization are the Hospital Authority of Hong Kong, the Queen Mary/Princess
Margaret/Prince of Wales/Queen Elizabeth hospitals and other organizations also from
China or from the USA and Australia. The researchers investigated humoral and cellular
(T cell) responses and the long-term persistence of SARS-CoV-2-neutralizing antibody
responses in recovered children and adolescents.

The collaboration between several American institutions, Harvard Medical School,
Massachusetts General Hospital and Brigham and Women’s Hospital, led to the publication
of two of the top ten most cited articles related to the analyzed topic [19,20] and implicitly
to the positioning of these institutions in the top of the most cited organizations. In addition,
the next four (also American) institutions in this hierarchy were as follows: the Albert
Einstein College of Medicine, the Children’s Hospital at Montefiore, Montefiore Medical
Center and Yale University. These institutions collaborated in the creation of another two
of the top ten most cited articles [21,22].

The top 20 highly cited articles are presented in Table 2. The historiographic analysis
presented in Figure 4 shows the genealogic structure mapping of the cited papers (biblio-
graphic antecedents and descendants). The relevant authors, based on their publication
number, are presented in Figure 5.

Table 2. Top 20 highly cited articles.

First Author
Year [Ref.] Document Title Journal Citations

Yonker
2020 [19]

Pediatric Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2): Clinical Presentation, Infectivity, and
Immune Responses

JOURNAL OF PEDIATRICS 192

Pierce
2020 [21]

Immune responses to SARS-CoV-2 infection in hospitalized
pediatric and adult patients

SCIENCE TRANSLATIONAL
MEDICINE 167

Fox
2020 [23]

Robust and Specific Secretory IgA Against SARS-CoV-2 Detected in
Human Milk ISCIENCE 119

Rostad
2020 [24]

Quantitative SARS-CoV-2 Serology in Children With Multisystem
Inflammatory Syndrome (MIS-C) PEDIATRICS 71

Yang
2021 [25] Association of Age With SARS-CoV-2 Antibody Response JAMA NETWORK OPEN 68

Bartsch
2021 [20]

Humoral signatures of protective and pathological SARS-CoV-2
infection in children NATURE MEDICINE 60

Tosif
2020 [26]

Immune responses to SARS-CoV-2 in three children of parents with
symptomatic COVID-19

NATURE
COMMUNICATIONS 56
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Table 2. Cont.

First Author
Year [Ref.] Document Title Journal Citations

Pierce
2021 [22] Natural mucosal barriers and COVID-19 in children JCI INSIGHT 47

Selva
2021 [27]

Systems serology detects functionally distinct coronavirus antibody
features in children and elderly

NATURE
COMMUNICATIONS 44

Cohen
2021 [28]

SARS-CoV-2 specific T cell responses are lower in children and
increase with age and time after infection

NATURE
COMMUNICATIONS 37

Anderson
2021 [29]

Severe Acute Respiratory Syndrome-Coronavirus-2 (SARS-CoV-2)
Antibody Responses in Children With Multisystem Inflammatory
Syndrome in Children (MIS-C) and Mild and Severe Coronavirus
Disease 2019 (COVID-19)

JOURNAL OF THE
PEDIATRIC INFECTIOUS

DISEASES SOCIETY
21

Isoldi
2021 [30]

The comprehensive clinic, laboratory, and instrumental evaluation
of children with COVID-19: A 6-months prospective study

JOURNAL OF MEDICAL
VIROLOGY 19

Lau
2021 [31]

Long-term persistence of SARS-CoV-2 neutralizing antibody
responses after infection and estimates of the duration of protection ECLINICALMEDICINE 19

Woudenberg
2021 [32]

Humoral immunity to SARS-CoV-2 and seasonal coronaviruses in
children and adults in north-eastern France EBIOMEDICINE 18

Shrwani
2021 [33]

Detection of Serum Cross-Reactive Antibodies and Memory
Response to SARS-CoV-2 in Prepandemic and Post-COVID-19
Convalescent Samples

JOURNAL OF INFECTIOUS
DISEASES 17

Sermet-
Gaudelus
2021 [34]

Prior infection by seasonal coronaviruses, as assessed by serology,
does not prevent SARS-CoV-2 infection and disease in children,
France, April to June 2020

EUROSURVEILLANCE 17

Toh
2022 [35]

Comparison of Seroconversion in Children and Adults With Mild
COVID-19 JAMA NETWORK OPEN 16

Bloise
2021 [36]

Serum IgG levels in children 6 months after SARS-CoV-2 infection
and comparison with adults

EUROPEAN JOURNAL OF
PEDIATRICS 14

Seery
2021 [37]

Blood neutrophils from children with COVID-19 exhibit both
inflammatory and anti-inflammatory markers EBIOMEDICINE 13

Keuning
2021 [38] Saliva SARS-CoV-2 Antibody Prevalence in Children MICROBIOLOGY

SPECTRUM 13

Vilibic-Cavlek
2021 [39]

SARS-CoV-2 Seroprevalence and Neutralizing Antibody Response
after the First and Second COVID-19 Pandemic Wave in Croatia PATHOGENS 12

In total, 57 journals published research articles in the field. The journals with the
highest number of publications were Nature Communications (4 articles), Frontiers in
Pediatrics (3), JAMA Network Open (3), Pathogens (3), Frontiers in Immunology (3), JCI
Insight (3), eBioMedicine (3) and the Journal of Clinical Medicine (3); meanwhile, the
journals that had the highest number of citations were the Journal of Pediatrics (1 arti-
cle/192 citations), Science Translational Medicine (1/167), Nature Communications (4/140)
and iScience (1/119).

Factorial analysis was used to identify the topics in the publications. Based on a
keywords analysis, two clusters were identified (Figure 6). The red cluster includes the
main terms related to the antibody responses and clinical characteristics exhibited in
COVID-19 symptomatic and asymptomatic pediatric patients (included terms: IgG, IgM,
IgA, spike, RBD, seropositive, seroprevalence, immunity, clinical, symptoms), while the
blue cluster refers to SARS-CoV-2 antibody responses in the case of severe and MISC
pediatric patients.
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4. Discussion

There have been a large number of articles published on COVID-19 since the beginning
of the pandemic. Our bibliometric review focused on a specific portion of the scientific
literature: those publications on the topic of SARS-CoV-2 antibody responses in the pediatric
population. The analysis carried out using VOSviewer and Bibliometrix showed publication
patterns, as well as country/organization/author collaborations. The country networks
showed that the USA, Republic of China, and Italy were the most prolific countries in
the field, while the most cited ones were the USA, Canada, and Australia. Moreover,
collaboration patterns can be observed between the USA–Netherlands–Australia–Japan–
France–China; UK–Italy–India–Israel; and Russia–Austria–Poland–Belarus. In Australia,
the University of Melbourne, in the USA, Emory University, and in China, the University of
Hong Kong and the Chinese University of Hong Kong, collaborated on research with other
institutions; meanwhile, collaboration between the Harvard Medical School–Massachusetts
General Hospital–Brigham and Women’s Hospital, and the Albert Einstein College of
Medicine–Children’s Hospital at Montefiore–Montefiore Medical Center–Yale University,
led to the publication of articles on the list of top ten most cited articles related to the
analyzed topic. An analysis of the studies conducted by research centers/institutes revealed
a focus on performing comparative analyses between the coronavirus antibody responses
present in children and adults/elderly with COVID-19, and/or healthy patients (University
of Melbourne, Australia), the inflammatory markers and SARS-CoV-2 antibody profiles of
MIS-C patients (University of Melbourne, USA), humoral and cellular (T cell) responses,
and the long-term persistence of SARS-CoV-2-neutralizing antibody responses in recovered
children and adolescents (University of Hong Kong and the Chinese University of Hong
Kong, China). Articles were published in journals concerning pediatrics, medicine in
general and internal, research and experimental science, biochemistry and molecular
biology, cell biology, microbiology, immunology and multidisciplinary sciences. The
results of the keywords analysis identified two clusters, including terms related to the
antibody responses and clinical characteristics exhibited in COVID-19 symptomatic and
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asymptomatic pediatric patients, and terms related to SARS-CoV-2 antibody responses in
the case of severe and MISC pediatric patients.

4.1. Antibodies Levels and Disease Severity

In the analyzed studies, the SARS-CoV-2 antibodies were detected in serum/plasma,
mucosa/nasal fluid, saliva, breast milk, and cerebrospinal fluid.

In the study of [40], the positive rates of anti-spike IgG, antiSARS-CoV-2 IgG, and
of neutralizing antibodies in the case of symptomatic children gradually increased and
reached 100% within 14–28 days after onset, and there was a plateau at two months after
the onset of COVID-19 symptoms. In contrast, positive anti-S IgA were detected within
14–28 days after onset in both symptomatic (75%) and asymptomatic children (60%).

Disease severity is associated with a greater antibody response [37,41–43].
Akindele et al. [43] reported elevated levels of IgG titers in MISC patients (median 6.75,
IQR 0.84–10.88) compared with acute COVID-19 patients (median 2.98, IQR 0.28–5.76),
but the difference was not statistically significant (p = 0.241). A study from India [44]
reported a median IgG antibody titer of 54.8 AU/mL (range 11.09–170.9), with significantly
higher levels among children with MISC (median 60.3 AU/mL, range: 12.3–170.9 vs. chil-
dren without MISC—median 54.8 AU/mL, range 11.0–144.3), and with significantly lower
levels among children with MISC needing intensive care (PICU) (median 45.72, range:
18.92–156.37 vs. children who did not require PICU—median 81.28, range: 12.32–170.21).
The study [45] reported high anti-spike IgG and IgA levels (in the sera and saliva of young
infants compared with their parents) and low but detectable SARS-CoV-2-specific CD4+

and CD8+ T cell responses in young infants. In terms of IgM, the study from India [44]
reported positive SARS-CoV-2 IgM antibodies in only 14% of children from the study. All
children with positive IgM had no features suggestive of MISC and half of them also had a
positive IgG test result. The median IgM antibody titer was 31.1 AU/mL (range 11.9–139.9).
The study [24] reported that 100% of MIS-C and 80% of COVID-19 patients had detectable
IgM antibodies against SARS-CoV-2 RBD (indicating a recent SARS-CoV-2 infection.)

The results of another study [36] showed that the IgM and IgG antibody levels were sig-
nificantly lower at 180 days after infection in children (IgM median 0.74 (0.64–1.01) AU/mL,
IgG median 16.53 (9.1–24.1) AU/mL) compared with levels at 30 days (IgM median
1.29 (1.02–1.47) AU/mL, IgG median 90.61 (71.5–101) AU/mL). Moreover, at 180 days
after infection in children, these were at a lower level compared to their parents (parents
IgM median 0.83 (0.53–1.19) AU/mL, IgG median 92.7 (44.1–163.3) AU/mL).

In study [22], both anti-SARS-CoV-2 IgA and IgG were quantified in nasal fluid and
showed similar levels. In the study of [46], breast milk and serum anti-SARS-CoV-2 IgG
and IgA, in the case of vaccinated breastfeeding women, were reported. The breast milk
IgG and IgA levels were highly correlated (r = 0.89; r = 0.83, p < 0.001) to serum IgG and
IgA levels.

Higher antibody levels were observed in symptomatic children in comparison with
asymptomatic cases. In study [47], symptomatic children had significantly higher IgM
levels (N CT, N FL, RBD, RBD Alpha, RBD Beta, RBD Gamma, RBD Delta, S, S1, S2) and
IgG levels (N FL, RBD, RBD Alpha, RBD Beta, RBD Delta, RBD Gamma, S, and S2) in
comparison with asymptomatic cases.

Children with MISC had higher antibody levels than non-MISC cases. In study [47],
pediatric patients with MISC had significantly higher IgG levels (N FL, N CT, the S, S1, S2,
RBD located in S1, from the Wuhan strain, RBD Alpha, RBD Beta, RBD Gamma, RBD Delta),
higher IgA levels (for all tested antigens, except N-CT), and higher IgM levels (RBD, RBD
Alpha, RBD Delta, S1) in comparison with non-MISC cases. In study [19], elevated IgM and
IgG SARS-CoV-2 levels were observed in severe MISC cases in comparison with mild MISC
cases. In a prospective study [24] analyzing children with MISC, symptomatic COVID-19,
Kawasaki disease (KD), and hospitalized pediatric controls, higher levels of IgM, RBD IgG,
full-length spike, and nucleocapsid protein antibody titers were encountered in the case of
MISC in comparison to other groups. In addition, study [29] reported elevated levels of IgG
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antibody titers against SRBD and full-length S, and IgA antibody titers against full-length
S (but not S-RBD) in patients with MISC compared to patients with severe COVID-19
(majority of whom had undetectable levels of the spike or nucleocapsid proteins of IgG
antibodies). In the case of IgM antibody titers and anti-SARS-CoV-2 N antibodies, the
differences were not statistically significant. The same study also reported no differences
between the IgG antibody (directed to spike or nucleocapsid proteins) levels in children
with or without immunodeficiency.

A correlation between saliva and plasma antibodies has been detected in COVID-
19 pediatric patients [48]. The collection of SARS-CoV-2-specific saliva antibodies is a
cost-effective, non-invasive and easy assay that may be used to determine levels of im-
munity after infection or immunization with COVID-19 vaccines, at an individual or
population level [48,49].

Immunoglobulin A has an important role in fighting infectious pathogens from the
point of entry (respiratory and digestive system), acting as an immune barrier; it has the
ability to neutralize them before they enter the body and bind to epithelial cells [50]. A
systematic review and meta-analysis of the role of IgA in COVID-19 diagnosis or severity,
including 38 scientific articles from PubMed database, observed that IgA production corre-
lates with disease severity (IgA is produced more effectively in patients after severe disease
compared with mild or asymptomatic patients), and concluded that further studies should
establish the roles of mucosal/systemic IgA responses in the protection/immunopathology
of COVID-19 [51]. Mucosal vaccination therapy may be an effective treatment strategy by
which to induce a local protective immunity within the mucosa.

4.2. Relationship between SARS-CoV-2 Antibodies and Inflammatory Markers

Several studies have analyzed the correlations between SARS-CoV-2 antibodies and cy-
tokines, chemokines, neutrophils, C-reactive protein (CRP), ferritin (a marker of macrophage
activation) and the erythrocyte sedimentation rate (ESR—systemic inflammation marker).

Some studies have analyzed antibody and cytokine responses in COVID-19 pediatric
patients in order to investigate the relationship between the early responses of inflammatory
cytokines, the late-stage responses of anti-SARS-CoV-2 IgG/IgM antibodies, and disease
severity. The invasion of SARS-CoV-2 leads to the activation of innate immunity, and to
determinate host cells initiating the inflammatory response and the release of large amount
of cytokines and chemokines [52–55]. The results of a study analyzing anti–SARS-CoV-2
IgG/IgA, cytokines, and total protein using nasal mucosal secretions [22] indicated that
there was not a strong correlation between antibodies and cytokines (IL-1, IFN-α2, IFN-γ,
IP-10, IL-8, IL-1α, IL-1β, IL1-RA, MCP1), except for IL-18. There was a strong inverse
correlation between IL-18 and anti–SARS-CoV-2 IgG (anti-S1, anti-S2, anti-RBD and anti-
NC) and IgA (anti-S1, anti-S2, anti-RBD, anti-NC). In a study [56] analyzing SARS-CoV-2
antibody profiles in a case series of five children with neuropsychiatric symptoms associated
with COVID-19, the antibodies of four SARS-CoV-2 antigens (S1 N-terminal domain (NTD),
the S1 receptor binding domain (RBD), full-length spike (S), nucleocapsid (N)) correlated
with pro-inflammatory cytokines and chemokines (in this study, the SARS-CoV-2 antibodies,
cytokines, and chemokines were collected from cerebrospinal fluid). In particular, the
antibodies to the N protein correlated most strongly with pro-inflammatory cytokines (GM-
CSF, IL-2, IL-8, IL-13, IP-10, MCP-1, MIP-1 β, and TNF-α). Another study [43] reported
higher levels of 14 of 37 cytokines/chemokines (IL-1RA, IL-2RA, IL-6, IL-8, tumor necrosis
factor-α, IL-10, IL-15, IL-18, MCP-1, IP-10, MIP-1α, MCP-2, MIP-1β, eotaxin, regardless
of age or sex, duration of symptoms, length of hospital stay, nasopharyngeal viral RNA
levels) and high IgG titers in children with MIS-C compared to those with acute COVID-19.
The study of [37] suggests a differentiation (that might be used at hospital admission)
between symptomatic (mild/moderate) and asymptomatic patients based on the neutrophil
expression of CD64 and serum levels of IgG antibodies (spike protein of SARS-CoV-2);
there were higher levels in symptomatic patients compared with asymptomatic patients. A
study from India [44] also reported increased neutrophil counts and higher levels of IgG
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antibodies in children with MISC compared with COVID-19 patients without MISC. Pierce
and colaborators [22] reported that SARS-CoV-2-specific IgA and IgG concentrations were
detected in nasopharyngeal samples, being negatively correlated with mucosal IL-18 levels.
IL-18, a cytokine predominantly produced by macrophages, under the action of the NLRP3
inflammasome is cleaved to its active form and then the production of IFN-γ takes place.
The early release of IL-18 is thought to moderate the adaptive response, with elevated
serum levels of IL-18 being associated with disease severity. IFN-β1 was used for the early
treatment of COVID-19 according to the study [57]. The results showed an association
between disease severity and the joint action of various cytokines and chemokines. These
findings of cytokine/chemokine dysregulation are consistent with results from studies on
adults [55,58–61].

In study [19], in the case of MIS-C patients, NT-proBNP significantly positively corre-
lated with IgG SARS-CoV-2 RBD (p = 0.008), but not with IgM SARS-CoV-2 BRD (p = 0.73).
Correlation between SARS-CoV-2 IgG and NT-proBNP could indicate mechanism/disease
severity. In the same study, no correlation between CRP and IgM/IgG SARS-CoV-2 RBD
was encountered, while ferritin positively correlated with IgM/IgG SARS-CoV-2 BRD
(p = 0.03/0.10). Ferritin (high) levels and their correlation with SARS-CoV-2 serology sug-
gest an interplay between SARS-CoV-2 antibodies and monocyte/macrophage activation in
MIS-C patients. In study [24], also in the case of MIS-C patients, RBD IgG antibody levels
correlated with the erythrocyte sedimentation rate (p = 0.046), but not with CRP.

Overall, this study provides insights into the research directions in the field of SARS-
CoV-2 antibody responses in the pediatric population and may provide a starting point
for the future research directions of practitioners/policymakers/researchers/patients/
organizations, etc. The study was limited to documents published in English, from WOS,
up to November 2022. Searches using other databases, such as Scopus, PubMed, EMBASE,
Google Scholar, Dimension, etc., and using a different time range (taking into account the
growing body of scientific literature) may give a different set of records.
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