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Preface to ”Antibacterial Therapy in Adults with
COVID-19”

Since the emergence of the Coronavirus-19 infectious disease (COVID-19) pandemic, a rising

number of reports have underlined the risk of increasing antimicrobial resistance due to antibiotic

overuse in COVID-19 patients. In addition, many physicians and pharmacists involved in

antimicrobial stewardship have had to shift their activities to the containment of the COVID-19 crisis.

In contrast to this observed overconsumption of antibiotics, very few bacterial superinfections have

been documented in COVID-19 patients, especially in patients admitted outside the intensive care

unit and in the first days of admission. However, the identification of bacterial co-/superinfections

in COVID-19 patients is difficult, as inflammatory and radiological markers of bacterial infection lack

specificity in this setting. Furthermore, studies regarding the effect of immune suppression, including

the use of corticosteroids and anti-interleukins, and the effect of potential immunomodulatory

properties of certain antibiotics on the occurrence of bacterial co-/superinfection are needed.

This Special Issue of Antibiotics aims to increase our knowledge regarding (more or less

specific) markers associated with bacterial co-/superinfection in COVID-19 patients, quantitative and

qualitative data regarding antibiotic prescriptions in COVID-19 patients, potential beneficial effects of

antibiotic use in certain COVID-19 subgroups, detrimental effects associated with antibiotic overuse

in COVID-19 patients, and evidence-based guidelines, which could facilitate the decision-making

process when antibiotic prescriptions are considered.

Sabine Danielle Allard and Johan Van Laethem

Editors

vii
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Effect of Tocilizumab on Mortality in Patients with SARS-CoV-2
Pneumonia Caused by Delta or Omicron Variants: A
Propensity-Matched Analysis in Nimes University Hospital, France
Paul Laffont-Lozes 1,2, Didier Laureillard 2 , Paul Loubet 2 , Robin Stephan 3, Myriam Chiaruzzi 2,
Edouard Clemmer 2, Aurelie Martin 2, Claire Roger 4 , Laurent Muller 4, Pierre-Géraud Claret 5,
Radjiv Goulabchand 6 , Clarisse Roux 1, Jean-Philippe Lavigne 3,7 , Albert Sotto 2,7 and Romaric Larcher 2,8,*

1 Department of Pharmacy, Nimes University Hospital, Place du Professeur Robert Debre, 30000 Nimes, France
2 Infectious and Tropical Diseases Department, Nimes University Hospital, Place du Professeur Robert Debre,

30000 Nimes, France
3 Department of Microbiology and Hospital Hygiene, Nimes University Hospital, Place du Professeur Robert

Debre, 30000 Nimes, France
4 Anesthesiology and Critical Care Medicine Department, Nimes University Hospital, Place du Professeur

Robert Debre, 30000 Nimes, France
5 Emergency Medicine Department, Nimes University Hospital, Place du Professeur Robert Debre,

30000 Nimes, France
6 Department of Internal Medicine, Nimes University Hospital, Place du Professeur Robert Debre,

30000 Nimes, France
7 VBIC (Bacterial Virulence and Chronic Infection), INSERM (French Institute of Health and Medical Research),

Montpellier University, 34090 Montpellier, France
8 PhyMedExp (Physiology and Experimental Medicine), INSERM (French Institute of Health and Medical

Research), CNRS (French National Centre for Scientific Research), University of Montpellier,
34090 Montpellier, France

* Correspondence: romaric.larcher@chu-nimes.fr; Tel.: +33-646-668-4149

Abstract: We aimed to assess the factors associated with mortality in patients treated with tocilizumab
for a SARS-CoV-2 pneumonia due to the delta or omicron variants of concern (VOC) and detect an
effect of tocilizumab on mortality. We conducted a prospective cohort study in a tertiary hospital from
1 August 2021 to 31 March 2022 including patients with severe COVID-19, treated with tocilizumab.
Factors associated with mortality were assessed in a Cox model; then, the 60-day mortality rates of
COVID-19 patients treated with standard of care (SoC) +/− tocilizumab were compared after 1:1
propensity score matching. The mortality rate was 22% (N = 26/118) and was similar between delta
and omicron cases (p = 0.6). The factors independently associated with mortality were age (HR 1.06;
95% CI (1.02–1.11), p = 0.002), Charlson index (HR 1.33; 95% CI (1.11–1.6), p = 0.002), WHO-CPS (HR
2.56; 95% CI (1.07–6.22) p = 0.03), and tocilizumab infusion within the first 48 h following hospital
admission (HR 0.37, 95% CI (0.14–0.97), p = 0.04). No significant differences in mortality between
the tocilizumab plus SoC and SoC alone groups (p = 0.5) were highlighted. However, the patients
treated with tocilizumab within the 48 h following hospital admission had better survival (p = 0.04).
In conclusion, our results suggested a protective effect on mortality of the early administration of
tocilizumab in patients with severe COVID-19 regardless of the VOC involved.

Keywords: COVID-19; variant of concern; interleukin-6 receptor antagonist; early administration;
mortality rates

1. Introduction

Soon after the beginning of the pandemic, the pathogenicity of the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) was reported to be related to a “Cytokine
storm” [1]. This deregulation in cytokine secretion was mainly characterized by an extensive
expression of interleukin-6 (IL-6) and tumor necrosis factor α (TNF-α) which injure the
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lungs and other organs to a lesser extent [1,2]. Unsurprisingly, corticosteroids were the first
immunomodulatory medications to demonstrate a mortality benefit among patients with
coronavirus disease 2019 (COVID-19) and are now a cornerstone of COVID-19 treatment in
patients receiving respiratory support [3].

Early on, the potential benefit of IL-6 receptor antagonist monoclonal antibodies
such as tocilizumab was suggested [2]. Indeed, since IL-6 was identified as one of the
key cytokines involved in the COVID-19-induced cytokine storm, tocilizumab has been
proposed to block the downstream signal transduction by binding IL-6 receptors. Thus, it
blocks the JAK/STAT tyrosine kinase system and the Ras/mitogen activated protein kinase
(MAPK)/NF-κB-IL-6 pathway, thereby limiting the cytokine storm and its life-threatening
consequences [4].

In mid-2021, two large platform trials reported that tocilizumab reduced mortality and
the use of invasive mechanical ventilation, and increased the chances of a successful hospital
discharge [5,6]. Subsequently, numerous studies have investigated its effect in patients
with SARS-CoV-2 pneumonia caused by the alpha, beta or gamma variants of concern
(VOC) [7–11], even recently reporting that the antagonist of IL-6 receptors also improved
long-term outcomes [12]. Unfortunately, in numerous countries, several factors have limited
the use of tocilizumab, such as drug shortages, high cost or late approval (December 2021
in Europe, December 2022 in the USA). Therefore, real-life data on tocilizumab treatment
remain scarce, especially in patients infected with delta or omicron VOCs [13–15]. Moreover,
its use is questionable in omicron cases. Indeed, the reduced intrinsic virulence of the
omicron VOC and immunization might contribute to decrease the inflammatory response,
reducing the COVID-19 severity, and accordingly reducing the benefit of tocilizumab
treatment [16].

This study aimed to report real-life data on tocilizumab use in patients with SARS-CoV-2
pneumonia caused by the delta or omicron VOC. The main objective was to assess factors
associated with mortality in patients treated with tocilizumab plus standard of care (SoC).
Then, we aimed to compare the prognosis of patients treated with tocilizumab plus SoC to
those treated with SoC alone, to detect a potential effect of tocilizumab on mortality.

2. Results
2.1. Population

Characteristics of the study population are reported in Table 1.

Table 1. Patients’ characteristic and outcomes.

Characteristics Total (N = 118) Survivor (N = 92) Non-Survivor (N = 26) p-Value

Age, years 69 (56–77) 64 (54–72) 78 (71–84) <0.001 *
Male 79 (67%) 61 (66%) 18 (69%) 0.78

BMI, kg/m2 a 28 (25–31) 28 (25–31) 27 (24–31) 0.20
Main comorbidities

Diabetes 36 (31%) 24 (26%) 12 (46%) 0.05
Myocardial ischemia 18 (15%) 9 (10%) 9 (35%) 0.003 *
Chronic heart failure 5 (4%) 2 (2%) 3 (12%) 0.06
Chronic lung disease 18 (15%) 12 (13%) 6 (23%) 0.22

Chronic kidney disease 7 (6%) 4 (4%) 3 (12%) 0.19
Dementia 5 (4%) 1 (1%) 4 (15%) 0.01 *

Cancer 19 (16%) 11 (12%) 8 (31%) 0.03 *
Hemopathy b 8 (7%) 4 (4%) 4 (15%) 0.06

Charlson index 1 (0–2) 1 (0–2) 2.5 (1–5) <0.001 *
Chest CT-Scan c

Mild 13 (11%) 8 (9%) 5 (19%) 0.14
Moderate 72 (61%) 59 (64%) 13 (50%) 0.2

Severe 24 (20%) 18 (20%) 6 (23%) 0.7
Critical 8 (7%) 6 (7%) 2 (8%) 0.83
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Table 1. Cont.

Characteristics Total (N = 118) Survivor (N = 92) Non-Survivor (N = 26) p-Value

Variant of concern
Delta 101 (86%) 78 (85%) 23 (88%) 0.64

Omicron 17 (14%) 14 (15%) 3 (12%) 0.64
Oxygen requirement

Conventional oxygen therapy 43 (36%) 41 (45%) 2 (8%) 0.003 *
High-flow nasal canula 57 (48%) 39 (42%) 18 (69%) 0.02 *
Mechanical ventilation 18 (15%) 12 (13%) 6 (23%) 0.22

ECMO d 6 (5%) 5 (5%) 1 (4%) 0.75
WHO-CPS e at admission 5 (5–6) 5 (5–6) 5 (5–6) 0.66
WHO-CPS at tocilizumab

administration 6 (5–6) 5 (5–6) 6 (5–6) 0.047 *

Tocilizumab treatment
Administration timing, days 2 (2–4) 2 (2–3) 3.5 (2–5) 0.002 *
Administration within 2 days 68 (58%) 59 (64%) 9 (35%) 0.009 *

Inflammation biomarker
CRP pre-tocilizumab, mg/L 124 (89–165) 128 (91–166) 103 (77–162) 0.45
CRP post-tocilizumab, mg/L 47 (23–89) 47 (23–81) 54 (24–95) 0.25

Outcomes
Death at day 60 26 (22%) - -
ICU f admission 56 (47%) 39 (42%) 17 (65%) 0.04 *

Limitation of life support 20 (17%) 20 (77%)
CAPA g 3 (3%) 1 (<1%) 2 (8%) 0.1

Results are expressed as median and interquartile range (IQR) or as number of patients and percentage (%) as
appropriate. a BMI: body mass index, b Hemopathy: lymphoma, leukemia or myeloma. c Chest CT-Scan were
classified according to percentage of pulmonary involvement: Mild (10–25%); Moderate (25–50%); severe (50–75%)
and critical (75–100%), d ECMO: extracorporeal membrane oxygenation, e WHO-CPS: World Health Organization
Clinical Progression Scale, f ICU: intensive care unit, g CAPA: COVID-19 associated pulmonary aspergillosis.
* Statistically significant.

Among the 1213 patients admitted for COVID-19 during the study period, 118 patients
(9.7%) were treated with tocilizumab and included in the study (Figure 1). Of them, 67%
were males (n = 79), and the median age and Charlson index were 69 years old (IQR, 56–77)
and 1 (IQR, 0–2), respectively.

At hospital admission, the World Health Organization Clinical Progression Scale
(WHO-CPS) was 5 in 68 patients (58%) and 6 in 50 patients (42%). The median C-reactive
protein (CRP) level was 124 mg/L (IQR, 89–165), and the pulmonary involvement on
CT-Scan was classified as moderate or severe in more than 80% of the patients. A total of
101 patients (86%) were infected with delta, and 17 (14%) with omicron.

Tocilizumab was administered at a median dose of 600 mg (IQR, 600–800), and
68 patients (58%) received their first tocilizumab dose within the first 48 h of hospital
stay. Only six patients (5%) had a second dose.

2.2. Outcomes

The median CRP decreased to 47 mg/L (IQR, 23–89) following the tocilizumab infu-
sion. The decrease in CRP was shown in all patients but 9, and the WHO-CPS increased in
34 patients (29%) (Figure 2).

The median length of hospital stay was 10 days (IQR, 7–15). At the end of the follow-up
period of 60 days, 88 patients (75%) were discharge alive (WHO-CPS ≤ 3), 4 patients (3%)
were still hospitalized with a WHO-CPS score of 4, 5, 6 and 9, respectively, and 26 patients
(22%) had died (Table 1).
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Figure 1. Flow chart of the study population, depicting the selection of patients treated with
tocilizumab for severe COVID-19 and the selection of patients with COVID-19 not treated with
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Figure 2. World Health Organization Clinical Progression Scale (WHO-CPS) evolution during the
60-day follow-up. (D28 and D60: assessment of WHO-CPS 28 and 60 days after admission).

Importantly, the 60-day survival probability was at 87%, 95% CI (79–95%) in patients
treated with tocilizumab within the first 48 h following hospital admission, and at 66%,
95% CI (54–80%) in those treated later (p = 0.009). Moreover, the 60-day survival probability
was not statistically different in delta and omicron cases (77%, 95% CI (69–86%) versus 82%,
95% CI (66–100%), p = 0.6), as illustrated in Figure 3.
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Figure 3. Kaplan–Meier Survival Curves at day 60 for patients treated with tocilizumab within 2 days
of hospital admission and patients treated with tocilizumab after 2 days (A), in omicron and delta
cases treated with tocilizumab (B), in patients treated with standard of care (SoC) alone and with
SoC plus tocilizumab (C), in patient treated with SoC alone and patients treated with tocilizumab
plus SoC within 2 days of hospital admission and patients treated with tocilizumab plus SoC after
2 days (D).

2.3. Factors Associated with Mortality

Results of the univariate and multivariable Cox regressions are presented in Table 2.

Table 2. Factors associated with mortality in patients treated with tocilizumab.

Univariable Analysis Multivariable Analysis

Characteristics HR 95% CI p-Value HR 95% CI p-Value

Male 1.2 0.5–2.7 0.73
Age 1.1 1–1.1 <0.001 * 1.06 1.02–1.11 0.002 *
BMI 0.95 0.88–1 0.2 * 0.99 0.91–1.08 0.83

Charlson index 1.5 1.3–1.7 <0.001 * 1.33 1.11–1.6 0.002 *
Chest CT-Scan a

Mild 2.1 0.78–5.5 0.14 * 0.99 0.31–3.12 0.98
Moderate 0.61 0.28–1.3 0.21

Severe 1.2 0.47–2.9 0.74
Critical 1.3 0.3–5.3 0.76

Variant of concern
Delta 1.3 0.4–4.4 0.65

Omicron 0.76 0.23–2.5 0.65
WHO-CPS b

At admission 1.2 0.54–2.5 0.69
At tocilizumab
administration 2.3 0.98–5.2 0.055 * 2.58 1.07–6.22 0.03 *

Inflammation
biomarkers

CRP pre-tocilizumab 1 0.99–1 0.49
CRP post-tocilizumab 1 1–1 0.16 * 1 1–1.01 0.27
Tocilizumab treatment
Administration within

2 days 0.35 0.16–0.73 0.012 * 0.37 0.14–0.97 0.04 *

Dose 1 0.99–1 0.16 * 1 0.99–1 0.57
a Chest CT-Scans were classified according to percentage of pulmonary involvement: Mild (10–25%); Moderate
(25–50%); severe (50–75%) and critical (75–100%), b WHO-CPS: World Health Organization Clinical Progression
Scale. * Statistically significant.
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In the multivariable analysis, age (HR 1.06; 95% CI (1.02–1.11), p = 0.002), Charlson
index (HR 1.33; 95% CI (1.11–1.60), p = 0.002) and WHO-CPS score at the time of tocilizumab
infusion (HR 2.58; 95% CI (1.15–1.66), p = 0.03) were independently associated with mortal-
ity. In contrast, early administration of tocilizumab had a protective effect (HR 0.37; 95% CI
(0.14–0.97), p = 0.04).

2.4. Tocilizumab Treatment Effect on Mortality

Using propensity score matching in a Cox model, tocilizumab treatment was shown to
have no effect on mortality (p = 0.5). However, as reported in Figure 3, the 60-day survival
probability was higher in patients treated with tocilizumab within the first 48 h of their
hospital stay compared to those treated later and those treated with SoC alone (87%, 95%
CI (79–95%) vs. 66%, 95% CI (54–80%) vs. 75%, 95% CI (68–84%), p = 0.04).

In addition, when we included variables resulting in an imbalance between the groups
after propensity score matching (namely, age, high-flow oxygen support needs and me-
chanical ventilation needs), the effect of tocilizumab was significant in the adjusted Cox
model (HR 0.48, 95% CI (0.27–0.86), p = 0.01).

Of note, COVID-19 associated pulmonary aspergillosis (CAPA) was diagnosed in
3 patients among those patients treated with tocilizumab (3/118; 3%) and in 6 among those
treated with SoC alone (6/706; 1%). All of them required mechanical ventilation.

3. Discussion

This study reported the results of a single-center cohort that included 118 patients
with severe COVID-19 treated with tocilizumab on top of SoC and described their clinical
features and outcomes in a period of the circulation of the delta and omicron variants. We
found a 22% overall 60-day mortality rate, similar in both omicron and delta cases. A higher
age, higher Charlson index and higher level of oxygen support were independently associ-
ated with mortality. In contrast, the early administration of tocilizumab was independently
associated with better survival. Importantly, after propensity score matching, this study
did not find a significant effect for tocilizumab + SoC on 60-day mortality compared to SoC
alone. However, the effect of tocilizumab was significant after adjustment for variables
resulting in an imbalance between the groups.

In our cohort of patients treated with tocilizumab, as has been widely reported in
numerous previous studies on COVID-19 patients [17], mortality was independently asso-
ciated with higher age and a higher Charlson index. Among comorbidities, diabetes has
been reported as a critical risk factor for severe SARS-CoV-2 infection and death [18], as
highlighted by our result (death rates of 43% vs. 23%). Similarly, the level of hypoxemia
assessed by PaO2/FiO2, the SpO2/FiO2 ratio or the WHO-CPS is one of the most significant
factors previously reported to drive mortality in COVID-19 patients [10].

Other studies [7,8,10,11,19], including platform trials [5,6], have reported a favorable
effect of tocilizumab in alpha, beta or gamma cases; however, the benefit of tocilizumab
in patients infected with delta, which is reported to be more virulent [20], or in patients
infected with omicron, which is, in contrast, reputed to be less virulent [21], remained
disputable. To the best of our knowledge, this study was the first to report the use of
tocilizumab in a large cohort of severe COVID-19 patients infected with the delta and
omicron VOC, suggesting that, among the patients developing a severe form of the disease,
the mortality rates were similar in the omicron and delta cases, as it has been reported
with previous VOCs [14]. In the same line, some authors have highlighted that the rate of
severe COVID-19 may change depending on the VOC, but, in cases of severe forms, they
reported that the cytokine secretion remained stable and independent from the VOC [22].
Accordingly, our results suggested that tocilizumab remained an efficient option for the
treatment of severe COVID-19 patients in association with corticosteroids, regardless of the
VOC involved.

One striking finding of this study was that early administration of tocilizumab (within
48 h following hospital admission) was associated with a better outcome. This result was
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in accordance with those reported in other studies suggesting the benefit of tocilizumab
administration within 2–3 days of hospital admission [8,10,11]. Similarly, the results of
the sensitivity analyses of RECOVERY trials [5] have also suggested that patients who
received tocilizumab within seven days of symptom onset are those who benefited the
most. It is worth noting that some authors [23] have highlighted that tocilizumab’s effect on
mortality is more related to its rapid administration after the onset of oxygen requirement
than after symptom onset. Accordingly, the probability of any benefit of tocilizumab has
been estimated at 99%, 96% and 75%, for patient receiving simple oxygen, non-invasive
ventilation and mechanical ventilation, respectively [23]. Our results, consistent with these
studies, suggest that administering tocilizumab as soon as a COVID-19 patient requires
oxygen support may provide the greatest survival benefit.

However, after two years of the pandemic, tocilizumab remains a debated therapeutic
option for some physicians caring for COVID-19 patients. First, conflicting results [24–26]
discouraged some of them from using it. Second, tocilizumab has been reported to be
associated with an increased risk of infections [27], and especially an increased risk of
CAPA [28]. However, COVID-19 itself and corticosteroids also increased this risk [29,30],
whereas few superinfections, especially CAPA, have been reported in large trials [5,6]. In
accordance with these reports, during the study period, only 12 COVID-19 patients were
diagnosed with proven, probable or possible CAPA [31] in our center, and among them
only 3 had been treated with tocilizumab. Moreover, despite this possible increased risk of
health-care associated infections, the benefits of tocilizumab use seem to outweigh the risks
in severe COVID-19 patients, since it decreased all-cause mortality in the short [5,6] and
long term [12].

Some data have suggested a second dose of tocilizumab in the case of weak clinical
improvement [5]. However, the patients who could benefit from a second dose remain
poorly identified. In our cohort, 6 patients who had increased their oxygen requirements
12–24 h after a first dose of tocilizumab subsequently received a second dose. All of them
were discharged alive. Moreover, in our study, among the 9 patients whose CRP increased
after a first infusion of tocilizumab, none received a second dose, and 4 (44%) of them
died. Along the same lines, Khurshid et al. reported that the COVID-19 patients who
maintained higher CRP values during treatment had the worst outcomes [32]. However,
further exploration is mandatory to assess the use of biomarkers, such as CRP, to trigger a
second dose of tocilizumab.

Our study has both strengths and limitations. First, our conclusions are limited by the
study’s monocentric design, which could induce bias in the interpretation of the results and
limit their generalization. However, this bias is limited by the standardization of care for
COVID-19 patients in accordance to the WHO international guidelines [33]. Moreover, all
patients received dexamethasone, which may synergistically interact with tocilizumab [34].
Second, the data were retrospectively collected for our control group, which could induce
bias in data collection. Third, we performed a propensity score analysis and found that
tocilizumab had no effect on mortality. However, the relatively small size of the cohort could
have limited the detection of its effect on mortality. Indeed, based on previously published
data [5,6], we should have included 3902 patients in the study (alpha = 0.05 and power 90%)
to detect a 4% reduction in mortality. Finally, we reported mortality rates similar to those
of randomized clinical trials [5,6,12]; however, in our cohort, the patients were older [35]
and had more severe cases (according to our institutional guidelines, tocilizumab was
given to those with rapid increase in oxygen requirements), which could have increased
mortality rates.

4. Materials and Methods
4.1. Study Design and Settings

This prospective, monocentric, observational cohort study was carried out in a French
University Hospital from 1 August 2021 to 31 March 2022.
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In our hospital, during the study period, the bed capacity for COVID-19 patients care
ranged from 9 to 81 ward-beds and from 41 to 81 ICU-beds.

4.2. Tocilizumab Treatment

Tocilizumab was first approved by the European Medicines Agency (EMA) in 2009
for the treatment of rheumatoid arthritis and juvenile idiopathic arthritis. In June 2021,
tocilizumab was granted an emergency use authorization (EUA) for the treatment of
COVID-19 in the United States, and the EMA recommended tocilizumab for adults with
COVID-19 who are receiving systemic treatment with corticosteroids and require supple-
mental oxygen or mechanical ventilation in December 2021. More recently, in December
2022, the Food and Drug Administration (FDA) approved tocilizumab for patients with
severe COVID-19.

Taking into account the body of evidence available in the literature [5,6], the Anti-
Infective Drugs Committee of the Nimes University Hospital authorized the off-label use of
tocilizumab in the treatment of severe COVID-19 in June 2021. Thus, tocilizumab started to
be administered at physicians’ discretion to patients treated with SoC for severe or critical
COVID-19 (i.e., intravenous dexamethasone 6mg once a day, prophylactic heparin and
oxygen therapy to maintain SpO2 > 94%). Importantly, remdesivir was not recommended
in our center, according to international [33] and national guidelines [36].

The detailed criteria for tocilizumab initiation were as follows: (1) CRP ≥ 75 mg/L
and an increase of oxygen needs ≥ 2L/min within 48 h, or (2) lack of improvement after
48 h of SoC or (3) ICU admission ≤ 24 h.

Tocilizumab was administered intravenously at a dose depending on bodyweight:
800 mg if weight > 90 kg; 600 mg if weight > 65 kg and ≤90 kg; 400 mg if weight > 40 kg
and ≤65 kg; and 8 mg/kg if weight ≤ 40 kg [5]. A second dose could be given 12–24 h later
at the clinician’s discretion if the patient’s condition had not improved.

Contraindications for tocilizumab were untreated confirmed or suspected bacterial
or fungal infection, hepatic cytolysis > 5 upper limit of normal (ULN), neutropenia <
0.5 cells × 109/L and thrombopenia < 50 cells × 109/L [5].

4.3. Patients

All patients hospitalized during the study period and receiving tocilizumab were
screened daily for inclusion using the software of the Pharmacy Department (Pharma®,
Computer Engineering, Paris, France). Then, those patients receiving tocilizumab for severe
or critical COVID-19 were included in the study. Patients younger than 18 years old or
pregnant, those treated with tocilizumab for a reason other than COVID-19 and those with
a hospital stay of a length ≤ 1 day were excluded (Figure 1). Severe COVID-19 was defined
as previously described [37,38].

All consecutive adult COVID-19 patients hospitalized during the study period for
severe SARS-CoV-2 pneumonia and treated with SoC were retrieved by screening the
hospital database using the International Classification of Diseases [39] to build a control
group. Patients younger than 18 years old or pregnant, those treated with tocilizumab and
those with a hospital stay of a length ≤ 1 day were excluded (Figure 1).

4.4. Data Collection

In patients treated with tocilizumab, their demographical data and morbidities were
collected prospectively at hospital admission, and their Charlson index was calculated [40].
The percentage of pulmonary involvement was assessed on a chest CT-Scan at admission
and was classified as previously described [41] by a radiologist and confirmed blindly by
an infectious disease physician trained in chest CT-Scan interpretation (R.L.). SARS-CoV-2
VOC were also recorded after detection by genotyping or gene sequencing on nasopha-
ryngeal swabs. CRP was recorded 24–48 h before and after tocilizumab infusion. The
severity of respiratory failure was assessed using the WHO-CPS at admission and at the
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time of tocilizumab infusion [42]. In the control group, the demographical data, morbidities,
oxygen requirements, VOC and outcomes were collected retrospectively.

4.5. Outcomes

The lengths of the ICU and hospital stays were recorded. The respiratory status was
assessed using the WHO-CPS at 28 and 60 days after hospital admission as recommended
by the WHO working group on the clinical characterization and management of COVID-19
infection [42]. Vital statuses at ICU and hospital discharge and 60 days after hospital
admission were collected; then, mortality rates were calculated. Additionally, cases of
CAPA have been retrospectively collected [28].

4.6. Statistical Analysis

Categorical data were described as numbers and percentages, and continuous data
as medians with 25th and 75th percentiles (interquartile range: IQR). The population was
divided into two groups according to vital status at 60 days. The categorical variables
were compared by Chi-square or Fisher’s exact test, and the continuous variables were
compared by Student’s t test or Wilcoxon’s rank-sum test as appropriate.

Factors associated with 60-day mortality were assessed using univariable and multi-
variable cox regression model. Factors associated with 60-day mortality in the univariate
analysis (cut-off of p ≤ 0.2) were included in the multivariable analysis. Proportional
hazard assumption was assessed by inspecting the scaled Schoenfeld residuals. Results
of Cox regression model were reported as hazard ratio (HR) with 95% confidence interval
(95% CI).

Propensity score matching was also performed to compare COVID-19 patients treated
with tocilizumab and SoC with those treated with SoC alone. Patients were matched
(1:1) with the algorithm for nearest-neighbor matching without replacement, using a
maximum tolerance distance between the matched subjects of 0.1 standard deviation. The
confounding variables used to calculate the propensity scores were age, BMI ≥ 30 kg/m2,
ICU admission needs, non-invasive high-flow extra-oxygen support needs, mechanical
ventilation needs, previous immunosuppressive treatment (including corticosteroids) and
previous chemotherapy, as well as each variable included in the Charlson index, its value
and the VOC. We identified the variables resulting in an imbalance between the groups
after propensity score matching by calculating the standardized mean difference; then, we
included these in the subsequent Cox proportional hazards models as covariates to assess
the effect of tocilizumab treatment.

Survival curves were obtained using the Kaplan–Meier method. Survival rates be-
tween patients treated with tocilizumab within two days after hospital admission and
later, and between omicron and delta cases, were compared using the log-rank test. Then,
survival rates between patients treated with tocilizumab + SoC (studied population) and
SoC alone (control group), and between patients treated with tocilizumab within two days
after hospital admission and later (studied population divided in two groups), and those
treated with SoC alone (control group) were also compared using the log-rank test.

All tests were two-sided, and a P-value less than 0.05 was considered statistically
significant. Analyses were performed using the R software version 4.2.0 (The R Foundation
for Statistical Computing, Vienna, Austria).

5. Conclusions

In a cohort of severe COVID-19 patients infected with delta and omicron VOC and
treated with tocilizumab in a French teaching hospital, we reported a 22% mortality. Mor-
tality rates were similar in the omicron and delta cases, and in COVID-19 patients treated
with tocilizumab plus SoC and SoC alone. However, our results suggested that the early
administration of tocilizumab had a protective effect on mortality in severe COVID-19
patients regardless of the VOC involved. In contrast, a higher age, higher Charlson index
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and higher WHO-CPS were significantly associated with mortality. Further multicenter
studies are awaited to confirm our results.
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Abstract: The emergence of COVID-19 infection led to the indiscriminate use of antimicrobials
without knowing their efficacy in treating the disease. The gratuitous use of antibiotics for COVID-19
treatment raises concerns about the emergence of antimicrobial resistance (AMR). In this systematic
review, we performed a thorough systematic search using Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines of scientific databases (Scopus, Web of Science,
and PubMed) to identify studies where antibiotics were prescribed to treat COVID-19 (December
2019 to December 2021). Of 970 identified studies, 130 were included in our analyses. Almost 78%
of COVID-19 patients have been prescribed an antibiotic. Cephalosporins were the most prescribed
(30.1% of patients) antibiotics, followed by azithromycin (26% of patients). Antibiotics were prescribed
for COVID-19 patients regardless of reported severity; the overall rate of antibiotic use was similar
when comparing patients with a severe or critical illness (77.4%) and patients with mild or moderate
illness (76.8%). Secondary infections were mentioned in only 11 studies. We conclude that concerns
related to COVID-19 and the lack of treatment strategy led to the overuse of antibiotics without
proper clinical rationale. Based on our findings, we propose that antimicrobial stewardship should
be retained as a priority while treating viral pandemics.

Keywords: AMR; antibiotics; cephalosporin; COVID-19; co-infection; secondary infection

1. Introduction

During the current coronavirus disease 2019 (COVID-19) pandemic, antimicrobial
use increased tremendously due to the lack of proper treatment strategies [1]. Although
COVID-19 is a viral disease that is untreatable by antibiotics, viral respiratory infections
can progress to bacterial pneumonia, co-infection, bacterial superinfection, and other
nosocomial infections requiring antibiotic administration.

The overuse of antibiotics for treating COVID-19 patients was a result of (a) panic
about an unknown disease, (b) similar symptoms to pneumonia, and (c) a higher death
rate in communities with weaker immunity [2–4]. Moreover, the bacterial co-infection rate
was almost 16%, and the use of antibiotics (especially broad-spectrum) increased to more
than 72% during the current pandemic [3].

The consumption of antibiotics during COVID-19 increased tremendously, and there
are various factors contributing to the spread of AMR [5,6]. Enhanced hospital exposure
is silently contributing to the emerging rate of antimicrobial resistance (AMR), which
causes about 700,000 deaths per year globally [7]. The widespread use of antibiotics
to control pandemics might also increase resistant organisms [8,9]. The current state of
antibiotic use in COVID-19 projects approximately 10 million deaths by 2050 [9–13]. The
evidence suggests that the COVID-19 pandemic is increasing the rate of AMR through
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the unnecessary use of antibiotics [13]. Therefore, it is critical to strengthen antimicrobial
stewardship (AMS) and formulate policies for the use of antibiotics [12].

The driving factors for the use of antibiotics include lack of proper awareness in
the public, potential access and affordability to antibiotics without prescription, and use
of leftover antibiotics from earlier prescriptions. While some other driving factors are
insufficient training during the early phase of clinical practice, irrational prescriptions to
promote a pharmaceutical company, and inadequate diagnostic process [14].

The lack of new antibiotics development for the past three decades, termed as “discov-
ery void”, is due to the scarcity of research to find new antimicrobials [12,14]. COVID-19
has also disrupted the production, delivery, and processing of antimicrobials. During the
current pandemic, the demand to find a treatment has led to a shift in research resources
and funds to new antivirals and vaccines instead of antibiotics [15]. Furthermore, the
shortage and rerouting of medical funds during COVID-19 have affected many small labs
that produce medicines and vaccines for local markets. This deficiency of narrow-spectrum
antibiotics can cause an increase in AMR [16]. Clinical trials were also disrupted as the
hospitals focused on COVID-19 [17]. Further, there is a need to start clinical trials of many
antimicrobials. The results of these trials are expected to improve COVID-19 treatments
and patient outcomes.

The studies focusing on AMR have raised concern about the inflammatory effects of
administered drugs [18]. Therefore, different countries have formulated many guidelines
for antimicrobial use during the pandemic. However, the World Health Organization
(WHO) has recommended avoiding antibiotic use for patients with mild to moderate
symptoms of bacterial or COVID-19 infections [19]. According to WHO, for severe cases,
only low-potency antibiotics are recommended, and in the case of aged persons, the
antibiotics included in the access list of WHO (https://aware.essentialmeds.org/groups
(accessed on 25 August 2021)) can only be prescribed [20]. Nonetheless, these guidelines are
insufficient to limit AMR emergence. There is a strict need for evidence-based guidelines
for AMS during and/or post-COVID-19 pandemic. There is a need to analyze the trends
for the pandemic’s spread and the complete details of antibiotics used globally since the
COVID-19 outbreak.

Here, we performed a systematic analysis to assess changes in antibiotic use during
the COVID-19 era and how these changes might impact AMR.

2. Results

Based on our keyword search using PRISMA, we selected 970 research articles. Of
these, 260 articles (84 review studies, 172 journal articles, and 4 short surveys) were further
screened based on the exclusion and inclusion criteria. We further excluded another
130 studies that did not report the application of antimicrobials while treating COVID-19
patients. Finally, a total of 130 articles were selected for final systematic synthesis (Figure 1,
Table S1). Among selected studies, most were conducted in the USA, followed by the UK,
India, Italy, and China.

2.1. Usage of Antibiotics according to the Severity of Illness

Overall, 47.6% of patients were suffering from severe or critical illness, while the
remaining cases were of mild or moderate nature. Almost 78% of patients were prescribed
antibiotics. A minor difference was seen in the prescription of antibiotics among severe or
critical and moderate or mild patients (77.4% and 76.8%; Figure 2).

2.2. Use of Antibiotics and Related Health Effects

The mortality rate was higher in cases where all patients used antibiotics than in cases
in which most patients were not given antibiotics. Length of hospital stay (LOS) was higher
in the patients’ group, where not all, but the majority, were given antibiotics. The discharge
rate was highest amongst those patients who were not given antibiotics compared to the
group where most of the patients received antibiotics (Figure 3).
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Figure 1. PRISMA workflow for the literature identification from 3 databases (PubMed, Web of
Science, and Scopus), screening, and final selection of research studies for synthesis study. The
exclusion criteria of the workflow include duplicate studies from multiple databases, screening
based on the irrelevance of title and abstract, removal of records due to unavailability of full-text
studies, studies not evaluating the link between COVID-19 and AMR, and having irrelevant outcomes,
editorials, and letters.
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2.3. Bacterial Co-Infections and Resulting Health Outputs

Of the total, 11 studies reported secondary infections in COVID-19 patients. In our
analysis, 51.3% of the patients showed secondary infections, and 57.5% were in critical
condition (Table 1).
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Table 1. The comparison of disease severity, mean length of stay in hospital, mean discharge rate,
and mean mortality rate among patients with secondary infections and normal COVID-19 patients.

Serial No. Category Critical or
Severe n (%age)

Moderate or
Mild n (%)

Mean Length of
Stay (Days)

Mean Discharge
Rate (%age)

Mean Mortality
Rate (%age)

1 Patients with secondary
infections (n = 770)

443
(57.5%)

327
(42.5%) 20.8 53.9 46.5

2 Total patients (n = 6512) 2807 (43.2%) 3705
(56.8%) 12.7 61.7 18.3

Among all patients, the percentage of confirmed co-infections was 12%. The patients
with secondary infections also had a higher mean value of LOS and mortality rate. At the
same time, the hospital discharge rate was lower in these patients (Figure 4).
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2.4. Antimicrobials’ Usage Trends

The number of antimicrobial types prescribed showed a very slight increase in 2020
and 2021 compared to 2019, but the number of patients using antimicrobials increased
tremendously over that time. In 2019 the number of different antimicrobials being used
was 645, and in 2021 it increased by almost 4-fold to 2503. The total number of admitted
patients and available beds in the surveyed wards also increased simultaneously from the
year 2019 to the year 2021 as the number of COVID-19 cases surged (Figure 5).

19



Antibiotics 2023, 12, 45Antibiotics 2023, 12, x FOR PEER REVIEW 6 of 12 
 

 
Figure 5. Trends of antimicrobial use in hospitalized COVID-19 patients along with total available 
beds in surveyed hospital wards. 

3. Discussion 
The extensive use of antibiotics has increased since the COVID-19 outbreak, increas-

ing concerns about AMR. This study includes only the data of hospitalized patients be-
cause very little data are available about those confined to their homes with mild or mod-
erate symptoms. This is probably because most research studies are performed on patients 
reporting to medical facilities. 

We found that >78% of COVID-19 patients were recommended to use antibiotics (Fig-
ure 2). The broad-spectrum antibiotic azithromycin was the most frequently prescribed, 
followed by ceftriaxone, moxifloxacin, meropenem, and tazobactam. The excessive use of 
broad-spectrum antibiotics without proper clinical justifications by healthcare persons has 
raised concerns about AMR amplification [21]. 

It has been previously reported that azithromycin was the most common antimicro-
bial agent used while treating COVID-19 [22]. Azithromycin is very efficient in treating 
pneumonia, but there is no proof of its effect on viruses. There are studies that clearly 
show that excessive use of azithromycin can result in antimicrobial resistance, which in-
dicates that overuse or misuse of this antibiotic during COVID-19 can contribute to AMR 
[23,24]. The WHO also reported the excess use of azithromycin for COVID-19 treatment 
even without approval [25]. It is classified as a critically important antimicrobial used in 
humans [26]. Persistent use of this antimicrobial can result in AMR, causing a serious 
threat to survival in severe infection cases. Third-generation cephalosporins such as ceftri-
axone have long been mostly used in intensive care units (ICUs). As the consumption of 
other antibiotics changed during the pandemic, cephalosporins were also being repur-
posed [27]. Karami et al. provided clear evidence of cephalosporin use in more than 200 
of 556 cases [28]. 

Doxycycline is another drug that could help treat COVID-19, which is used because 
of its antiviral and anti-inflammatory properties [29]. Many broad-spectrum antibiotics, 
such as fluoroquinolones and cephalosporins, were reportedly used in more than 74% of 
patients. If this use of broad-spectrum antibiotics is not stopped, it could lead to AMR. 
This could lead to very few remaining options for treating infections, and these options 
could become unaffordable for underdeveloped countries. 

Increasing telehealth services also caused excessive antibiotic use due to the unavail-
ability of the proper diagnostic channel and determining the nature of the illness [30]. The 
best treatment options for COVID-19 were unknown, so experimental treatments played 

Figure 5. Trends of antimicrobial use in hospitalized COVID-19 patients along with total available
beds in surveyed hospital wards.

3. Discussion

The extensive use of antibiotics has increased since the COVID-19 outbreak, increasing
concerns about AMR. This study includes only the data of hospitalized patients because
very little data are available about those confined to their homes with mild or moderate
symptoms. This is probably because most research studies are performed on patients
reporting to medical facilities.

We found that >78% of COVID-19 patients were recommended to use antibiotics
(Figure 2). The broad-spectrum antibiotic azithromycin was the most frequently prescribed,
followed by ceftriaxone, moxifloxacin, meropenem, and tazobactam. The excessive use of
broad-spectrum antibiotics without proper clinical justifications by healthcare persons has
raised concerns about AMR amplification [21].

It has been previously reported that azithromycin was the most common antimicrobial
agent used while treating COVID-19 [22]. Azithromycin is very efficient in treating pneu-
monia, but there is no proof of its effect on viruses. There are studies that clearly show that
excessive use of azithromycin can result in antimicrobial resistance, which indicates that
overuse or misuse of this antibiotic during COVID-19 can contribute to AMR [23,24]. The
WHO also reported the excess use of azithromycin for COVID-19 treatment even without
approval [25]. It is classified as a critically important antimicrobial used in humans [26].
Persistent use of this antimicrobial can result in AMR, causing a serious threat to survival
in severe infection cases. Third-generation cephalosporins such as ceftriaxone have long
been mostly used in intensive care units (ICUs). As the consumption of other antibiotics
changed during the pandemic, cephalosporins were also being repurposed [27]. Karami
et al. provided clear evidence of cephalosporin use in more than 200 of 556 cases [28].

Doxycycline is another drug that could help treat COVID-19, which is used because
of its antiviral and anti-inflammatory properties [29]. Many broad-spectrum antibiotics,
such as fluoroquinolones and cephalosporins, were reportedly used in more than 74% of
patients. If this use of broad-spectrum antibiotics is not stopped, it could lead to AMR. This
could lead to very few remaining options for treating infections, and these options could
become unaffordable for underdeveloped countries.

Increasing telehealth services also caused excessive antibiotic use due to the unavail-
ability of the proper diagnostic channel and determining the nature of the illness [30]. The
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best treatment options for COVID-19 were unknown, so experimental treatments played a
large role in inappropriate drug prescriptions during this pandemic period [17]. Due to
this vagueness in the COVID-19 era, healthcare workers prescribed antibiotics based on the
assumption that the drug’s potential threat would be negligible compared to its benefit [31].
Previous studies also mentioned increased antimicrobial use due to self-medication [32–34].
This was more common in areas where antimicrobials could be easily accessed without any
prescription [16,35]. One study reported that to avoid visits to any healthcare facility, about
20% of Iranians used self-prescribed medicines for their sickness [36].

We found that the recommendation rate of antibiotics does not change with the sever-
ity of the disease (Figure 2). Both mild or moderate and severe or critical illness patient
groups were given antibiotics, although the severe cases had a greater chance of suffering
from a secondary infection. The high rate of antibiotic application in mild cases is also
very alarming. The results show that the mortality rate was higher in cases where all
patients used antibiotics than in cases in which most patients were not given antibiotics.
Length of hospital stay (LOS) was higher in the patients’ group, where not all, but the
majority, were given antibiotics (Figure 3). In our analysis, 51.3% of the patients showed
secondary infections, and 57.5% were in critical condition (Table 1). We also found that the
co-infection rate was higher in patients with severe COVID-19 symptoms, and the mortal-
ity rate was greater in patients with some co-infection or secondary infection (Figure 4).
Although the rate of antibiotic prescription is enormous, secondary infections were only
reported in 14.3% of cases, along with 3.5% of reported cases of co-infections [20]. The
bacterial co-infection of COVID-19 patients has been reported in many studies world-
wide [37–41]. The co-infection rate was almost 28% in Europe [42]. Patients with mild
or medium symptoms were not reported for co-infection because these patients were not
checked or tested for infection [43–45]. Moreover, in many cases, when the specimen was
taken, the co-infections were reported to be more associated with hospital-acquired than
community-acquired infections.

Our analysis shows that the number of antimicrobial types increased only slightly in
2020 and 2021 compared to 2019, but the number of patients using antimicrobials increased
tremendously (a four-fold increase) (Figure 5). The total number of admitted patients also
increased from 2019 to 2021. This indicates a positive relationship between the number of
COVID-19 patients and the antimicrobials consumption, contributing to AMR. A higher
rate of AMR could be predicted in low- and middle-income countries because of a lack
of awareness and stewardship programs, poor lab facilities, and a lack of proper rules for
accessing antibiotics without prescription [46]. COVID-19 can be more easily spread to
areas that are more populated and lack proper hygiene facilities. In low- and middle-income
countries, allocating resources to COVID-19 is very difficult as their healthcare facilities
already lack proper funds, which is an additional burden to their healthcare systems [32].

In many studies, classes of antibiotics are mentioned, but information related to the
use of antibiotics according to disease severity was not available. The variation in the
number of research studies across regions might have affected our results, as there is a huge
difference in the number of patients and local regulations for COVID-19 [47]. Moreover, the
selection biases (not all the studies included in this systematic review are directly discussing
AMR and COVID-19) are there. In this paper, we mostly focused on selecting the papers
that provide evidence of antibiotic use during COVID-19, as the data related to antibiotics
use can help in providing a clear understanding of the rate of AMR prevalence at this time.
Healthcare professionals were also under pressure during the COVID-19 pandemic. In
small hospitals where healthcare facilities are insufficient, they must try every possible
option to save the life of patients. The diagnosis of secondary infections is very costly, and
most hospitals lack this facility, leading doctors to prescribe antibiotics even when they
are not needed. This needs to be managed as the excessive use of antimicrobials raises the
threat of AMR.
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Antimicrobial Stewardship (AMS)

Our analysis demonstrates that COVID-19 has crucial implications for AMR. The
overuse or misuse of antibiotics to control COVID-19 symptoms, even without any co-
infection, has worsened the situation. The world health organization has clear guidelines
in this regard; patients with mild symptoms should not be prescribed antibiotics. The
antibiotics should only be prescribed when there is clear evidence of bacterial co-infection.
Better diagnostics are required to identify patients with secondary infections to avoid
misuse of antimicrobials. AMS programs can assist in properly using antimicrobials by
reviewing every prescribed medication. The data to date show that the use of antimicrobials
is much higher than needed. For real-time data review and dissemination, additional efforts
are needed to improve AMS. These efforts will not only help control COVID-19 but will
have a major role in controlling the future pandemic of AMR.

4. Materials and Methods

The study was conducted to identify and analyze the research studies reporting the
use of antimicrobials (especially azithromycin, doxycycline, clarithromycin, ceftriaxone,
erythromycin, amoxicillin, amoxicillin-clavulanic acid, ampicillin, gentamicin, benzylpeni-
cillin) for treating COVID-19. The data were reported using Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines for systematic review,
and its protocol is registered in the PROSPERO register [48,49]. In order to maximize the
authenticity of our findings, we tried to include as many research studies as possible in this
analysis. All data were from hospitalized COVID-19 patients, and the final selection was
based on RT-PCR-confirmed COVID-19 cases.

4.1. Strategy for Data Search

The study included all papers from several scientific databases such as Scopus, Web
of Science, and PubMed-associated peer-reviewed journals published since the COVID
outbreak (December 2019 till December 2021). The keywords and search terms used
were “Antimicrobial resistance” and “coronavirus” or “COVID-19” and “Antimicrobial
resistance” and “Antimicrobial stewardship” or “Antibiotic resistance” and “COVID-19”.

4.2. Enclosure and Elimination Criteria for Research Studies

We included all the studies: (1) related to COVID-19 patients from communities and
hospitals; (2) where antibiotics were prescribed during treatment; and (3) published in
English (or in press). We selected cohort studies, cross-sectional studies, case-control
studies, randomized control studies, and descriptive and observational research studies
related to the use of antimicrobials in COVID-19 patients. We included those studies
reporting the patients and use of antibiotics without any discrimination in gender, age,
color, country, or community. We also considered the studies that reported antibiotics usage
without specifying their types or treatment outcomes. We excluded those research studies
that overlapped (duplicate data), contained unreliable data (short reports containing no
proper results), were published in the form of editorials and notes, and studies related to
engineering and earth sciences. Our analysis did not consider the studies related to animal
experimentation, molecular mechanism, drug modeling, and other aspects of COVID-19,
except for the use of antibiotics/antimicrobials.

4.3. Data Extraction

After cross-checking for the study accuracy and duplicates, data extraction was carried
out based on the year of study, type of article, design or idea of the study, area/country of
study, the sternness of COVID-19, rate of bacterial co-infections (infection acquired with
first 24 to 48 h of hospitalization) and secondary infections (infection acquired after 24 to
48 h of hospitalization), prescribed antimicrobials, and the number of patients consuming
those antimicrobials. The extraction of data from selected research studies comprised of
details of publication, region of study, number of reported patients, type of study (e.g., case
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study, cohort study, descriptive study), condition of patients (mild, severe, or critical), rate
of antimicrobial usage and recommendation, the scenarios of prescription, time of hospital
stay, and mortality rate. More than half of the studies reported disease severity as mild,
moderate, critical, and severe, while the others used just mild, moderate, and severe. We
categorized disease severity into two major groups: mild or moderate and severe or critical.

4.4. Data Synthesis and Analysis

We analyzed all the selected studies where details about medicine prescriptions were
available. We also investigated antimicrobials and antibiotics use according to the severity
of illness, types that were used most often to treat COVID-19, health effects related to the
use of antibiotics, bacterial co-infections, and related outputs, and trends of antimicrobial
usage at the time of COVID-19. We also explored the length of hospital stay (LOS), rate
of discharge, and mortality (patients still in the hospital at the time of publication were
excluded from this calculation).

5. Conclusions

The study reveals that most antibiotics (mainly azithromycin and cephalosporins)
prescribed during COVID-19 treatment were not related to disease severity since antibiotics
were prescribed to patients with mild symptoms. Moreover, antibiotics were recommended
without any medical or biological indication of secondary bacterial infection and thus may
not have been beneficial in remedying COVID-19 infection. The extensive use of antibiotics
might augment antibiotic resistance, thereby eroding the usefulness of currently available
antibiotics. The overuse of antibiotics may silently trigger future pandemics due to the
emerging AMR [50].
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Abstract: Background: In the period following the declaration of the COVID-19 pandemic, more
evidence became available on the epidemiology of bacterial co-/superinfections (bCSs) in hospitalized
COVID-19 patients. Various European therapeutic guidelines were published, including guidance on
rational antibiotic use. Methods: In this letter to the editor, we provide an overview of the largest meta-
analyses or prospective studies reporting on bCS rates in COVID-19 patients and discuss why the
reader should interpret the results of those reports with care. Moreover, we compare different national
and international COVID-19 therapeutic guidelines from countries of the European Union. Specific
attention is paid to guidance dedicated to rational antibiotic use. Results: We found a significant
heterogeneity in studies reporting on the epidemiology of bCSs in COVID-19 patients. Moreover,
European national and international guidelines differ strongly from each other, especially with regard
to the content and extent of antibiotic guidance in hospitalized COVID-19 patients. Conclusion: A
standardized way of reporting on bCSs and uniform European guidelines on rational antibiotic use
in COVID-19 patients are crucial for antimicrobial stewardship teams to halt unnecessary antibiotic
use in the COVID-19 setting.

Keywords: bacterial co-infection; bacterial superinfection; antibiotic stewardship; COVID-19

1. Introduction

The emergence of multidrug-resistant (MDR) bacterial infections has resulted in scari-
fying future projections. A report from the World Health Organization (WHO) labeled the
problem as “so serious, that it threatens the achievements of modern medicine” [1]. For the
last few decades, local, national and international efforts have been endorsed by scientific
and public health organizations, governments and caregivers to halt the emergence of
antimicrobial resistance (AMR). Amongst other interventions, antimicrobial stewardship
(AST) teams became the standard of care, guidelines and scientific publications encouraging
rational antibiotic use were published, national antibiotic action plans were launched and
awareness was cultivated in the general population.

In this perspective article, we first provide a summary of the impact of the COVID-19
pandemic on antimicrobial stewardship efforts, AMR and the growing knowledge on
bacterial co-/superinfection epidemiology and antibiotic (over)use in this context. Second,
we offer a critical analysis of the major papers reporting on bacterial co-/superinfection
(bCS) rates in COVID-19 patients. Last, we discuss the variation in European guidelines for
the diagnosis/treatment of these bCSs.

2. Antimicrobial Stewardship Applied to COVID-19 Patients: The Pursuit
of Knowledge

At the time the COVID-19 pandemic emerged, AST teams and other actors within
the healthcare system constrainedly invested great amounts of time and resources in the

27



Antibiotics 2022, 11, 1446

contention of the pandemic, the procuration of protective equipment and the reorganiza-
tion of the healthcare system. The latter inevitably resulted in less stringent antimicrobial
stewardship, leaving the battle against AMR in the background. Currently, there is insuf-
ficient evidence that the COVID-19 pandemic fueled the AMR threat, as present reports
are context-specific and differ geographically. However, there are some ominous signs of
increased AMR since the emergence of the COVID-19 pandemic. For the European Union,
the European Antimicrobial Resistance Surveillance (EARS-Net) network reported a signif-
icant rise in carbapenem-resistant Enterobacterales, Pseudomonas aeruginosa and Acinetobacter
species as well as vancomycin-resistant enterococci for the year 2020 [2]. Moreover, there
was a significant rise in carbapenem use in that same year. The rise in MDR pathogens was
most marked in the intensive care setting [3].

In the period following the declaration of the COVID-19 pandemic by the WHO on 11
March 2020, many admitted COVID-19 patients empirically received antibiotics [3,4]. This
period of “antibiotic anarchy” can (partly) be explained by the lack of knowledge and lack
of guidelines concerning the epidemiology and treatment of presumed bCSs in the context
of COVID-19. From May 2020 onwards, the first reports and meta-analyses regarding the
incidence and prevalence of bCSs showed very low rates of bacterial co-infections (2.2–8%)
and low rates of bacterial superinfections (2.2–20%) in admitted COVID-19 patients. This
was in contrast to disproportionally high antibiotic prescribing rates (up to 85%) [4–8].
Soon after the first published reports on bCS incidence, guidelines on the management
of presumed bCSs in COVID-19 patients were published by the European Society of
Clinical Microbiology and Infectious Disease (ESCMID) (in April 2020) and the WHO (May
2020) [9,10]. Later on, evidence on the good negative predictive value of procalcitonin in
excluding bCSs in the context of COVID-19 became available [11,12]. Consequently, over
time, a learning effect and a decrease in antibiotic use were noted in some studies [13].
However, antibiotic overprescribing and low quality of antibiotic prescriptions are still
prevalent in admitted COVID-19 patients [14].

3. Evidence on bCS Rates in COVID-19 Patients: A Critical Point of View

Robust scientific evidence on COVID-19-related bCS epidemiology and clear thera-
peutic guidance regarding antibiotic use in COVID-19 patients are crucial for antimicrobial
stewardship (AST) teams to prevent antibiotic overprescribing. Despite all progress made to
gain expertise on bCS prevalence and antibiotic prescribing patterns in COVID-19 patients,
significant knowledge gaps and flaws prevail. Moreover, practical guidance on judicious
antibiotic use in COVID-19 patients should be improved, as these guidelines are very
heterogeneous and lack specificity. Finally yet importantly, meta-analyses and prospective
studies reporting on bCS rates in COVID-19 patients (Table 1) should be interpreted with
care for several reasons.

Table 1. Overview of largest (n > 3000) meta-analyses or prospective studies reporting on bacterial co-
/superinfection rates in COVID-19 patients (see Supplementary Material S1 for the search strategy).

Reference
and Type of

Study

Co-/Superinfection *
Definitions

Used
Diagnostic

Criteria

Reported
Pathogens

Reported
Infections

Setting
(Ward/ICU) Age Group

Co-
/Superinfection

Rate

Antibiotic
Prescription

Rate

Langford
et al. (2020)

[4]
Systematic

meta-analysis

co-infection: “on
presentation”

Superinfection:
“emerging during the

course of illness or
during

hospitalization”

Not mentioned
if clinical
and/or

microbiological
diagnosis

Bacterial

Respiratory
tract

infections
and

bloodstream
infections

Ward and
ICU

Pediatric and
adult patients

(25%/75%)

co-infection
3.5%

superinfection
14.3%

72%

28



Antibiotics 2022, 11, 1446

Table 1. Cont.

Reference
and Type of

Study

Co-/Superinfection *
Definitions

Used
Diagnostic

Criteria

Reported
Pathogens

Reported
Infections

Setting
(Ward/ICU) Age Group

Co-
/Superinfection

Rate

Antibiotic
Prescription

Rate

Langford
et al. (2022)

[5]
Systematic

meta-analysis

co-infection: not
defined

Microbiological
diagnosis

Exclusion of
“presumed” or

“suspected”
bacterial
infection

Bacterial

Respiratory
tract

infections
and

bloodstream
infections

Ward and
ICU

Pediatric and
adult patients

co-infection
5.1%

secondary
infection

13.1%

75%

Lansburry
et al. [6]

Systematic
meta-analysis

co-infection: not
defined.

Unclear if this term
was used to group

“co-infections” and
“superinfections”

Microbiological
diagnosis

(culture and
PCR)

Bacterial,
viral, fungal

Respiratory
tract

infections
and

bloodstream
infections

Ward and
ICU

Pediatric and
adult patients

co-infection
7% (bacterial) NR

Musuuza
et al. [7]

Systematic
meta-analysis

co-infection: “at the
time of a SARS-CoV-2

infection”
superinfection:

“during care for
SARS-CoV-2

infection”

Microbiological
diagnosis

Bacterial,
viral, fungal

Respiratory
tract

infections

Ward and
ICU

Pediatric and
adult patients

co-infection
8%

superinfection
20%

(bacterial)

NR

Russell et al.
[8]

Original
paper

Co-infection:
clinically significant
positive results from

samples collected
within 2 days of

admission
Superinfection:

infection
occurring > 2 days

after hospital
admission

Microbiological
diagnosis

Bacterial,
fungal

Respiratory
tract

infections
and

bloodstream
infections

Ward and
ICU Not reported

co-infection
0.7%

“secondary”
infection

1.5%

85%

* Superinfection and secondary infection are used as synonyms. NR: not reported.

First, there is a significant heterogeneity in the used definitions of co-infection and
superinfection (also referred to as “secondary infection”). Certain reports use the term co-
infection as “every infection contracted before or during the first 48 h of admission”, while
others use 24 h of admission as a time limit to differentiate co-infection from superinfection.
Some even refer to “every infection diagnosed on presentation”, while in the meta-analysis
of Langford et al. (2022) [5], no definition of co-infection is mentioned. Depending on
the used definition, bacterial co-infection and superinfection rates can thus be under- or
overestimated. Moreover, international COVID-19 therapeutic guidelines such as the
World Health Organization and the European Centre for Disease Control and Prevention
guidelines do not define bacterial co-infection and superinfection [10]. Second, although
most studies exclusively included microbiological diagnoses, it is not always clear if clinical
diagnoses, based on other criteria than microbiological documentation, were included.
While the first meta-analysis of Langford et al. (2020) [4] did not mention if included
diagnoses were exclusively based on microbiological criteria, their second meta-analysis
stated that “presumed” or “suspected” diagnoses of infection were excluded. Depending
on the used definition of “infection”, the final bCS rate will be different. Third, there is also
an important heterogeneity regarding the included microbiological diagnoses. For example,
the meta-analysis of Lansburry et al. reports high rates of Mycoplasma pneumoniae infections
(representing 42% of all reported bacterial infections) [6]. Although no information is
provided on the used diagnostic methods, this could be an overestimation due to the
inclusion of patients with aspecific serological results. The ISARIC study did not include any
Mycoplasma pneumoniae infection, as routine testing for atypical pathogens was discontinued
in most United Kingdom laboratories during the study period. Fourth, the proportion
of included patients depending on the setting (ward versus ICU) and age (adult versus
pediatric patients) is not always clearly mentioned. Fifth, some reports include viral
and fungal co-/superinfections together with bCSs. Last, the reported infection sites can
differ from one study to another. Although most studies focused on both respiratory
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and bloodstream infections, some also included urinary tract infections whereas others
exclusively included respiratory tract co-/superinfections. One should thus pay attention
to the reported endpoint when comparing different studies.

4. European Therapeutic COVID-19 Guidelines: An Emphasis on Antibiotic Guidance

As the COVID-19 pandemic progressed, knowledge about bCS epidemiology and
antibiotic prescribing in COVID-19 patients increased rapidly. This led to the publication
of various antibiotic guidance guidelines. However, studies reporting on bCS rates and
guidelines regarding judicious antibiotic use show a significant heterogeneity.

Therefore, we analyzed and compared all published national and international guide-
lines on COVID-19 therapeutic guidance in the European Union (EU) (see Supplementary
Materials for methods, complete data and references). Most countries have published
their own national therapeutic guideline (see Figure 1), while others refer to international
scientific guidelines, such as those of the World Health Organization [10]. Certain countries,
such as Austria, refer to the guidelines of neighboring countries. The majority of the EU
countries have also included specific guidance on rational antibiotic use in COVID-19 pa-
tients. However, there is a large variability in the extent and content of provided guidance
regarding antibiotic use in this setting (Supplementary Material S3, Figure S1). For example,
the Dutch Working Party on Antibiotic Policy, as well as the health authorities of Bulgaria,
dedicated specific attention to rational antibiotic use in the COVID-19 setting, while in the
national guidelines from other countries, such as Belgium, France, Italy, Poland and Spain,
only a few sentences on rational AB are found [15–21]. While bacterial co-infections are rare
in admitted COVID-19 patients, secondary infections are more prevalent in patients with
severe COVID-19. This is probably why most guidelines recommend initiating empiric an-
tibiotics exclusively in patients with severe infection, provided that the need for antibiotics
would be regularly evaluated. This is in contrast with the Polish national guidelines, which
strongly advise against antibiotics in cases of acute respiratory distress syndrome (ARDS)
unless there are evident signs of secondary bacterial infection [20]. Some guidelines limit
themselves to recommending antibiotics in cases of suspected bCSs, without elaborating
on how to diagnose bCSs [19,20]. The ESCMID guidelines state that only patients with
clinical or radiological suspicion of bacterial co-/superinfection should receive empirical
antibiotics [9]. However, this is quite vague, as radiological consolidations and clinical
signs, such as fever and elevated inflammatory markers, are often present in the context of
COVID-19. Therefore, the ECDC guidelines advocate for more clarity in defining secondary
bacterial infections in COVID-19 patients [21]. Although the Croatian guidelines advocate
that bacterial infection is likely in case of leukocytosis and/or a neutrophil left shift with
increased procalcitonin concentration and very high CRP and IL-6 levels, elevated pro-
calcitonin and IL-6 levels have low positive predictive value for bacterial infection in the
COVID-19 setting and are also observed in the context of COVID-19 sepsis. Those same
guidelines, together with the Danish guidelines, suggest following the “sepsis campaign”
guidelines in cases of COVID-19 sepsis [22,23]. However, as COVID-19 sepsis is due to a
hyperinflammatory state with a potential cytokine storm, this does not necessarily reflect
bacterial sepsis. Yet most sepsis campaign guidelines focus on bacterial sepsis, and this
includes the empiric use of antibiotics. Nevertheless, one could agree to empirically start an-
tibiotics in severe and degrading presentations of COVID-19. While the German COVID-19
guidelines recommend antibiotic prescribing at admission in the intensive care unit, those
same guidelines paradoxically state that there is no place for prophylactic antibiotics [24,25].
Despite the good negative predictive value of low procalcitonin levels for bCSs [11,12], the
use of this predictor is only incorporated in the Latvian guidelines [26].
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5. Conclusions

In conclusion, studies reporting on bCS rates and guidelines regarding judicious
antibiotic use show significant heterogeneity. Antibiotic prescribing guidelines depend
too much on clinical judgment and should instead take variables into account that have
proven to be good predictors or excluders of bCSs, such as procalcitonin. The roles of other
potential markers and predictors of bCSs, such as certain comorbidities, the presence of
immune suppression and the presence of dense radiological consolidations, are still unclear
and should be further investigated.

A standardized way of reporting on bCSs in the context of COVID-19 is the only
way to obtain more robust and precise evidence on their incidence and associated risk
factors. We therefore strongly advocate for the implementation of international diagnostic
guidelines, using predictors and excluders of bCSs and standardized definitions of bCSs.
These definitions and guidelines should be dynamic and more detailed. Guidelines should
be based on different clinical situations and could indicate the level of diagnostic certainty,
and they should evolve according to the best available evidence.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics11101446/s1, Supplementary Material S1: Methods.
Supplementary Material S2, Table S1: National and international guidelines on COVID-19 ther-
apeutic guidance in the European Union (EU). Supplementary Material S3, Figure S1: National
therapeutic COVID-19 guidelines: number of words dedicated to rational antibiotic use per country.
Refs. [9,14–34] cited in Supplementary Materials.
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Abstract: Mid-regional proadrenomedullin (MR-proADM) protects against endothelial permeability
and has been associated with prognosis in bacterial sepsis. As endothelial dysfunction is central in
the pathophysiology of severe SARS-CoV-2 infection, we sought to evaluate MR-proADM both as a
prognostic biomarker and as a marker of bacterial superinfection. Consecutive patients admitted to
the ICU for severe SARS-CoV-2 pneumonia were prospectively included and serum was bio-banked
on days 1, 3, and 7. MR-proADM levels were measured blindly from clinical outcomes in batches at
the end of follow-up. Among the 135 patients included between April 2020 and May 2021, 46 (34.1%)
had died at day 60. MR-proADM levels on days 1, 3, and 7 were significantly higher in day-60 non-
survivors. The area under the curve (AUC) of the receiver operating characteristic (ROC) curve (0.744,
p < 0.001) of day-1 MR-proADM compared favorably with the AUC ROC curve of day-1 procalcitonin
(0.691, p < 0.001). Serial MR-proADM measurements on days 3 and 7 may add prognostic information.
After adjusting for CRP, LDH, and lymphocyte values, day-1 MR-proADM remained significantly
associated with day-60 mortality. MR-proADM concentrations were significantly higher in patients
with respiratory superinfections (on days 3 and 7) and bloodstream infections (on days 1, 3, and
7) than in patients without infection. Our results suggest that MR-proADM is a good predictor of
outcome in severe SARS-CoV-2 infection and could be a useful tool to assess bacterial superinfection
in COVID-19 patients.

Keywords: Mid-regional Pro-adrenomedullin; COVID-19; SARS-CoV-2; ARDS; biomarker; prognosis;
superinfection

1. Introduction

Coronavirus Disease (COVID-19) can present with a wide range of clinical severity,
from asymptomatic infection to acute respiratory distress syndrome (ARDS) and death. As
of August 2022, 591.7 million cumulative cases and 6.5 million deaths due to COVID-19
have been reported to the World Health Organization [1]. Acute hypoxemic respiratory
failure is the main reason for intensive care unit (ICU) admission, and critically ill COVID-19
patients show mortality rates up to 40% [2]. The progression from a mild to severe disease
is multifactorial but appears mainly driven by significant inflammation and microvascular
thrombosis with evidence of endotheliitis [3–5].

Adrenomedullin is an endogenous vasoregulatory peptide that has been shown to
play a role in preserving the integrity and stability of the endothelium after severe infec-
tion [6]. Mid-regional proadrenomedullin (MR-proADM) is used as a surrogate marker for
adrenomedullin, as its levels are directly proportional to adrenomedullin which has a short
half-life. Higher levels of MR-proADM in septic critically ill patients have been associated
with disease severity [7] and mortality [8,9]. MR-proADM has also shown potential as a
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risk stratification biomarker for bacterial community-acquired pneumonia [10]. Finally,
MR-proADM also appears to be a useful diagnostic tool for sepsis [11].

Being a marker of endothelial dysfunction, MR-proADM has been investigated in
SARS-CoV-2 infection. Higher levels have been associated with mortality in the general
population [12–15] and MR-proADM appeared to be a good risk stratification tool in the
specific settings of the Emergency Room [16,17] and the ICU [18–20]. However, studies
performed in the ICU setting used small patient samples with high heterogeneity of patient
severity [21] and measured outcomes ≤ 30 days after ICU admission, which may be
insufficient for such a study population.

Severe COVID-19 patients are at increased risk of bacterial superinfections, which
contribute to ICU mortality [22,23]. These infections may be difficult to diagnose and lead to
antibiotic overuse, which has led to a spread of antimicrobial resistance since the beginning
of the pandemic [24]. In this context, MR-proADM could be an interesting biomarker for
the diagnosis of bacterial superinfection. Surprisingly, no study evaluated MR-proADM as
a diagnostic tool for bacterial sepsis in COVID-19 patients.

In this study, we aimed to evaluate MR-proADM as a prognostic biomarker in
critically ill patients with severe SARS-CoV-2 pneumonia, and as a diagnostic tool for
bacterial superinfection.

2. Results
2.1. Population Characteristics

Between April 2020 and May 2021, among 1294 admissions to the ICU of Bichat-Claude
Bernard university hospital, 358 patients had severe SARS-CoV-2 pneumonia confirmed by
polymerase chain reaction (PCR) and 135 patients with systematic bio-banking, and at least
one measurement at day 1, 3, or 7 was included in the analysis (Supplementary Figure S1)
and followed-up for 39 (13–126) days. Day-1, day-3, and day-7 MR-proADM measurements
were available in 120 out of 135 (88.9%), 119 out of 126 (94.4%), and 83 out of 86 (96.5%)
patients, respectively. Among the three proADM measurement time points, 69 patients
completed three, while 49 patients completed two, and 17 patients completed one.

Included patients were females in 43 (31.9%) cases, with a median age of 62.7 (51.6–71.2)
years and an admission Simplified Acute Physiology Score (SAPS) II score of 27 (21–39)
(Table 1). ICU admission occurred 9 (7–12) days after symptom onset. On day 1, 11 (8.1%)
patients were under veno-venous extracorporeal membrane oxygenation, 19 (14.1%) pa-
tients were under invasive mechanical ventilation, 78 (57.8%) had non-invasive oxygenation
techniques (non-invasive ventilation, continuous positive airway pressure or high flow
nasal oxygen), and 27 (20%) had standard oxygen support. Antiviral treatment consisted of
remdesivir for 65 (48.1%) patients. Immunomodulating treatments consisted of steroids in
127 (94.1%) cases, and anti-IL6 (tocilizumab) or anti-IL-1 (anakinra) in three (2.2%) cases.
During ICU stay, 59 (44%) patients required invasive mechanical ventilation, 27 (20%)
vasopressors, and 30 (22%) renal replacement therapy. ICU, hospital, and day-60 mortality
rates were 30.4%, 36.3%, and 34.1%, respectively. ICU and hospital lengths of stay were 10
(6–22) and 16 (10–31) days, respectively.

2.2. Mid-Regional Pro-Adrenomedullin and Day-60 Mortality

Values of MR-proADM and several other biological markers are presented in Table 1.
In patients that died before day 60, MR-proADM levels were significantly higher at all
time points compared to survivors (Table 1 and Figure 1a). The areas under the receiver
operating characteristic curve (AUROC) of MR-proADM for predicting day-60 mortality
were 0.74 on day 1, 0.73 on day 3, and 0.74 on day 7 (Figure 1b). When choosing a cut-point
of 1 nmol/L for day-1 MR-proADM (median value of the study population), sensitivity
and specificity for predicting day-60 mortality were 77.5% (95% confidence interval (CI)
62.5–87.7) and 68.8% (95% CI 57.9–77.9), respectively.
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Table 1. Population characteristics at ICU admission.

All Patients
n = 135

Day-60 Survivors
n = 89

Day-60 Decedents
n = 46 p

Demographics and comorbidities
Age, years 62.7 (51.6–71.2) 58.3 (49.2–66.1) 71.1 (62.3–75.9) <0.01

Female gender 43 (31.9) 30 (33.7) 13 (28.3) 0.52
Body Mass Index 29 (25.8–34) 29.6 (26.3–34) 28.6 (24.3–31.2) 0.09

Diabetes 40 (29.6) 17 (19.1) 23 (50) <0.01
Chronic diseases (Knaus ≥ 1) 60 (44.4) 36 (40.4) 24 (52.2) 0.19

Immunodepression 16 (11.9) 5 (5.6) 11 (23.9) <0.01
Characteristics at ICU admission

SAPS II 27 (21–39) 25 (18–34) 34 (26–48) <0.01
Time from 1st symptoms to ICU

admission, days 9 (7–12) 9 (7–12) 8 (7–15) 0.80

Respiratory SOFA 3 (1–4) 3 (1–4) 3 (2–4) 0.50
Extra-respiratory SOFA 1 (0–4) 1 (0–3) 1 (1–6) <0.01

Ventilatory status at day 1 0.25
None 27 (20) 19 (21.3) 8 (17.4) .

NIV/HFNC/CPAP 78 (57.8) 54 (60.7) 24 (52.2) .
IMV/ECMO 30 (22.2) 16 (18) 14 (30.4) .

Steroid therapy at day 1 127 (94.1) 85 (95.5) 42 (91.3) 0.44
Laboratory data

MR-proADM, nmol/L
Day 1 1 (0.7–1.6) 0.8 (0.7–1.1) 1.4 (1.1–2.7) <0.01
Day 3 0.9 (0.7–1.7) 0.9 (0.7–1.2) 1.5 (0.9–3.6) <0.01
Day 7 1 (0.7–1.9) 0.9 (0.6–1.2) 1.4 (1–3.6) <0.01

IL-6 at day 1, pg/mL 36.3 (9–88) 29.4 (7.6–72) 58.3 (13.2–168) 0.11
CRP at day 1, mg/L 127 (68–177) 129 (57–177) 123.5 (93–172) 0.40

Procalcitonin at day 1, µg/L 0.3 (0.1–1.4) 0.2 (0.1–1) 0.6 (0.3–2) <0.01
LDH at day 1, UI/L 439 (337–573) 427 (335.5–550) 474 (362–632) 0.16

Lymphocytes at day 1, G/L 0.97 (0.59–1.32) 1.01 (0.63–1.39) 0.85 (0.46–1.12) 0.04
D-dimers at day 1, µg/L 916 (556–1768) 811 (537–1431) 1161 (667–2594) 0.07
Ferritin at day 1, µg/L 851 (397–1668) 804 (344–1448) 1088 (575–2418) 0.03

Abbreviations: ICU, Intensive care Unit; SAPS, Simplified Acute Physiology Score; SOFA, Sequential Organ Failure
Assessment; NIV, Non-invasive ventilation; HFNC, High Flow Nasal Canula; CPAP, Continuous Positive Airway
Pressure; IMV, Invasive Mechanical Ventilation; ECMO, Extra-Corporeal Membrane Oxygenation, MR-proADM,
Mid-regional proadrenomedullin; CRP, C-reactive protein; LDH, Lactate Dehydrogenase.
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1 MR-proADM was significantly associated with day-60 mortality (HR 1.20, 95% CI 1.01–
1.43, p = 0.04) (Table S1). On day 7, the delta between day-7 and day-1 MR-proADM con-
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Survival curves according to this cut-point are presented in Figure 2. Survival curves
according to the same cut-point for day-3 and day-7 MR-proADM are presented in Figure S2
and show a significant difference in day-60 mortality (log-rank test, p < 0.001 on day 3
and p = 0.002 on day 7). In a landmark analysis on day 3, the delta between day-3
and day-1 MR-proADM was significantly associated with day-60 mortality (HR 1.20,
95% CI 1.01–1.43, p = 0.04) (Table S1). On day 7, the delta between day-7 and day-1
MR-proADM concentrations was not associated with day-60 mortality (HR 1.26, 95% CI
0.90–1.76, p = 0.16).
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On day 1, MR-proADM compared favorably to other prognostic biomarkers identified
in the literature, AUROC for procalcitonin, ferritin, d-dimers, and C-reactive protein
being 0.69, 0.63, 0.60, and 0.55, respectively (Figure 3). It also compared favorably to
the Sequential Organ Failure Assessment (SOFA) score on day 1 (AUROC 0.65). The
combination of MR-proADM and procalcitonin improved only slightly prognostic accuracy,
with an AUROC of 0.76. In multivariate analysis and at all time points, after adjusting for
C-reactive protein, lactate dehydrogenase, and lymphocyte count, MR-proADM remained
significantly associated with day-60 mortality (Table 2).

2.3. Mid-Regional Pro-Adrenomedullin and Bacterial Infections

During ICU stay, 52 (38.5%) patients presented with bacterial nosocomial pneumonia
with a delay of 7 (4.5–9) days, of which 36 (26.7%) patients were ventilator-acquired
pneumonia. Bacteremia occurred in 34 (25.2%) patients during the same period, with a
delay of 9.5 (6–13) days. MR-proADM levels on day 3 (1.2 (0.8–2.1) vs. 0.9 (0.7–1.5), p < 0.01)
and day 7 (1.2 (0.9–2.5) vs. 0.9 (0.6–1.2), p < 0.01) were significantly higher in patients with
bacterial pneumonia, but not on day 1 (1.1 (0.7–1.6) vs. 0.8 (0.7–1.5), p = 0.22). MR-proADM
levels were significantly higher in patients with bacteremia on day 1 (1.3 (1.0–2.4) vs. 0.8
(0.7–1.3), p < 0.01), day 3 (1.4 (0.9–2.9) vs. 0.9 (0.7–1.5), p < 0.01) and day 7 (1.1 (0.9–2.6)
vs. 0.9 (0.7–1.4), p < 0.01). MR-proADM levels according to the occurrence of bacteremia or
bacterial pneumonia, on days 1, 3, and 7, are presented in Figure 4.
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Table 2. Adjusted landmark analysis of the association of MR-proADM with day-60 mortality on
days 1, 3, and 7.

Hazard Ratio 95% Confidence Interval p
Landmark at day 1 (n = 135)

Day-1 MR-proADM 1.17 (1.06–1.28) <0.01
Day-1 CRP 1.00 (1–1) 0.50

Day-1 lymphocytes count 1.00 (1–1) 0.28
Day-1 LDH 1.00 (1–1) <0.01

Landmark at day 3 (n = 135)
Day-3 MR-proADM 1.17 (1.06–1.28) <0.01

Day-1 CRP 1.00 (0.99–1) 0.50
Day-1 lymphocytes count 1.00 (1–1) 0.28

Day-1 LDH 1.00 (1–1) <0.01
Landmark at day 7 (n = 128)

Day-7 MR-proADM 1.19 (1.1–1.31) <0.01
Day-1 CRP 1.00 (0.99–1) 0.65

Day-1 lymphocytes count 1.00 (1–1) 0.62
Day-1 LDH 1.00 (1–1) <0.01

Missing data imputed by multiple imputation. Hazard ratios are computed per one point of each variable. Abbre-
viations: MR-proADM, Mid-regional proadrenomedullin; CRP, C-reactive protein; LDH, Lactate Dehydrogenase.
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3. Discussion
3.1. Main Findings

Using high-quality prospectively collected data from critically ill COVID-19 patients
admitted to a large French COVID-19 reference center, we showed that MR-proADM
concentrations were strongly associated with day-60 mortality. The prognostic accuracy of
baseline MR-proADM was higher than commonly measured laboratory parameters and
the SOFA score. We also showed that the AUROC for the prediction of day-60 mortality
remained high on days 3 and 7, but that serial measurements might not be useful at all time
points. When choosing a cut-point of 1 nmol/L, sensitivity and specificity for predicting
day-60 mortality were 77.5% and 68.8, respectively, with good discrimination of survival
curves. When evaluating the predictive accuracy of respiratory bacterial superinfection,
MR-proADM concentrations were not significantly higher at baseline.

3.2. Interpretation

Regarding mortality risk stratification, our results are in line with previous studies
performed in the ICU population showing AUROCs between 0.73 and 0.85 for 28-day
mortality, with optimal cut-points between 1 and 1.8 nmol/L [18–20]. We used cut-points
according to the MR-proADM distribution and previous studies to avoid overfitting [25].
Thus, the value of 1 nmol/L we chose was close to the median value of our sample and is in
the range of published cut-points for mortality. Comparatively, in the general ward [12–15]
and the emergency room [16,17] settings, MR-proADM also showed interesting risk stratifi-
cation capabilities, with risk prediction of ICU admission, need for invasive mechanical
ventilation, or death. These results have been confirmed in a pooled analysis of 6 stud-
ies and 487 patients, where MR-proADM values were increased by 74% (95% CI 46–103)
in COVID-19 patients with critical illness compared to those without [21]. We believe
risk stratification to be of paramount importance for COVID-19 patients, as patients with
the highest values may benefit most from anti-viral or anti-inflammatory therapies such
as steroids, interleukin-6 receptor antagonists, or anti-JAK molecules. In the context of
COVID-19 patients, we show that MR-proADM has better prognostic capabilities than
procalcitonin. These results are in accordance with published literature regarding the
general sepsis population, where MR-proADM appeared to be a prognostic biomarker
superior to procalcitonin [26,27].

The analysis of serial measurements of MR-proADM on days 1, 3, and 7 brings valuable
information. First, we showed that prognostic accuracy for day-60 mortality is equivalent
at each time point, meaning that MR-proADM can be measured at any time during the
first few days of ICU admission. Second, the delta between day-3 and day-1 MR-proADM
was significantly associated with day-60 mortality, suggesting that MR-proADM could
be used to monitor COVID-19 patients. The fact that the delta between day-7 and day-1
MR-proADM was not significantly associated with day-60 mortality may be related to
a loss of power due to a smaller patient sample on day 7. In a general population of 89
COVID-19 patients, Gregoriano et al. also found that MR-proADM remained low during
the whole follow-up period in survivors, whereas non-survivors had a step-wise increase
from baseline [14]. Given the small patient sample, our results warrant further studies to
evaluate MR-proADM as a monitoring biomarker of disease progression.

MR-proADM has been proven a performing biomarker for the diagnosis of sepsis,
with a calculated AUROC of 0.91 in a recent meta-analysis, and an optimal cut-point value
of 1–1.5 nmol/L [11]. It has also shown a good diagnostic accuracy in specific infections,
such as complicated urinary tract infections [28] and spontaneous bacterial peritonitis [29].
Thus, we sought to evaluate the diagnostic performance of MR-proADM for bacterial
superinfection. Interestingly, we found that MR-proADM concentrations were signifi-
cantly higher in patients with bacteremia and bacterial pneumonia. Bacterial pneumonia is
frequent in severe COVID-19 ARDS, with up to 44% of mechanically ventilated patients
developing ventilator-acquired pneumonia [30]. These infections can be difficult to diag-
nose, as COVID-19 patients may exert persistent systemic inflammation, and chest x-rays
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may be difficult to analyze due to the underlying viral pneumonia. While at the time
of intubation less than 25% of patients present bacterial superinfection, ICU patients are
frequently given systematic empiric antibiotic therapy. This strategy has led to an increase
in antimicrobial resistance [24], and tools to identify patients with a high probability of
bacterial superinfection are dearly needed. As such, we show that MR-proADM could be a
useful marker to monitor bacterial superinfection in these patients, but our results need
validation in larger cohorts.

3.3. Strenghts and Limitations

The strengths of our study are the prospective design and quality of collected data,
including a follow up of 60 days, relevant for severe COVID-19 patients with extensive
lengths of stay. The limitations of our study are: (1) a monocentric study design, (2) the
small patient sample, despite being the largest published cohort in the literature, (3) the lack
of external validation, and (4) the span of the study, covering different COVID-19 waves and
SARS-CoV2 variants. Indeed, during each wave, the dominant variant presented distinct
clinical and biological characteristics, including inflammatory response profile [31,32].
Hence, the prognostic accuracy of MR-proADM for each variant may have differed, but
this has not been evaluated due to an insufficient patient sample.

4. Materials and Methods
4.1. Study Population

From April 2020 to May 2021, we included all adult patients that were admitted to the
medical ICU of our hospital for severe SARS-CoV2 pneumonia and had had prospective
serum bio-banking in the context of the OUTCOMEREA database. The bio-banking was
conducted with the understanding and consent of each participant or surrogate. The
OUTCOMEREA database has been approved by the French Advisory Committee for Data
Processing in Health Research and the French Informatics and Liberty Commission (CNIL,
registration no. 8999262). The database protocol was submitted to the Institutional Review
Board of the French society of intensive care (CE-SRLF 22-76) on 12 September 2021. There
were no exclusion criteria.

4.2. Data Collection and Definitions

The primary endpoint was the survival rate 60 days after ICU admission, and patients
were followed-up to this time point or death. Data were prospectively collected at admis-
sion (demographics, chronic diseases, admission features, baseline severity indexes) and
daily throughout the ICU stay (specific SARS-CoV2 treatments, need for invasive mechani-
cal ventilation, need for vasopressors, need for renal replacement therapy, bacterial pneu-
monia and bacteremia, length of stay (LOS) and vital status at ICU and hospital discharge),
using an anonymized electronic case report form. Severity of illness was graded at ICU
admission with the use of the SAPS II [33] and the SOFA scores [34]. Immunodepression
was defined as the use of long-term (>3 months) steroids, use of other immunosuppressant
drugs, solid organ transplantation, solid tumor requiring chemotherapy in the last 5 years,
hematologic malignancy, or HIV infection.

Serums were systematically collected on days 1, 3, and 7 (unless the patient was
discharged from the ICU), allowed to clot at room temperature for 45 min, and then
aliquoted and stored at −80 ◦C until assayed. Day-1, day-3, and day-7 MR-proADM
concentrations were then measured blindly from clinical outcomes in batches at the end
of follow-up, using an immunological assay with the TRACE technology (B·R·A·H·M·S
MR-proADM KRYPTOR assay).

4.3. Statistical Analysis

Quantitative variables are presented as median, 1st, and 3rd quartiles, and compared
between groups with the Mann–Whitney test or t-test, as appropriate. Qualitative variables
are presented as frequency and percentage and compared with the Chi-square test or
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Fisher exact test as appropriate. For the analysis of bacterial superinfections, only episodes
occurring after each time point analysis were considered. The association of MR-proADM
with day-60 mortality was determined using a Cox proportional hazard model, adjusted
on biomarkers associated with the outcome in the literature. Landmark analysis was used
to evaluate this association at each time point (day 1, day 3, and day 7). Missing data, when
at random, were handled by multiple imputations [35]. All statistical analyses were carried
out with SAS 9.4 (SAS Institute Inc., Cary, NC, USA). A p-value of 0.05 and lower was
considered statistically significant.

5. Conclusions

Our results suggest that MR-proADM is a promising predictor of outcome in critically
ill patients with severe SARS-CoV-2 infection, superior to procalcitonin or the SOFA score.
Furthermore, serial measurements may help monitor disease progression. In the event of
future COVID-19 waves, MR-proADM could be used both for risk stratification and triage
of patients presenting with severe SARS-CoV-2 pneumonia and for monitoring of bacterial
superinfection in COVID-19 ICU patients.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics11091166/s1, Figure S1: Study flowchart; Figure S2:
Survival curves according to a cut-point of 1 nmol/L of MR-proADM, on days 3 and 7; Figure S3:
MR-proADM levels according to the occurrence of bloodstream infection or pneumonia, on days 1, 3,
and 7; Table S1: Landmark analysis of the association of day-3 and day-7 MR-proADM with day-60
mortality, according to day-1 MR-proADM.
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Highlights:

• Procalcitonin has low sensitivity for bacterial pneumonia at emergency admission.
• Procalcitonin has low specificity for bacterial pneumonia at emergency admission.
• Procalcitonin sampled at emergency admission should not guide antibiotic prescriptions.
• Higher procalcitonin values in COVID-19 pneumonia hinder its use for antibiotic stewardship.
• No procalcitonin cutoff level provided reliable guidance in antibiotic prescription.

Abstract: Introduction: Procalcitonin is a marker for bacterial diseases and has been used to guide
antibiotic prescription. Procalcitonin accuracy, measured at admission, in patients with community-
acquired pneumonia (CAP), is unknown in the current severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) pandemic. Objectives: To evaluate the diagnostic accuracy of procalcitonin to assess
the need for antibiotic treatment in patients with CAP presenting to the emergency department
during the SARS-CoV-2 pandemic. Methods: We performed a real-world diagnostic retrospective
accuracy study of procalcitonin in patients admitted to the emergency department. Measures of
diagnostic accuracy were calculated based on procalcitonin results compared to the reference standard
of combined microbiological and radiological analysis. Sensitivity, specificity, positive and negative
predictive values, and area under (AUC) the receiver-operating characteristic (ROC) curve were
calculated in two analyses: first assessing procalcitonin ability to differentiate microbiologically
proven bacteria from viral CAP and then clinically diagnosed bacterial CAP from viral CAP. Results:
When using a procalcitonin threshold of 0.5 ng/mL to identify bacterial etiology within patients with
CAP, we observed sensitivity and specificity of 50% and 64.1%, and 43% and 82.6%, respectively,
in the two analyses. The positive and negative predictive values of a procalcitonin threshold of
0.5 ng/mL to identify patients for whom antibiotics should be advised were 46.4% and 79.7%, and
48.9% and 79% in the two analyses, respectively. The AUC for the two analyses was 0.60 (95%
confidence interval [CI] 0.52–0.68) and 0.62 (95% CI, 0.55–0.69). Conclusions: Procalcitonin measured
upon admission during the SARS-CoV-2 pandemic should not guide antibiotic treatment in patients
with CAP.
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection is associated
with high rates of emergency attendance, hospitalization, and intensive care unit admission.
Most cases present with mild symptoms, and a small proportion evolve to more severe
presentations, such as oxygen-requiring pneumonia, acute respiratory distress syndrome,
or fatal issues [1]. The most common symptoms are fever, fatigue, and dry cough. Less
common symptoms include sputum production, anorexia, sore throat, chest pain, and
nausea [1,2]. These symptoms are aspecific and are frequently observed in pneumonia
caused by other viruses and bacteria. Differentiating between viral and bacterial pneu-
monia or bacterial coinfection of viral pneumonia is challenging because of the overlap in
presentation between these entities [3,4]. The choice of administering broad-spectrum an-
tibiotics to these patients is difficult, and overprescription of antibiotics has been reported
in hospitalized patients with SARS-CoV-2 [5]. While a delay in antibiotic treatment of
bacterial community-acquired pneumonia (CAP) is associated with increased mortality [6],
systematic broad-spectrum antibiotic treatment of suspected bacterial CAP is associated
with complications, side effects, and mortality [7].

Procalcitonin (PCT) is a prohormone produced by the thyroid gland. In response to
bacterial infection, interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), and interleukin-1β
(IL-β) induce PCT synthesis in extrathyroidal tissue [8] with a peak at 6 h from the onset of
infection and a half-life of 24 h [9]. In most viral infections, increased interferon gamma
production inhibits PCT synthesis, leading to bacterial specificity of PCT.

Studies have suggested that PCT is a useful serum biomarker that supports clinical
decisions regarding antibiotic treatment in patients with CAP. Higher serum PCT levels
are associated with a higher probability of bacterial disease [10]. Some clinical trials
have reported that PCT can guide clinicians in decisions on empiric antibiotic coverage
without incurring higher rates of adverse outcomes [11,12], while others have reported
no differences in antibiotic use among patients with suspected lower respiratory infection
when PCT values were integrated in the treatment decision [4].

Within the context of the ongoing pandemic, PCT has been associated with the severity
and mortality of SARS-CoV-2 infections [13–15]. Meanwhile, evidence on the role of PCT
in guiding antibiotic prescriptions remains insufficient [16,17].

This two-center case–control study aimed to evaluate the role of PCT in differentiating
CAP with an indication for antibiotic treatment from other entities associated with a new
radiological infiltrate and lower respiratory tract infection (LRTI) signs and symptoms.

2. Material and Methods
2.1. Design

This retrospective two-center case–control observational study assessed the diagnostic
accuracy of PCT for antibiotic prescription guidance in patients with CAP admitted to
the Emergency Department of Saint-Pierre and Brugmann University hospitals between
1 March 2020 and 31 October 2020. The ethics committee of each hospital (OM 007 and OM
026) approved the study protocol and waived the need for signed informed consent due to
the retrospective design of the study (CE20-12-11 and CE 2022/132).

2.2. Setting and Participants

A sample size of 225 was calculated as sufficient to detect specificity and sensitivity of
0.8 with a two-sided type I error of 0.05 and a power of 80%, assuming a prevalence of 20%
and H0 of 0.6 for both sensitivity and specificity. For eligibility, we assessed a convenience
sample of consecutive patient consultations and expected to achieve the previously calcu-
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lated sample size within the study timeframe. Both centers routinely measure PCT levels
of patients with suspected CAP upon admission. Patients with CAP having a serum PCT
measurement performed within 24 h from ED admission and at least one viral and one
bacterial investigation (a pair of hemocultures, sputum, or bronchoalveolar lavage) per-
formed within 48 h from admission were included in this study. Minors, pregnant women,
patients already on antibiotic treatment at the time of ED admission, and patients with an
extrapulmonary site of infection diagnosed during their initial evaluation were excluded.

All enrolled patients had signs of acute infection (temperature of >38 ◦C, chills, altered
mental status, and leukocyte count of >10,000/µL or <4000/µL). Moreover, all patients
had at least one symptom of acute respiratory illness (cough, dyspnea, sputum produc-
tion, tachypnea, pleuritic chest pain, ambient air oxygen saturation (SatO2) of <94%, or
a loss of ≥4 SatO2 points following a 1 min walking test) or at least one finding during
auscultation (crackles and rales). All included patients had a new infiltrate on radiological
imaging performed within 48 h from admission. Missing data were treated as missing in
the analysis, and no imputation was performed.

2.3. Outcome Measure and Analysis

PCT concentrations were measured by technicians blinded to the clinical information
using Lumipulse G B•R•A•H•M•S PCT immunoreaction cartridges on a Lumipulse G600II
instrument (Fujirebio, Ghent, Belgium).

Bacteriological analysis included culture from a respiratory tract specimen (sputum
or bronchoalveolar lavage) or a pair of blood cultures. Diagnosis of SARS-CoV-2 infection
was based on the COVID-19 Ag Respi-Strip® (Coris Bioconcept, Gembloux, Belgium),
followed by qRT-PCR in case of a negative result (RealStar® SARS-CoV-2 RT PCR Kit,
Altona Diagnostics), both performed on a nasopharyngeal swab [18]. Additional micro-
biological tests were performed according to clinical presentation. Additional bacterial
testing included the Legionella pneumophila urinary antigen test and serological tests for
Chlamydophila pneumoniae and Mycoplasma pneumonia. Additional viral testing included
immunochromatographic techniques for influenza and adenovirus, direct fluorescence an-
tibody tests for parainfluenza viruses, and inoculation of three cell cultures. Upon request,
for 13 patients, respiratory tract specimens were analyzed using a multiplex PCR system
to detect an additional fourteen viral and three bacterial targets (Biofire™ Filmarray™,
bioMérieux, Marcy l’Etoile, France).

Chest radiographs were classified as showing radiographic evidence of pneumonia
whenever a new infiltrate was mentioned in the X-ray report. Thoracic CT scans were
considered to have radiographic evidence of pneumonia when the summary report men-
tioned probable bacterial or viral pneumonia. Radiological assessment was performed by a
radiologist blinded to the PCT results. During the study period, thoracic low-dose CT scans
for suspected CAP were additionally classified through a simplified classification as having
typical features of bacterial CAP, typical features of SARS-CoV-2 CAP, intermediate features
of both viral and bacterial CAP, or features evoking a diagnosis different from CAP.

CAP was defined as a new infiltrate on chest radiological study in a patient presenting
with LRTI signs and symptoms [19]. Patients were classified according to laboratory test
results and interpretation of radiological images. CAP for which antibiotic treatment was
recommended was defined as cases with a microbiological analysis positive for pathogenic
bacteria or with a chest CT lung infiltrate typical of bacterial pneumonia. CAP for which
antibiotic treatment was recommended included bacterial CAP and viral CAP cases with
a documented bacterial coinfection. CAP cases in which antibiotics were discouraged
were defined as cases with a typical viral pneumonia infiltrate on radiological studies,
with a microbiological analysis positive for a pathogenic virus and a lack of any microbi-
ological analysis positive for a bacterial pathogen or imaging test suggesting a possible
bacterial coinfection.

Sixty-eight (19%) patients could not be classified using this method. These cases
were classified, in addition to the previously categorized patients, by two independent
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specialists blinded to the PCT results in a secondary analysis. These two specialists clas-
sified ambiguous cases according to clinical, microbiological, and radiographic results,
antibiotic administration, and clinical evolution as CAP cases for which antibiotic treatment
was recommended. In cases of disagreement, a third independent specialist provided a
definitive classification.

Therefore, we retrospectively studied the accuracy of PCT in identifying CAP cases
in which antibiotic therapy was recommended in two separate analyses, using the two
aforementioned definitions for recommended or discouraged antibiotic treatment.

3. Analysis
3.1. Procalcitonin among Groups

We compared the PCT distribution within the two aforementioned analyses using
the Wilcoxon rank-sum test. PCT cutoff values described in the literature as thresholds
for identifying bacterial infections and guiding antibiotic therapy [11,12] were used to
categorize CAP according to PCT values in four strata: <0.1 ng/mL, 0.1–0.249 ng/mL,
0.25–0.499 ng/mL, and >0.5 ng/mL.

3.2. Accuracy of Procalcitonin for Identifying Antibiotic-Requiring CAP

We calculated a nonparametric receiver-operating characteristic (ROC) curve for the
two aforementioned dichotomous analyses to study the diagnostic accuracy of PCT in
identifying antibiotic-requiring CAP. Sensitivity, specificity, negative predictive values,
and positive predictive values were calculated using PCT cutoff values of 0.1 ng/mL,
0.25 ng/mL and 0.5 ng/mL. All statistical analyses were performed using Stata software
version 16 (StataCorp, College Station, TX, USA).

4. Results

During the study period, 476 patients presented with complaints related to CAP. After
application of inclusion and exclusion criteria, 359 (75.4%) patients were included in the
current analysis (Figure 1).
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Patient characteristics at inclusion are illustrated in Table 1.

Table 1. Demographic and clinical characteristics at study inclusion.

Number of Observations 359
Age, mean (IQR), y 61 (49–75)

Female, No. (%) 112 (31.2)
Days since first symptoms, median (IQR) 7 (4–9)

Coexisting conditions, No. (%)
Hypertension 148 (41.2)

Diabetes 105 (29.3)
Chronic renal failure 59 (16.6)

COPD 27 (7.6)
Asthma 24 (6.7)

Chronic heart failure 21 (5.9)
Cerebrovascular disease 17 (4.7)

Nursing home resident, No. % 40 (11.1)
Pneumonia severity index, median (IQR) 77 (58–105)

Heart rate, median (IQR), beats/min 99 (85–111)
PaO2/FiO2, median (IQR) 300 (245–340)

Respiratory rate, median, (IQR), breaths/min 24 (20–30)
Systolic blood pressure, mean (IQR), mmHg 130 (117–144)
Blood urea nitrogen, median (IQR), mg/dL 16 (11–22)

Arterial pH, median (IQR) 7.47 (7.45–7.50)
Lactate, median (IQR), mEq/L 1.1 (0.9–1.7)

Procalcitonin, median (IQR) ng/mL 0.19 (0.10–0.48)
Abbreviations: No., number; IQR, interquartile range; COPD, chronic obstructive pulmonary disease; PaO2/FiO2,
arterial oxygen partial pressure to fractional inspired oxygen ratio.

Table 2 illustrates the etiological pathogens identified.

Table 2. Etiological diagnosis using microbiological and molecular methods.

Number of Observations 359

Identified pathogen, No. (%) 297 (83)
SARS-CoV-2 244 (68)

Staphylococcus aureus 18 (5)
Hemophylus influenzae 9 (2.5)

Streptococcus pneumoniae 8 (2.2)
Other 28 (7.8)

Abbreviations: No., number.

In total, 77 cases (26.5%) were classified as having CAP with an indication for antibiotic treat-
ment in the primary analysis and 100 (27.9%) in the secondary analysis. All 214 (100%) patients
with microbiologically documented viral CAP had SARS-CoV-2-related pneumonia.

PCT concentrations were higher in the CAP group where antibiotics were recom-
mended (0.22 ng/mL; IQR, 0.11–2.22 ng/mL) than the CAP group for which antibiotic
were discouraged (0.19 ng/mL; IQR, 0.1–0.39 ng/mL; p = 0.01) (Supplementary Digital
Content; Figure S1).

Antibiotic-requiring CAP was more prevalent in higher PCT strata. The prevalence of
antibiotic-requiring CAP was 24% among patients with PCT <0.1 ng/mL and increased
to 46% among patients with PCT ≥ 0.5 ng/mL (Supplementary Digital Content Table S1).
Results were ambiguous in the intermediate strata.

4.1. Accuracy of PCT for Identifying CAP Cases in Which Antibiotic Therapy Was Recommended
4.1.1. Nested Cohort without Cases Classified According to Specialist Opinion

PCT performed poorly in identifying cases for which antibiotics were recommended
(area under the curve [AUC], 0.60; 95% confidence interval [CI], 0.52–0.68) in the nested
cohort, excluding patients classified according to specialist opinion (Figure 2).
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Figure 2. Receiver-operating characteristic curve of serum procalcitonin for the diagnosis of microbi-
ologically proven bacterial pneumonia.

A PCT threshold of ≥0.25 ng/mL to identify CAP for which antibiotics were recom-
mended resulted in sensitivity of 48.1% (95% CI, 36.5–59.7%) and specificity of 61.7% (95%
CI, 54.8–68.2%) (Table 3).

Table 3. Cutoff levels, sensitivity and specificity for procalcitonin in detecting bacterial pneumonia.

Value Cutoff Level
ng/mL

Sensitivity,
% (95% CI)

Specificity,
% (95% CI)

Patients, No. (%) PPV NPV
True

Positive
False

Negative
False

Positive
True

Negative (95% CI) (95% CI)

Procalcitonin
[antibiotic-requiring vs.

viral CAP] n = 291

>0.1 77.9
(67–86.6)

24.3
(18.7–30.6) 60 (20.6) 17 (5.9) 162 (55.7) 52 (17.9) 27.0

(21.3–33.4)
75.4

(63.5–84.9)

>0.25 48.1
(36.5–59.7)

61.7
(54.8–68.2) 37 (12.7) 40 (13.8) 82 (28.2) 132 (45.4) 31.1

(22.9–40.2)
76.7

(69.7–82.8)

≥0.5 41.6
(30.4–53.4)

82.7
(77.0–87.5) 32 (11.0) 45 (15.5) 37 (12.7) 177 (60.8) 46.4

(34.3–58.8)
79.7

(73.8–84.8)

>0.1 79.0
(69.7–86.5)

25.5
(20.3–31.2) 79 (22.0) 21 (5.9) 193 (53.8) 66 (18.3) 29.0

(23.7–34.8)
75.9

(65.5–84.4)

>0.25 50.0
(39.8–60.2)

64.1
(57.9–69.9) 50 (13.9) 50 (13.9) 93 (25.9) 166 (46.2) 35.0

(27.2–43.4)
76.9

(70.6–82.3)

Procalcitonin [confirmed and
clinical bacterial vs.

confirmed and clinical viral
CAP] n = 359 ≥0.5 43.0

(33.1–53.3)
82.6

(77.5–87.0) 43 (12.0) 57 (15.9) 45 (12.5) 214 (59.6) 48.9
(38.1–59.8)

79.0
(73.6–83.7)

Abbreviations: PPV, positive predictive value; NPV, negative predictive value.

A threshold of ≥0.5 ng/mL to identify CAP in which antibiotics were recommended
resulted in sensitivity of 41.6% (95% CI: 30.4–53.4%) and specificity of 82.7% (95% CI:
77.0–87.5%).

4.1.2. Complete Cohort including Patients Classified According to Specialist Opinion

PCT performed poorly in identifying CAP cases for whom antibiotics were recom-
mended [AUC: 0.62 (95% CI: 0.55–0.69)] in the entire cohort (Figure 3).
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Figure 3. Receiver-operating characteristic curve of serum procalcitonin for the diagnosis of clinical
bacterial pneumonia.

A PCT threshold of ≥0.25 ng/mL to identify CAP for which treatment with antibiotics
was indicated resulted in a sensitivity of 50.0% (95% CI, 39.8–60.2%) and a specificity of
64.1% (95% CI, 57.9–69.9%) (Table 2). A PCT threshold of ≥0.5 ng/mL to identify CAP
for which treatment with antibiotic was indicated resulted in sensitivity of 43% (95% CI,
33.1–53.3%) and specificity of 82.6% (95% CI, 77.5–87.0%).

We performed a sensitivity analysis nested on patients with SARS-CoV-2 to study the
accuracy of procalcitonin in identifying a bacterial coinfection within CAP patients with
SARS-CoV-2. Results were consistent with previous analysis. A threshold of ≥0.5 ng/mL to
identify bacterial coinfections within SARS-CoV-2 CAP resulted in sensitivity of 40% (95%
CI: 16.3–67.7%) and specificity of 80.4% (95% CI: 74.9–85.1%). PCT performed poorly in
identifying bacterial coinfection (area under the curve [AUC], 0.60; 95% confidence interval
[CI], 0.52–0.68) within SARS-CoV-2 CAP patients [AUC: 0.59 (95% CI: 0.44–0.76)].

5. Discussion

In this multicenter retrospective study of 359 adults with CAP admitted to the ED
during the SARS-CoV-2 pandemic, including 298 with microbiologically documented
pathogens, no PCT threshold identified CAP for which antibiotic treatment was recommended.

Trials and meta-analyses, partially performed in EDs, suggested that PCT could tailor
antibiotic prescription in CAP without increasing adverse outcomes [11,12,20]. Guidelines
based on previous results of trials provided graded recommendations based on four tiers of
PCT levels and discouraged the use of antibiotics for patients with PCT values ≤0.1 ng/mL
while strongly recommending antibiotics in patients with PCT values ≥0.5 ng/mL. Other
studies have suggested thresholds of 0.2 ng/mL to differentiate CAP from bronchitis [21].
Studies performed during the H1N1 pandemic indicated that PCT could help distinguish
patients with a bacterial etiology from those with viral pneumonia [22,23]. However, a
recent trial cast doubt on the ability of PCT to reduce antibiotic exposure in ED-diagnosed
CAP [4]. The results from our study, carried out during the SARS-CoV-2 pandemic, further
challenged PCT-based recommendations to guide antibiotic administration in CAP. In
this cohort, withholding antibiotic treatment in patients with PCT levels ≤0.1 ng/mL
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would have resulted in undertreating 17 (24.6%) cases of all CAP with a microbiological
indication for antibiotic treatment. Moreover, the routine administration of antibiotics in
our cohort in patients with PCT ≥0.5 ng/mL would have resulted in the inappropriate
overtreatment of 37 (53.6%) of 69 patients (Supplement Table S1). These high rates of
over- and undertreatment, as well as the low AUC observed for PCT as a tool to identify
antibiotic-requiring CAP from viral CAP, do not seem to support the role of PCT in guiding
antibiotic prescription in CAP within the context of the SARS-CoV-2 pandemic.

Our results are in line with previous studies [4,10,24] and with recent American
guidelines for the management of CAP that recommend against routine PCT measurements
to determine the need for initial antibacterial therapy [25,26]. The first ROC analysis,
restricted to patients for whom a causative microbiological pathogen was documented,
reported an AUC of 0.60 without any clear cutoff point that could identify patients for whom
antibiotic therapy should be recommended. PCT performed poorly in identifying cases for
which antibiotics were recommended, suggesting that PCT alone is not sufficient in CAP
to guide antibiotic prescription in the ED. While being methodologically sound to restrict
the analysis of patients with a proven microbiological etiology or a typical focal, bacterial
condensation on CT scans, results from this population are not directly generalizable to
clinical practice, as pathogens may be detected in less than 40% of CAP cases. Moreover,
thoracic CT is not routinely performed for the diagnosis of pneumonia [27].

The secondary analysis, including both CAP with a straightforward etiologic diagnosis
and pneumonia classified according to an independent blinded review, showed a similar
AUC of 0.62 for the ability of PCT to identify CAP with an indication for antibiotic treatment.
This analysis yielded similar results in a more pragmatic clinical scenario where the clinician
has to decide whether to initiate antibiotic treatment for CAP, irrespective of whether a
pathogen will be documented from the microbiological analyses.

PCT is higher in SARS-CoV-2 CAP than in CAP associated with other viral etiolo-
gies [28]. In addition, PCT had extremely low (<10%) positive predictive values for bacterial
pneumonia in a multicenter study investigating empiric antibacterial therapy for suspected
SARS-CoV-2 CAP [16]. The lower discriminatory performance of PCT compared to that
previously reported in the literature might be explained by the hyperinflammatory status
and cytokine storm caused by SARS-CoV-2, resulting in higher PCT concentrations than
in other viral CAP [14], thereby lowering the discriminatory power of PCT for bacterial
infections. High levels of IL-1b and TNF-α, together with high IL-6, have been reported
in SARS-CoV-2 patients [29] which might increase PCT plasma levels. Alternatively, PCT
trajectories rather than absolute values have been suggested as possible markers of bacterial
infection without solid evidence in favor of this practice [14,30]. This finding is relevant, as
PCT-driven antibiotic prescriptions in the current pandemic context might drive antibiotic
overconsumption and expose patients and hospitals to potential harmful effects. Moreover,
the reported findings are in line with evidence suggesting that PCT might be a marker
of severity in SARS-CoV-2 pneumonia, which would hinder its ability to be used as a
diagnostic tool to withdraw or withhold antibiotic prescription [13].

6. Limitations

This study has both strengths and limitations. First, the retrospective design may
have introduced a selection bias, as 24.6% of the patients with CAP were not included in
the analysis according to the exclusion criteria (Figure 1). Second, the low proportion of
CAP cases requiring antibiotic treatment might have reduced the diagnostic performance
of procalcitonin. Third, while some studies recommend serial PCT measurements to
guide antibiotic prescription in critically ill patients [30], we studied PCT at the time of
ED admission. Fourth, the two-center design may limit the generalization, and fifth, the
emergence of new SARS-CoV-2 variants that might elicit distinct procalcitonin responses.
Finally, immunosuppression, which might alter cytokine expression in response to SARS-
CoV-2 infection, could influence procalcitonin response to different CAP etiologies, and
was not accounted for in this analysis.
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The study’s main strength is its pragmatic design and the few exclusion criteria
allowing us to interpret our results on PCT accuracy in identifying bacterial CAP in real-life
ED conditions. The second strength is the high proportion of patients (83.0%) with a
microbiologically documented etiology of CAP, which is higher than that found in previous
PCT trials.

7. Conclusions

Procalcitonin measured at ED admission performed poorly as a guide for antibiotic
prescription in CAP during the SARS-CoV-2 pandemic.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics11091141/s1, Figure S1: Box plot of serum procalcitonin
comparing patients with viral and antibiotic-requiring CAP; Table S1: Prevalence of CAP class by
procalcitonin strata.
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Abstract: Azithromycin has become famous in the last two years, not for its main antimicrobial effect,
but for its potential use as a therapeutic agent for COVID-19 infection. Initially, there were some
promising results that supported its use, but it has become clear that scientific results are insufficient
to support such a positive assessment. In this review we will present all the literature data concerning
the activity of azithromycin as an antimicrobial, an anti-inflammatory, or an antivirus agent. Our
aim is to conclude whether its selection should remain as a valuable antivirus agent or if its use
simply has an indirect therapeutic contribution due to its antimicrobial and/or immunomodulatory
activity, and therefore, if its further use for COVID-19 treatment should be interrupted. This halt will
prevent further antibiotic resistance expansion and will keep azithromycin as a valuable anti-infective
therapeutic agent.

Keywords: macrolides; azithromycin; virus; coronavirus; COVID-19; immunolides; antivirus

1. Introduction

Azithromycin (Azi) belongs to the large family of macrolide antibiotics, an impor-
tant class of first-line antimicrobial agents [1]. Azi belongs to the second generation of
macrolides, as a semisynthetic derivative of erythromycin with a modified macrolactone
ring with 15 members instead of 14 members as in erythromycin (Figure 1). Although Azi
did not exhibit improved activity against Gram-positive bacteria compared to the mother
compound erythromycin [2–4], it was selected for further development due to its enhanced
pharmacokinetic profiles. In particular, it was selected for its high half-life time and the
ability to accumulate at high levels within lung tissue [5–9]. Clarithromycin (Figure 1) is
another key second-generation 14-membered macrolide with similar features and structure,
and while it was initially included in a few trial schemes as a potential therapeutic drug for
COVID-19, it was rapidly discontinued [10,11]. Azi, like most of the other macrolides, is
not only known for its antimicrobial activity, but it also has additional actions as either anti-
inflammatory or antivirus agents. In this review we will present a summary of the existing
literature data concerning azithromycin and will explain why it was initially hypothesized
to have activity for COVID-19 treatment. Additionally, all studies on the use or non-use of
azithromycin in the treatment of COVID-19 will be presented. Finally, we will discuss why
Azi is not included anymore in therapeutic protocols and why its use must be interrupted
to avoid increasing Azi pathogen resistance thereby maintaining the antibiotic as a useful
therapeutic weapon for a longer time.
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Figure 1. Molecular structure of the mother macrolide molecule erythromycin and its semisynthetic
derivatives azithromycin (15-membered) and clarithromycin (14-membered). Blue and red colors in
the structures represent modifications of the mother molecule (black).

2. Methods

The authors searched the PubMed and the Scopus database using the terms “Coron-
avirus”, “COVID-19”, and “Azithromycin”. The same search terms were used for searching
the Clinical Trials database. The abstracts were screened and only the relevant articles were
considered in the review. Articles from the Clinical Trials database that were limited by
a small sample size or other criteria were declared not relevant, and therefore, were not
considered. Articles published as recently as 15 April 2022 were included.

3. Azithromycin as an Antimicrobial Agent

The antimicrobial activity of azithromycin results from its binding with high affinity
to the entrance of the ribosomal exit tunnel of prokaryotic 70S ribosomes and strongly
inhibiting the bacterial protein synthesis [12–14]. According to the crystal structure data, it
binds to the entrance of the nascent peptide exit tunnel and partially occludes it (Figure 2).
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Figure 2. Structure of azithromycin in complex with the 70S ribosome carrying A-, P-, and E-site
tRNAs. (A,B) Location of the ribosome-bound azithromycin (yellow) in the macrolide binding pocket
at the entrance to the nascent peptide exit tunnel (NPET) of the 70S ribosome relative to tRNAs
viewed as cross-cut sections through the ribosome. The 30S subunit is shown in light yellow, the 50S
subunit is in light blue, the mRNA is in magenta, and the A-, P-, and E-site tRNAs are colored green,
dark blue, and orange, respectively. The phenylalanyl and formyl-methionyl moieties of the A- and
P-site tRNAs are shown as spheres [15].

Thus, Azi was considered as ‘tunnel plugs’ that inhibit the synthesis of every pro-
tein entering the exit tunnel [1,16]. However, more recent evidence demonstrates that
macrolides selectively inhibit the translation of a subset of cellular proteins and that their
action crucially depends on the nascent protein sequence and the antibiotic structure [17].
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Recent studies have shown that the translation of many genes was arrested at a few
distinct sites through the length of the gene after treatment with macrolide antibiotics.
Analysis of the sites of the stops revealed the existence of specific sequence signatures
that induce pronounced drug-induced translation arrest and lead to specific regulation
of protein synthesis. Ribo-seq and toeprinting experiments have revealed leader ORFs of
macrolide resistance genes carrying the +x+ motif, where + stands for positively charged
amino acids lysine or arginine, and x stands for any amino acid [17,18].

Therefore, Azi emerges as a modulator of translation rather than as a global inhibitor of
protein synthesis. In general, macrolide antibiotics are active mainly against Gram-positive
bacteria and have a lower activity against Gram-negative bacteria [19,20]. Macrolides are
very active against Gram-positive bacteria Staphylococcus, Streptococcus, and Diplococcus;
among Gram-negative cocci, Neisseria gonorrhea, Haemophilus influenzae, Bordetella pertussis,
and Neisseria meningitis; and are extremely active against various Mycoplasmas. Since its
discovery Azi has been extensively used in the treatment of bacterial and mycobacterial
infections of the respiratory, gastrointestinal, genitourinary, and cutaneous systems [21–23].
Azi is a member of the WHO list of essential medications [24] and is available in large
quantities worldwide. Despite some mild side effects, including mainly diarrhea and
QT prolongation, Azi is proven to be safe and cheap, and therefore, easily available to
humans worldwide [21,22].

4. Azithromycin as an Anti-Inflammatory Agent

Beyond the antibacterial activity of azithromycin, and broadly most macrolides, their
anti-inflammatory effects have been established and some of them have been used in
chronic inflammatory diseases such as chronic rhinosinusitis, bronchial asthma, bronchiec-
tasis, chronic obstructive pulmonary disease, cystic fibrosis, etc. [23–27]. Probably, the
most striking example of their immunomodulation comes from diffuse panbronchiolitis,
an idiopathic inflammation and progressively destructive disease of the bronchioles which
can be converted from a lethal to a treatable disease with daily low-dose erythromycin
or Azi [23,28,29]. This has been accredited to the ability of Azi to normalize the upregu-
lated activities of IL-1β, IL-2, TNF, and GM-CSF [30]. Azi is rapidly absorbed after oral
administration with a half-life time of approximately 3 days, leading to a high and con-
stant tissue concentration [23,31]. As a result, Azi accumulates in human cells, including
epithelial cells, and most notably in phagocytes where it has been concentrated hundreds
to thousands of times with a focus on phagocyte lysosomes [9,31]. Its anti-inflammatory or
immunomodulatory activity reported in several studies includes the most frequent effects
on neutrophils, monocytes, and lymphocytes [27,29,32]. Among the usually measured
immunological modified markers are the number of decreased neutrophils; the concen-
trations of neutrophil elastase; cytokines release; surface-expressed molecules (mainly
Toll-like receptors); superoxide production; and cell homeostasis, mainly apoptosis and
phagocytosis (Figure 3) [27,29,32,33]. Neutrophil function inhibition has been reported
more frequently than eosinophil function inhibition. Azi stimulates neutrophil degranula-
tion and phagocytosis-associated oxidative burst, mediated via modulation of ERK 1/2
signaling [19]. These initial stimulatory effects are followed by modulation of transcription
factors activator protein (AP)-1, nuclear factor kappa B (NFκB), inflammatory cytokines,
and mucin release, with overall anti-inflammatory effects [34].

Azi inhibits lipopolysaccharide-induced pro-inflammatory cytokines; increases phago-
cytosis by inhibiting AP-1 [35]; improves lysosomal resistance to oxidant challenge [36];
and promotes M2 polarization of macrophages (a process in which macrophages produce
distinct functional phenotypes in response to specific microenvironmental stimuli and
signals) [37–39]. Azi can also increase the phagocytosis of apoptotic epithelial cells [40] and
neutrophils by macrophages [41] further supporting its anti-inflammatory activity. Studies
have shown that part of the immunomodulatory effects of macrolides could be attributed to
the impairment of TLR signaling by reducing the release of PAMPs (Pathogen-Associated
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Molecular Patterns) and inhibiting TLR expression, either of dendritic cells or macrophages,
thereby regulating the immune response [33,42].
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Immunomodulatory effects, although similar to most therapeutic macrolides, are
likely to differ among them. Few studies have examined the anti-inflammatory effects
of macrolides on more than one macrolide, and none of the human trials have explicitly
compared different macrolides. Furthermore, the majority of these trials were conducted
on healthy volunteers and/or Azi was administered in varying doses at a time [27,43–45].
Clinical investigations in CF patients, on the other hand, revealed that Azi, but not Clar-
ithromycin, improves respiratory function and reduces pulmonary exacerbations [46,47].
Additionally, another study showed that Azi, but not clarithromycin or roxithromycin,
inhibits IL-1alpha and IL-1beta production [48]. In general, azithromycin inhibits the syn-
thesis of pro-inflammatory cytokines by both innate and adaptive immune cells, as well as
the accumulation, adhesion, and death of pulmonary neutrophils [32].

Azithromycin, like other macrolides, has very low activity against eukaryotes due to
their low affinity for binding to eukaryotic ribosomes [1]. There are specific differences
between eukaryotic and bacterial ribosomes (differences between rRNA bases or ribosomal
proteins) that mediate the selectivity and toxicity of ribosomal drugs, as established by
rRNA sequencing studies and X-ray crystallography [49].

5. Azithromycin as an Antivirus Agent

Azi’s antiviral effects have been demonstrated in vitro, albeit not all examples have
been confirmed in vivo [32]. Since Azi mediated exacerbations in airway diseases, partic-
ularly in asthma [25,50], its effects were studied against viruses that cause such airway
infections such as rhinoviruses (RV). Azi inhibits RV replication and releases in primary
human bronchial epithelial cells in vitro [51]. The AMAZES research, the largest clinical
trial of a long-term macrolide on airway diseases, found that Azi reduced asthma exac-
erbations by 40% in vivo [25]. The mechanism is not known, but metagenomic analysis
suggested that it could be related to an antibacterial effect versus Haemophilus influenzae and
possibly its abundance in inhaled air [52–54]. Pre-treatment with azithromycin inhibits RV
replication in CF bronchial epithelial cells, probably by amplifying the antiviral response
mediated by the IFN pathway [55]. Additionally, Azi showed a reduction in H1N1 viral
replication in A549 cells with IC50 58 µM interfering with the internalization of viruses [56].
In experiments with the Zika virus, within glial cell lines and human astrocytes, there was a
reduction in viral growth and virus-induced cytotoxicity [57]. Equally, Azi inhibited Ebola
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replication with EC50 5.1 µM and low toxicity; however, it did not boost survival in mice or
guinea pigs when tested in vivo in a mouse model [58].

The precise mechanism of the antiviral activity of Azi remains unclear. Given that
Azi is a weak base it can accumulate in acidic intracellular organelles such as endosomal
vesicles and lysosomes [59]. In keeping with lysosomal accumulation, azithromycin causes
lysosomal pH change [23]. This modified acidic environment caused by accumulation of
Azi could also be responsible for uncoating enveloped viruses such as influenza and maybe
coronavirus [59]. Data also suggest that the antiviral activity of Azi could be attributed to
its ability to increase the expression of the epithelial interferon genes, leading to a reduction
in viral replication [60].

Recently, Azi and spiramycin (a natural 16-membered ring macrolide) provided sig-
nificant in vivo protection against enterovirus-A71 infection in mice [61]. Spiramycin was
found to interfere with EV-A71 viral RNA synthesis, and it is likely that spiramycin and
Azi function in concert after the viral entrance; thereby, inhibiting viral RNA synthesis
either directly or indirectly.

6. Azithromycin and Betacoronovirus

From the beginning of the current SARS-CoV-2 pandemic, several drug screens were
conducted in a rapid, urgent manner to evaluate potential candidate medications against
this pathogen. The requirements were: to be approved, to be inexpensive, to be safe,
and to be available as quickly as was feasible worldwide. Previous screens had recog-
nized more than 90 drugs that inhibited SARS-CoV-2 viral replication with EC50 nearly to
10 µM [62]. The tested drugs included protease inhibitors, ATPase proton pump inhibitors,
viral protease inhibitors, compounds targeting the angiotensin pathway, and antibiotics.
Azi tested in Vero E6 cells had an EC50 of 2.12 µM and EC90 equal to 8.65 µM, and selectivity
index >19 [63], which is very comparable to the control antiviral-compound remdesivir
(EC50 = 1.65, EC90 = 2.52), the first antiviral agent with proven clinical efficacy against
SARS-CoV-2 in all clinical trials [64–66]. Azi was also discovered as a target in a bioinfor-
matic screening investigation of potentially relevant pathways that may be turned into
pharmaceutically acceptable forms. An initial study focused on two of the previous candi-
date molecules, hydroxychloroquine (HQL) and Azi, suggested a synergistic inhibition of
SARS-CoV-2 replication in Vero cells at 5 and 10 µM concentrations, respectively [67,68].
This synergy was presented as a way to make hydroxychloroquine more effective at less haz-
ardous concentrations. It was the first observational study suggesting that HQL, especially
when combined with Azi, improved virological clearance [69]. However, because the data
with Azi came from only six patients and the study was open-label and nonrandomized, no
acceptable conclusions could be derived statistically [70]. This Azi-HQL combination was
also investigated in nonhuman primates, but no substantial antiviral effect was observed
in the five macaques given Azi in addition to hydroxychloroquine [71]. Furthermore, this
initial favorable finding led to the immediate start of interventional trials to assess the
efficacy of the COVID-19 therapy combination, as well as the efficacy of Azi with HQL.
Hundreds of trials with Azi are listed on clinical trials.gov. Initially, Azi was prescribed as
an adjunct to hydroxychloroquine, but later HQL was largely abandoned and Azi was used
alone. From the beginning of 2020, decades of publications were released either favoring
or discouraging the use of Azi, both with or without HQL [70]. According to them, Azi
was initially favored with or without HQL [72–77] but at the same time more observations
did not favor its use [78–86]. Since most of them were retrospective studies, it was clear
that randomized control trials (RCTs) were necessary to clarify the previous controversial
data. All these RCTs were integrated during the previous year and are presented in Table 1.
The table gives an overview of the most currently published, up-to-date, peer-reviewed
studies in the literature, in which the effect of Azi is evaluated. Although these RCTs in
Table 1 differ in their outcomes and whether or not hospitalized patients are included, all of
them suggested that azithromycin does not reduce hospital admissions, respiratory failure,
or death when compared to conventional therapy, and therefore, Azi should no longer be
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used to treat COVID-19. In a few words, all of them showed that, in hospitalized patients
with COVID-19, azithromycin did not reduce the time to sustained clinical improvement or
discharge. There is clearly no efficacy in terms of clinical status or mortality at the fixed
time points used in all scientifically acceptable large trials.

Table 1. Published RCTs assessing the effect of Azithromycin on COVID-19 treatment.

Name of Clinical Trial Year Participants Clinical Outcome Type of Study

Furtado et al., 2020 (COALITION II) [87] 2020 447
No justification for the use of

azithromycin for better
clinical outcomes.

Open label

Butler et al., 2021 (PRINCIPLE) [88] 2021 292
No justification for the use of

azithromycin for reducing time to
recovery or risk of hospitalization.

Open label

Hinks et al., 2021 (ATOMIC 2) [89] 2021 263
No justification for the use of

azithromycin for reducing the risk of
hospitalization or death.

Open label

Horby et al., 2021 (RECOVERY) [90] 2021 2265
No justification for the use of

azithromycin on inpatients for
increase in survival.

Open label

Oldenburg et al., 2021 [11] 2021 7763
No justification for the use

of azithromycin versus placebo for
elimination of symptoms at day 14.

Blind

Gyselinck et al., 2022
(DAWn-AZITHRO) [70] 2022 160

Early trial termination, failed to
demonstrate a benefit

of azithromycin.
Open label

Furthermore, according to Oldenburg et al., there was no significant difference in
self-reported symptom absence 14 days after enrollment among patients assigned to
azithromycin versus a placebo in their randomized controlled trial of single-dose oral
azithromycin for outpatient COVID-19 [11]. This last finding supports earlier randomized
clinical trials of azithromycin for COVID-19 in both outpatient and inpatient settings, none
of which found azithromycin to be effective in treating COVID-19.

Given that azithromycin consumption during the pandemic was increased up to
3 times compared to the pre COVID period [91–93], it is important to reduce useless
consumption, as it is an extremely dangerous practice, to avoid increasing antimicrobial
resistance (AMR). Antimicrobial resistance (AMR) develops when bacteria, fungi, or viruses
are exposed to antibiotics, antifungals, or antivirals leading to the development of a resis-
tance to one or more antimicrobial drugs. As a result, the antimicrobials become ineffective
and infections may persist. AMR is considered a serious and persistent therapeutic problem
today being an economic and health burden. It is conservatively estimated that, in the US
and Europe, 2.5 million people are affected by such infections each year and approximately
50,000 people die because of these infections [94]. The discovery of novel antibiotics has
nearly halted over the past 30 years leading to the exhaustion of the pipeline reserve. The
resistance of pathogens to antibiotics can be addressed with a rapid development of new
effective and safe antibiotics [1,95]. Several studies have revealed a significant increase
in drug resistance to azithromycin in some strains of gonococci [96]. Drug resistance to
azithromycin is also increasing in E. coli [95].

Identifying strategies that can work to reduce the burden of bacterial AMR—either
across a wide range of settings or those that are specifically tailored to the resources
available and leading pathogen–drug combinations in a particular setting—is an urgent
priority [97]. Since the prevalence of bacterial superinfection in COVID-19 is low [98], and
unlike influenza [99–101], there is no preventive benefit against postviral pneumococcal
and atypical pneumonia [98], it will be extremely helpful to avoid the useless consumption
of any antibiotic prescription, specifically azithromycin, in COVID-19 treatment..
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The outbreak of a pandemic led to a massive disruption of healthcare systems which
overshadowed the misuse and incorrect prescription of some antibiotics [102]. Many
COVID-19 patients received empirical antibiotic therapy for COVID 19 treatment in the
early stages of pandemic since it was considered the safer option due to clinical uncer-
tainty [93]. Control policies should be administrated in clinical practice regarding the use of
drugs in the treatment of COVID-19. As AMR will be a major clinical problem, stewardship
activities are necessary in the coming years to face the new-pandemic [102].

7. Closing Remarks and Perspectives

During the pandemic of coronavirus, antibiotics prescription was elevated without
justification, partly because the medical community was unprepared for this burst and
secondly because the clinical situation of patients changed dramatically each day after
the initial day of infection. The administration of known antibiotics was considered to
be the correct way of combating coronavirus but it soon became clear that there was no
justification for the overuse of antibiotics as they did not decrease the risk of mortality in
the patients who had no reason to receive this treatment [103].

To summarize, there is no scientific justification for the use of azithromycin in the
treatment of COVID-19 up to now, and the only way to keep this antibiotic relevant in the
future as a useful tool for combating pathogenic infections is to use it wisely, only after
careful consideration and high expectations.

Author Contributions: G.G.K.: writing—review and editing and writing—original draft; G.D.: writing—
review and editing. All authors have read and agreed to the published version of the manuscript.

Funding: The publication of this article has been financed by the Research Committee of the Univer-
sity of Patras. G.G.K. is a Research Fellow supported by the Hellenic State Scholarships Foundation
(IKΥ) through the Operational Program “Human Resources Development, Education and Lifelong
Learning” co-financed by Greece and the European Union (European Social Fund, ESF).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All relevant data are presented in the article.

Acknowledgments: The authors want to thank Yuri Polikanov for the kind preparation of Figure 2.

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

Abbreviations

Azi: azithromycin; IL-1β: interleukin 1β; IL-2: interleukin 2; TNF: tissue necrosis
factor; GM-CSF: granulocyte macrophage colony stimulating factor; TLR: Toll-like receptor;
AP-1: activator protein-1; EV-A71: enterovirus A71; RV: rhinovirus; CF; cystic fibrosis;
IFN: interferon; HQL: hydroxychloroquine; ERK1/2: extracellular signal related regulated
kinase 1/2.

References
1. Dinos, G.P. The Macrolide Antibiotic Renaissance. Br. J. Pharmacol. 2017, 174, 2967–2983. [CrossRef] [PubMed]
2. Barry, A.L.; Jones, R.N.; Thornsberry, C. In Vitro Activities of Azithromycin (CP 62,993), Clarithromycin (A-56268; TE-031),

Erythromycin, Roxithromycin, and Clindamycin. Antimicrob. Agents Chemother. 1988, 32, 752–754. [CrossRef] [PubMed]
3. Barry, A.L.; Fuchs, P.C.; Brown, S.D. Relative Potency of Telithromycin, Azithromycin and Erythromycin against Recent Clinical

Isolates of Gram-Positive Cocci. Eur. J. Clin. Microbiol. Infect. Dis. Off. Publ. Eur. Soc. Clin. Microbiol. 2001, 20, 494–497. [CrossRef]
[PubMed]

4. Fernandes, P.B.; Hardy, D.J. Comparative in Vitro Potencies of Nine New Macrolides. Drugs Exp. Clin. Res. 1988, 14, 445–451.
[PubMed]

5. Wise, R. The Development of Macrolides and Related Compounds. J. Antimicrob. Chemother. 1989, 23, 299–300. [CrossRef]

63



Antibiotics 2022, 11, 1063

6. Foulds, G.; Shepard, R.M.; Johnson, R.B. The Pharmacokinetics of Azithromycin in Human Serum and Tissues. J. Antimicrob.
Chemother. 1990, 25 (Suppl. A), 73–82. [CrossRef]

7. Retsema, J.A.; Girard, A.E.; Girard, D.; Milisen, W.B. Relationship of High Tissue Concentrations of Azithromycin to Bactericidal
Activity and Efficacy In Vivo. J. Antimicrob. Chemother. 1990, 25 (Suppl. A), 83–89. [CrossRef]

8. Hardy, D.J.; Guay, D.R.P.; Jones, R.N. Clarithromycin, a Unique Macrolide. A Pharmacokinetic, Microbiological, and Clinical
Overview. Diagn. Microbiol. Infect. Dis. 1992, 15, 39–53. [CrossRef]

9. Wildfeuer, A.; Laufen, H.; Zimmermann, T. Distribution of Orally Administered Azithromycin in Various Blood Compartments.
Int. J. Clin. Pharmacol. Ther. 1994, 32, 356–360.

10. Ayerbe, L.; Risco-Risco, C.; Forgnone, I.; Pérez-Piñar, M.; Ayis, S. Azithromycin in Patients with COVID-19: A Systematic Review
and Meta-Analysis. J. Antimicrob. Chemother. 2022, 77, 303–309. [CrossRef]

11. Oldenburg, C.E.; Pinsky, B.A.; Brogdon, J.; Chen, C.; Ruder, K.; Zhong, L.; Nyatigo, F.; Cook, C.A.; Hinterwirth, A.; Lebas, E.; et al.
Effect of Oral Azithromycin vs Placebo on COVID-19 Symptoms in Outpatients with SARS-CoV-2 Infection: A Randomized
Clinical Trial. JAMA 2021, 326, 490–498. [CrossRef] [PubMed]

12. Schlünzen, F.; Zarivach, R.; Harms, J.; Bashan, A.; Tocilj, A.; Albrecht, R.; Yonath, A.; Franceschi, F. Structural Basis for the
Interaction of Antibiotics with the Peptidyl Transferase Centre in Eubacteria. Nature 2001, 413, 814–821. [CrossRef] [PubMed]

13. Bulkley, D.; Innis, C.A.; Blaha, G.; Steitz, T.A. Revisiting the Structures of Several Antibiotics Bound to the Bacterial Ribosome.
Proc. Natl. Acad. Sci. USA 2010, 107, 17158–17163. [CrossRef]

14. Dunkle, J.A.; Xiong, L.; Mankin, A.S.; Cate, J.H.D. Structures of the Escherichia Coli Ribosome with Antibiotics Bound near the
Peptidyl Transferase Center Explain Spectra of Drug Action. Proc. Natl. Acad. Sci. USA 2010, 107, 17152–17157. [CrossRef]

15. Svetlov, M.S.; Plessa, E.; Chen, C.W.; Bougas, A.; Krokidis, M.G.; Dinos, G.P.; Polikanov, Y.S. High-Resolution Crystal Structures of
Ribosome-Bound Chloramphenicol and Erythromycin Provide the Ultimate Basis for Their Competition. RNA 2019, 25, 600–606.
[CrossRef] [PubMed]

16. Kannan, K.; Kanabar, P.; Schryer, D.; Florin, T.; Oh, E.; Bahroos, N.; Tenson, T.; Weissman, J.S.; Mankin, A.S. The General Mode of
Translation Inhibition by Macrolide Antibiotics. Proc. Natl. Acad. Sci. USA 2014, 111, 15958–15963. [CrossRef]

17. Vázquez-Laslop, N.; Mankin, A.S. How Macrolide Antibiotics Work. Trends Biochem. Sci. 2018, 43, 668–684. [CrossRef]
18. Beckert, B.; Leroy, E.C.; Sothiselvam, S.; Bock, L.V.; Svetlov, M.S.; Graf, M.; Arenz, S.; Abdelshahid, M.; Seip, B.; Grubmüller,

H.; et al. Structural and Mechanistic Basis for Translation Inhibition by Macrolide and Ketolide Antibiotics. Nat. Commun. 2021,
12, 4466. [CrossRef]

19. Ishimoto, H.; Mukae, H.; Sakamoto, N.; Amenomori, M.; Kitazaki, T.; Imamura, Y.; Fujita, H.; Ishii, H.; Nakayama, S.; Yanagihara,
K.; et al. Different Effects of Telithromycin on MUC5AC Production Induced by Human Neutrophil Peptide-1 or Lipopolysac-
charide in NCI-H292 Cells Compared with Azithromycin and Clarithromycin. J. Antimicrob. Chemother. 2009, 63, 109–114.
[CrossRef]

20. Nakayama, I. Macrolides in clinical practice. In Macrolide Antibiotics: Chemistry, Biology and Practice, 1st ed.; Omura, S., Ed.;
Academic Press: Orlando, FL, USA, 2022.

21. Firth, A.; Prathapan, P. Azithromycin: The First Broad-Spectrum Therapeutic. Eur. J. Med. Chem. 2020, 207, 112739. [CrossRef]
22. Taylor, W.R.; Richie, T.L.; Fryauff, D.J.; Ohrt, C.; Picarima, H.; Tang, D.; Murphy, G.S.; Widjaja, H.; Braitman, D.; Tjitra, E.; et al.

Tolerability of Azithromycin as Malaria Prophylaxis in Adults in Northeast Papua, Indonesia. Antimicrob. Agents Chemother. 2003,
47, 2199–2203. [CrossRef] [PubMed]

23. Parnham, M.J.; Erakovic Haber, V.; Giamarellos-Bourboulis, E.J.; Perletti, G.; Verleden, G.M.; Vos, R. Azithromycin: Mechanisms
of Action and Their Relevance for Clinical Applications. Pharmacol. Ther. 2014, 143, 225–245. [CrossRef] [PubMed]

24. WHO. WHO Model List of Essential Medicines—22nd List. 2021. Available online: https://www.who.int/publications/i/item/
WHO-MHP-HPS-EML-2021.02. (accessed on 15 February 2022).

25. Gibson, P.G.; Yang, I.A.; Upham, J.W.; Reynolds, P.N.; Hodge, S.; James, A.L.; Jenkins, C.; Peters, M.J.; Marks, G.B.; Baraket,
M.; et al. Effect of Azithromycin on Asthma Exacerbations and Quality of Life in Adults with Persistent Uncontrolled Asthma
(AMAZES): A Randomised, Double-Blind, Placebo-Controlled Trial. Lancet (Lond. Engl.) 2017, 390, 659–668. [CrossRef]

26. Hansen, M.P.; Scott, A.M.; McCullough, A.; Thorning, S.; Aronson, J.K.; Beller, E.M.; Glasziou, P.P.; Hoffmann, T.C.; Clark, J.;
Del Mar, C.B. Adverse Events in People Taking Macrolide Antibiotics versus Placebo for Any Indication. Cochrane Database Syst.
Rev. 2019, 18, CD011825. [CrossRef] [PubMed]

27. Zimmermann, P.; Ziesenitz, V.C.; Curtis, N.; Ritz, N. The Immunomodulatory Effects of Macrolides—A Systematic Review of the
Underlying Mechanisms. Front. Immunol. 2018, 9, 302. [CrossRef] [PubMed]

28. Kudoh, S.; Azuma, A.; Yamamoto, M.; Izumi, T.; Ando, M. Improvement of Survival in Patients with Diffuse Panbronchiolitis
Treated with Low-Dose Erythromycin. Am. J. Respir. Crit. Care Med. 1998, 157, 1829–1832. [CrossRef]

29. Zarogoulidis, P.; Papanas, N.; Kioumis, I.; Chatzaki, E.; Maltezos, E.; Zarogoulidis, K. Macrolides: From in Vitro Anti-Inflammatory
and Immunomodulatory Properties to Clinical Practice in Respiratory Diseases. Eur. J. Clin. Pharmacol. 2012, 68, 479–503.
[CrossRef] [PubMed]

30. Weng, D.; Wu, Q.; Chen, X.-Q.; Du, Y.-K.; Chen, T.; Li, H.; Tang, D.-L.; Li, Q.-H.; Zhang, Y.; Lu, L.-Q.; et al. Azithromycin
Treats Diffuse Panbronchiolitis by Targeting T Cells via Inhibition of MTOR Pathway. Biomed. Pharmacother. 2019, 110, 440–448.
[CrossRef]

64



Antibiotics 2022, 11, 1063

31. Wilms, E.B.; Touw, D.J.; Heijerman, H.G.M. Pharmacokinetics of Azithromycin in Plasma, Blood, Polymorphonuclear Neutrophils
and Sputum during Long-Term Therapy in Patients with Cystic Fibrosis. Ther. Drug Monit. 2006, 28, 219–225. [CrossRef]

32. Oliver, M.E.; Hinks, T.S.C. Azithromycin in Viral Infections. Rev. Med. Virol. 2021, 31, e2163. [CrossRef]
33. Reijnders, T.D.Y.; Saris, A.; Schultz, M.J.; van der Poll, T. Immunomodulation by Macrolides: Therapeutic Potential for Critical

Care. Lancet. Respir. Med. 2020, 8, 619–630. [CrossRef]
34. Araki, N.; Yanagihara, K.; Morinaga, Y.; Yamada, K.; Nakamura, S.; Yamada, Y.; Kohno, S.; Kamihira, S. Azithromycin Inhibits

Nontypeable Haemophilus Influenzae-Induced MUC5AC Expression and Secretion via Inhibition of Activator Protein-1 in
Human Airway Epithelial Cells. Eur. J. Pharmacol. 2010, 644, 209–214. [CrossRef] [PubMed]

35. Hodge, S.; Hodge, G.; Jersmann, H.; Matthews, G.; Ahern, J.; Holmes, M.; Reynolds, P.N. Azithromycin Improves Macrophage
Phagocytic Function and Expression of Mannose Receptor in Chronic Obstructive Pulmonary Disease. Am. J. Respir. Crit. Care
Med. 2008, 178, 139–148. [CrossRef] [PubMed]

36. Persson, H.L.; Vainikka, L.K.; Sege, M.; Wennerström, U.; Dam-Larsen, S.; Persson, J. Leaky Lysosomes in Lung Transplant
Macrophages: Azithromycin Prevents Oxidative Damage. Respir. Res. 2012, 13, 83. [CrossRef]

37. Murphy, B.S.; Sundareshan, V.; Cory, T.J.; Hayes, D.J.; Anstead, M.I.; Feola, D.J. Azithromycin Alters Macrophage Phenotype. J.
Antimicrob. Chemother. 2008, 61, 554–560. [CrossRef]

38. Legssyer, R.; Huaux, F.; Lebacq, J.; Delos, M.; Marbaix, E.; Lebecque, P.; Lison, D.; Scholte, B.J.; Wallemacq, P.; Leal, T. Azithromycin
Reduces Spontaneous and Induced Inflammation in DeltaF508 Cystic Fibrosis Mice. Respir. Res. 2006, 7, 134. [CrossRef]

39. Yamauchi, K.; Shibata, Y.; Kimura, T.; Abe, S.; Inoue, S.; Osaka, D.; Sato, M.; Igarashi, A.; Kubota, I. Azithromycin Suppresses
Interleukin-12p40 Expression in Lipopolysaccharide and Interferon-Gamma Stimulated Macrophages. Int. J. Biol. Sci. 2009,
5, 667–678. [CrossRef]

40. Hodge, S.; Hodge, G.; Brozyna, S.; Jersmann, H.; Holmes, M.; Reynolds, P.N. Azithromycin Increases Phagocytosis of Apoptotic
Bronchial Epithelial Cells by Alveolar Macrophages. Eur. Respir. J. 2006, 28, 486–495. [CrossRef]

41. Yamaryo, T.; Oishi, K.; Yoshimine, H.; Tsuchihashi, Y.; Matsushima, K.; Nagatake, T. Fourteen-Member Macrolides Promote the
Phosphatidylserine Receptor-Dependent Phagocytosis of Apoptotic Neutrophils by Alveolar Macrophages. Antimicrob. Agents
Chemother. 2003, 47, 48–53. [CrossRef]

42. Huang, S.-W.; Chen, Y.-J.; Wang, S.-T.; Ho, L.-W.; Kao, J.-K.; Narita, M.; Takahashi, M.; Wu, C.-Y.; Cheng, H.-Y.; Shieh, J.-J.
Azithromycin Impairs TLR7 Signaling in Dendritic Cells and Improves the Severity of Imiquimod-Induced Psoriasis-like Skin
Inflammation in Mice. J. Dermatol. Sci. 2016, 84, 59–70. [CrossRef]
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Abstract: The benefits of remdesivir treatment, with or without co-administration of antibiotics such
as azithromycin, are uncertain in COVID-19 pneumonia. The aim of this retrospective single-center
study was to assess the effects of remdesivir, with or without azithromycin, on hospital mortality,
intensive care unit (ICU) admission, and need of non-invasive ventilation. The clinical records of
the COVID-19 patients hospitalized in an Italian ward in March 2021 were analyzed, and data on
comorbidities and clinical, radiological, and laboratory presentation of the disease were collected.
Among 394 participants (234 M), 173 received remdesivir (43.9%), including 81 with azithromycin
(20.5%). Remdesivir recipients were younger, with less comorbidities, and had better PaO2/FiO2

and clinical outcomes, including reduced mortality, but the differences were not independent of
covariates. Rates of ICU transferal were 17%, 9%, and 1% in the no remdesivir, remdesivir without
azithromycin, and remdesivir/azithromycin groups, respectively. In a stepwise multivariate logistic
regression model, remdesivir/azithromycin co-treatment was independently associated with reduced
ICU admission (vs remdesivir alone, OR 0.081, 95% CI 0.008–0.789, p = 0.031; vs no remdesivir, OR
0.060, 95% CI 0.007–0.508, p = 0.010). These data suggest that the therapeutical effect of remdesivir in
COVID-19 pneumonia may be potentiated by azithromycin. The association between the two drugs
should be further investigated.

Keywords: SARS-CoV-2; antiviral; antibiotic; azithromycin; remdesivir

1. Introduction

Current guidelines consider intravenous steroid treatment as the mainstay of pharma-
cological treatment of severe and critical forms of COVID-19 pneumonia, provided that
it is not administered in the earliest days of symptoms [1,2]. Steroids, and particularly
dexamethasone, have in fact proved effective in reducing mortality and, to a lesser extent,
also the duration of mechanical ventilation, if needed [1–3]. In selected cases, steroids can
be administered in association with IL-6 receptor blockers or baricitinib [1,2].

Antiviral drugs available before emergence of the pandemic have shown little or
no efficacy in reducing mortality or mechanical ventilation in severe forms of COVID-19
requiring hospitalization [1,2]. The only exception is represented by remdesivir, whose
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administration within the first ten days of symptoms to patients with non-critical illness
has shown some benefits in terms of need of ventilation and its duration, but no effect on
mortality, in comparison with support treatment only [1,2,4–6].

However, real-life studies investigating the clinical outcomes of patients receiving
intravenous remdesivir treatment during hospitalization for severe COVID-19 pneumonia
have produced conflicting results. Some reports have shown little or no impact from this
treatment, either alone or in association with steroids, on clinically relevant outcomes
such as intensive care unit (ICU) admission or mortality [7–10]. Conversely, other studies
suggested that it could be useful, as an add-on treatment, in adults with persistent fever
and dyspnea and moderate lung involvement on chest CT, reducing ICU admission, length
of hospital stay, and even mortality [11–15], especially when administered in the first 5 days
of symptoms [15].

In the earliest phases of the COVID-19 pandemic, the use of azithromycin has also
been proposed as a therapeutical option for its potential antiviral and anti-inflammatory
effects shown in vitro [16]. Trials investigating the efficacy of azithromycin alone against
severe forms of COVID-19 have produced negative results, and its use is no longer recom-
mended [1,2,17,18]. However, antibiotic treatment is still part of the clinical management
of severe COVID-19, especially in patients showing multiple pulmonary infiltrates on chest
imaging or marked elevation of serum inflammation indexes suggesting the presence of a
high risk of bacterial superinfection [2,19]. In these cases, azithromycin is commonly used
for its antibacterial action with low risk of generating resistance.

To date, there is still uncertainty on the clinical effectiveness of the association be-
tween remdesivir and other drugs showing in vitro activity against SARS-CoV-2, including
azithromycin, in patients with severe COVID-19 pneumonia requiring hospitalization.
Furthermore, the real-life clinical benefits of remdesivir are far from fully understood,
especially in older patients with multiple comorbidities, who are typically excluded from
clinical trials.

The aims of this real-life observational study were to describe the clinical characteristics
of patients receiving remdesivir during the third pandemic wave (March 2021) in an Italian
hub for the care of COVID-19, and to assess the effects of remdesivir treatment, either with
or without azithromycin, on clinical outcomes.

2. Materials and Methods
2.1. Study Setting, Design, and Inclusion Criteria

This was a retrospective, real-life, observational study conducted in the context of the
third pandemic wave in Italy in March 2021, which was mainly sustained by the emergence
of the alpha SARS-CoV-2 variant [20]. The setting of the study was the Internal Medicine
Unit of the Geriatric-Rehabilitation Department of Parma University-Hospital, which had
been identified as the main hub for the hospital care of patients with COVID-19 of the
whole Parma Province (>450,000 inhabitants) since the first wave in 2020 [21,22].

Included in the study were all patients admitted 1–31 March 2021 with positive
nasopharyngeal swab for SARS-CoV-2, presence of symptoms compatible with COVID-19,
and chest Computed Tomography (CT) results that were positive or indeterminate for
the presence of COVID-19 pneumonia. Excluded were patients who did not undergo
chest imaging, patients with missing data on treatments against COVID-19 administered
before and during hospital stay, and patients who explicitly denied their consent for study
inclusion and data treatment.

2.2. Procedures and Data Collection

The clinical records and discharge forms of all eligible patients were reviewed by
trained staff members. Data on the clinical presentation of COVID-19 (type and duration of
symptoms, vital signs, chest CT findings, routine lab tests, and arterial blood gas analysis),
number and type of comorbidities, and number of chronic medications were collected
on case report forms. Namely, the extension of lung abnormalities on CT was measured
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through visual scoring, expressed as percentage of the lung parenchyma with ground-glass
pattern or consolidations [23]. Respiratory function was assessed through calculation of the
ratio between arterial oxygen partial pressure on arterial blood gas analysis and fraction of
inspired oxygen on admission (PaO2/FiO2). Lab tests included serum levels of the main
inflammatory markers upon admission: C-reactive protein (CRP), procalcitonin (PCT),
and IL-6. The severity of COVID-19 was also classified according to the WHO COVID-19
Scale [24,25].

Treatments administered against COVID-19 (steroids, IL-6 receptor antagonists, remde-
sivir, antibiotics including azithromycin) were also collected by review of clinical records,
along with the maximal oxygen or ventilatory need during hospital stay. The hospitaliza-
tion outcome (discharge vs death) was also assessed.

2.3. Exposure and Outcome Variables

Patients included in the study were treated in accordance with the recommendations
for COVID-19 in force in Italy in March 2021 [26]. Allocation to treatments (corticosteroids,
enoxaparin, IL-6 antagonists, remdesivir, antibiotics including azithromycin) was indepen-
dent of the study. Treatment with remdesivir, either in association with azithromycin or
not, was considered the main exposure variable for analyses.

The decision to treat patients with remdesivir was based on the compliance with
criteria of prescription issued by the European Medicines Agency and by the Italian Drug
Agency (AIFA—Agenzia Italiana del Farmaco) [27] and on the clinical judgement of the
prescribing physician. According to AIFA criteria, remdesivir could be prescribed to
hospitalized patients with COVID-19 only in case all of the following were satisfied:

- duration of COVID-19 related symptoms not exceeding 10 days.
- presence of lung parenchyma abnormalities on chest imaging.
- no need of oxygen therapy with high-flow nasal cannulae (HFNC), non-invasive or

invasive mechanical ventilation, or extracorporeal membrane oxygenation (ECMO).
- serum aspartate and alanine aminotransferase levels not exceeding 5 times the upper

limit of reference.
- glomerular filtration rate (GFR) not inferior to 30 mL/min.

Remdesivir was administered intravenously with a load dose of 200 mg on day 1,
followed by maintenance doses of 100 mg daily from day 2 to day 5.

The decision to treat patients with azithromycin relied on clinical judgement and was
based on the risk of bacterial superinfection of COVID-19-related pulmonary lesions after
review of the clinical presentation, chest imaging, and lab tests, including CRP and PCT
levels. Azithromycin was administered orally at 500 mg per day for three to five days,
according to clinical judgement.

Hospital mortality was considered the main study endpoint. ICU admission, need of
invasive or non-invasive mechanical ventilation, and length of overall hospital stay were
also considered as secondary endpoints.

2.4. Statistical Analyses

Data were expressed as percentages or median and interquartile range (IQR), as
appropriate. The clinical characteristics and outcomes were compared after categorizing
participants for treatment with remdesivir, and with remdesivir plus azithromycin. When
comparing continuous variables, the Mann–Whitney and Kruskal–Wallis tests were used.
Significant values were adjusted for potential confounders with the Quade non-parametric
Ancova test. Chi-square test and binary logistic regression were used for comparing discrete
variables.

Stepwise logistic regression models were used to verify the associations between ex-
posures (particularly treatment with remdesivir and remdesivir/azithromycin association)
with primary or secondary outcomes. Age, sex, chest CT visual score, PaO2/FiO2 on
admission, and the number of chronic comorbidities were considered as covariates.
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Statistical analyses were performed with the SPSS package (v.28, IBM, Armonk, NY,
USA); p values were considered significant when <0.05.

3. Results
3.1. General Characteristics of the Population

In March 2021, 467 patients with COVID-19 were admitted to the study unit. Af-
ter checking for inclusion and exclusion criteria, 394 patients (234 M, 160 F) were finally
included. Among them, 173 patients (43.9%) received remdesivir during hospital stay.
Azithromycin was co-administered in 81 remdesivir recipients (20.5% of the whole popula-
tion) (Supplementary Figure S1).

A comparison between the baseline clinical characteristics of patients who received
remdesivir and those who did not is shown in Table 1. Namely, remdesivir recipients were
younger (age median 60, IQR 52–71, vs. 71, IQR 61–80 years old, p < 0.001), had a reduced
burden of comorbidities (median number of chronic illnesses 1, IQR 0–3, vs. 3, IQR 1–4,
p < 0.001), and better respiratory exchanges (PaO2/FiO2 median 312, IQR 264–352, vs. 276,
IQR 202–328 mmHg, p < 0.001). Serum inflammatory markers and neutrophil count were
also lower in remdesivir recipients upon hospital admission.

Table 1. Comparison of the main characteristics of patients treated with remdesivir and patients who
did not receive the drug.

No Remdesivir
(N = 221)

Treated with Remdesivir
(N = 173) p

Demography and personal history

Age, years 71 (61–80) 60 (52–71) <0.001
Female sex, % 42 39 0.641
Chronic comorbidities, number 3 (1–4) 1 (0–3) <0.001
Chronic medications, number 2 (1–5) 1 (0–3) <0.001
Hypertension, % 59 45 0.005
Ischemic heart disease, % 15 5 0.001
Diabetes, % 21 13 0.040
Obesity, % 13 17 0.194
Dyslipidemia, % 21 17 0.309
Atrial Fibrillation, % 16 6 0.001

Chest CT presentation

Ground glass abnormalities on CT, % 90 99 <0.001
Consolidations on CT, % 69 71 0.782
Visual score of pneumonia extension, % 25 (15–45) 20 (15–35) 0.074

Clinical presentation upon admission

PaO2/FiO2, mmHg 276 (202–328) 312 (264–352) <0.001
Duration of symptoms, days 6 (2–10) 7 (4–9) 0.150
Fever, % 76 81 0.286
Cough, % 44 53 0.082
Dyspnea,% 58 43 0.003
Diarrhoea, % 17 16 0.790
WHO COVID-19 Scale mild, % 10 1 <0.001
WHO COVID-19 Scale moderate, % 24 32 0.082
WHO COVID-19 Scale severe, % 27 42 0.002
WHO COVID-19 Scale critical, % 38 24 0.003
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Table 1. Cont.

No Remdesivir
(N = 221)

Treated with Remdesivir
(N = 173) p

Blood tests

Hemoglobin, g/dL 13.8 (12.2–15.0) 14.0 (12.9–15.0) 0.055
Platelet count, 1000/mm3 195 (146–266) 187 (149–223) 0.125
White Blood Cell count, n/mm3 6980 (5113–8885) 5500 (4060–7850) <0.001
Neutrophil count, n/mm3 5403 (3610–7392) 4400 (2781–6243) <0.001
Creatinine, mg/dL 0.9 (0.7–1.2) 0.8 (0.7–1.0) 0.004
C-Reactive Protein, mg/L 62 (29–107) 46 (23–81) 0.005
Procalcitonin, ng/mL 0.11 (0.06–0.39) 0.07 (0.04–0.14) <0.001
Interleukin-6, pg/mL 86 (29–182) 79 (34–145) 0.908
D-dimer, ng/mL 940 (532–1635) 608 (420–906) <0.001

Other treatments administered

Enoxaparin, % 95 97 0.401
Corticosteroids,% 90 99 <0.001
Antibiotics, % 88 87 0.750
Azithromycin, % 29 47 <0.001

Data are shown as median and interquartile range or percentages. Crude comparisons were made with Mann–
Whitney test or chi-square test, as appropriate; p values < 0.05 are indicated in bold.

Table 2 shows multiple comparisons of baseline clinical characteristics, after splitting
the group of remdesivir recipients between those who received remdesivir alone and
those who received remdesivir plus azithromycin. These two groups were comparable for
demographic, clinical, and laboratory characteristics.

Table 2. Comparison of the main characteristics of patients who were not treated with remdesivir (1),
who received remdesivir but not azithromycin (2), and who received remdesivir plus azithromycin (3).

No Remdesivir N =
221 (1)

Treated with
Remdesivir, No

Azithromycin N = 92
(2)

Treated with
Remdesivir and

Azithromycin N = 81
(3)

p

Demography and personal history

Age, years 71 (61–80) 59 (52–70) 60 (51–72) <0.001 (1) vs. (2) vs. (3)
Female sex, % 42 36 43 0.555
Chronic comorbidities,
number 3 (1–4) 1 (1–3) 1 (0–3) <0.001 (1) vs. (2) vs. (3)

Chronic medications,
number 2 (1–5) 1 (0–3) 1 (0–2) <0.001 (1) vs. (2) vs. (3)

Hypertension, % 59 49 41 0.012 (1) vs. (3)
Ischemic heart disease, % 15 7 4 0.009 (1) vs. (2) vs. (3)
Diabetes, % 21 15 11 0.100
Obesity, % 13 20 15 0.297
Dyslipidemia, % 21 15 19 0.515
Atrial fibrillation, % 16 8 4 0.008 (1) vs. (2) vs. (3)

Chest CT presentation

Ground glass
abnormalities on CT, % 90 99 99 0.011 (1) vs. (2) vs. (3)

Consolidations on CT, % 69 70 72 0.922
Visual score of
pneumonia extension, % 25 (15–45) 20 (15–35) 20 (15–30) 0.153
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Table 2. Cont.

No Remdesivir N =
221 (1)

Treated with
Remdesivir, No

Azithromycin N = 92
(2)

Treated with
Remdesivir and

Azithromycin N = 81
(3)

p

Clinical presentation upon admission

PaO2/FiO2, mmHg 276 (202–328) 319 (273–354) 305 (262–348) <0.001 (1) vs. (2) vs. (3)
Duration of symptoms,
days 6 (2–10) 7 (4–9) 6 (4–9) 0.352

Fever, % 76 80 81 0.559
Cough, % 44 55 51 0.181
Dyspnea,% 58 52 32 <0.001 (3) vs. (1) vs. (2)
Anosmia, % 7 8 14 0.171
Diarrhoea, % 17 18 14 0.668
WHO COVID-19 Scale
mild, % 10 1 1 0.011 (1) vs. (2) vs. (3)

WHO COVID-19 Scale
moderate, % 24 30 35 0.185

WHO COVID-19 Scale
severe, % 27 46 38 0.005 (2) vs. (1)

WHO COVID-19 Scale
critical, % 38 23 26 0.011 (1) vs. (2) vs. (3)

Blood tests

Hemoglobin, g/dL 13.8 (12.2–15.0) 14.0 (12.9–14.9) 14.0 (12.9–15.0) 0.155
Platelet count, 1000/mm3 195 (146–266) 189 (152–224) 185 (148–222) 0.302
White Blood Cell count,
n/mm3 6980 (5113–8885) 5930 (4380–8620) 5415 (3758–7318) <0.001 (1) vs. (2) vs. (3)

Neutrophil count,
n/mm3 5403 (3610–7392) 4574 (3223–6368) 3915 (2526–5822) <0.001 (1) vs. (2) vs. (3)

Creatinine, mg/dL 0.9 (0.7–1.2) 0.9 (0.7–1.0) 0.8 (0.7–1.0) 0.009 (1) vs. (3)
C-reactive protein, mg/L 62 (29–107) 47 (23–81) 45 (24–86) 0.018
Procalcitonin, ng/mL 0.11 (0.06–0.39) 0.06 (0.04–0.13) 0.08 (0.05–0.14) <0.001 (1) vs. (2) vs. (3)
Interleukin-6, pg/mL 86 (29–182) 81 (32–155) 73 (41–140) 0.931
D-dimer, ng/mL 940 (532–1635) 577 (381–909) 628 (441–895) <0.001 (1) vs. (2) vs. (3)

Other treatments administered

Enoxaparin, % 95 98 96 0.623
Corticosteroids,% 90 99 99 0.011 (1) vs. (2) vs. (3)

Antibiotics, % 88 75 100 <0.001 (1) vs. (2) vs. (3); (2)
vs. (3)

Data are shown as median and interquartile range or percentages. p calculated with Kruskal–Wallis test (signifi-
cance values adapted on Bonferroni correction for multiple testing) or binary logistic regression; p values < 0.05
are indicated in bold.

3.2. Effects of Treatments on Mortality

Eighty patients (20.3%) died during hospital stay, 64 (29%) in the group not receiving
remdesivir and 16 (9%) in the remdesivir recipients. This difference was not statistically
significant after adjustment for age, sex, and parameters of disease severity (Table 3). In the
remdesivir group, mortality was not different between those who received azithromycin
and those who did not (Table 4).
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Table 3. Comparison of study outcomes between patients who received remdesivir during hospital
stay and those who did not.

No
Remdesivir

(N = 221)

Treated with
Remdesivir

(N = 173)

p
(Unadjusted)

p Adjusted
for Age, Sex

p Adjusted
(Model 1)

p Adjusted
(Model 2)

p Adjusted
(Model 3)

p Adjusted
(Model 4)

Hospital
death, % 29 9 <0.001 0.005 0.016 0.054 0.409 0.555

NIV, % 34 18 <0.001 <0.001 0.001 0.054 0.095 0.290
ICU
admission, % 17 5 <0.001 <0.001 <0.001 0.004 0.011 0.026

Invasive
ventilation, % 7 2 0.027 0.019 0.022 0.071 0.176 0.191

Length of stay,
days 14 (10–24) 12 (8–19) 0.027 0.197 0.336 0.795 0.294 0.417

Model 1 adjusted for age, sex, and number of chronic illnesses. Model 2 adjusted for age, sex, number of chronic
illnesses, and chest CT visual score. Model 3 adjusted for age, sex, number of chronic illnesses, and PaO2/FiO2 on
admission. Model 4 adjusted for age, sex, number of chronic illnesses, chest CT visual score, and PaO2/FiO2 on
admission. Value for p calculated with binary logistic regression, except for length of stay (unadjusted values
calculated with Mann–Whitney test, adjusted values calculated with Quade nonparametric Ancova test; p values
< 0.05 are indicated in bold. NIV = Non-Invasive Ventilation; ICU = Intensive Care Unit.

Table 4. Comparison of study outcomes between patients who received remdesivir azithromycin
during hospital stay and those who did not receive remdesivir.

No
Remdesivir

(N = 221)

Remdesivir
Plus

Azithromycin
(N = 81)

p
(Unadjusted)

p Adjusted
for Age, Sex

p Adjusted
(Model 1)

p Adjusted
(Model 2)

p Adjusted
(Model 3)

p Adjusted
(Model 4)

Hospital
death, % 29 9 <0.001 0.026 0.070 0.223 0.232 0.445

NIV, % 34 15 0.001 0.001 0.002 0.031 0.028 0.117
ICU
admission, % 17 1 <0.001 0.003 0.003 0.009 0.006 0.009

Length of stay,
days 14 (10–24) 12 (9–19) 0.043 0.606 0.645 0.869 0.902 0.948

Model 1 adjusted for age, sex, and number of chronic illnesses. Model 2 adjusted for age, sex, number of chronic
illnesses, and chest CT visual score. Model 3 adjusted for age, sex, number of chronic illnesses, and PaO2/FiO2
on admission. Model 4 adjusted for age, sex, number of chronic illnesses, chest CT visual score, and PaO2/FiO2
on admission. Value of p calculated with binary logistic regression, except for length of stay (unadjusted values
calculated with Mann–Whitney test, adjusted values calculated with Quade nonparametric Ancova test; p values
< 0.05 are indicated in bold. NIV = Non-Invasive Ventilation; ICU = Intensive Care Unit.

In a stepwise multivariable logistic regression model, the only factors significantly
associated with mortality were age (OR 1.109, 95% CI 1.069–1.150, p < 0.001), number of
chronic illnesses (OR 1.457, 95% CI 1.210–1.755, p < 0.001), chest CT visual score of lung
parenchyma involvement (OR 1.027, 95% CI 1.009–1.046, p = 0.004), and PaO2/FiO2 on
admission (OR 0.991, 95% CI 0.987–0.995, p < 0.001). Neither remdesivir nor azithromycin
treatment were independently associated with mortality.

3.3. Effects of Treatments on Other Clinical Outcomes

Patients who received remdesivir during hospital stay experienced lower frequency of
non-invasive mechanical ventilation (18% vs. 34%) and ICU admission (5% vs. 17%). They
also had shorter duration of hospitalization (median 12, IQR 8–19, vs. 14, IQR 10–24 days).
However, the differences were not statistically significant after adjustment for age, sex, and
parameters of disease severity, except for ICU admission (Table 3). Similar results were
obtained when comparing patients receiving remdesivir plus azithromycin and those not
on remdesivir treatment (Table 4). The rate of ICU admission was significantly lower, and
very low in absolute terms, in those who were treated with remdesivir plus azithromycin
(1% vs. 9%, p < 0.001).

In a stepwise logistic regression model, accounting also for age, sex, number of chronic
illnesses, chest CT visual score of lung parenchyma involvement, and PaO2/FiO2 on
admission, the association of remdesivir plus azithromycin, but not remdesivir alone, was
protective against ICU admission (Table 5).
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Table 5. Factors independently associated with ICU admission in the studied population on a
stepwise logistic regression model.

Odds Ratio 95% Confidence Interval p

Age, years 0.961 0.933–0.989 0.007
Female sex (vs. male) 0.426 0.182–0.977 0.049
PaO2/FiO2, mmHg 0.982 0.977–0.987 <0.001
Treatments 0.034
Association between remdesivir and
azithromycin (vs. no remdesivir) 0.060 0.007–0.508 0.010

Association between remdesivir and
azithromycin (vs. remdesivir alone) 0.081 0.008–0.789 0.031

Remdesivir (vs. no remdesivir) 0.743 0.273–2.023 0.560
Model also accounting for age, sex, number of chronic illnesses, chest CT visual score of lung parenchyma
involvement, and PaO2/FiO2 on admission; p values < 0.05 are indicated in bold.

3.4. Safety Issues

Treatment with remdesivir was stopped in only three patients, due to onset of brady-
cardia in two cases and marked aminotransferase elevation in one case. No serious adverse
events were reported in clinical records of all other remdesivir recipients included in the
study.

4. Discussion

In a group of patients hospitalized with severe COVID-19 during the third pandemic
wave in Italy, treatment with remdesivir, administered in compliance with the recommen-
dations from regulatory authorities, was associated with reduced mortality and reduced
need of escalating ventilatory support. However, these outcomes were not independent of
the baseline clinical presentation of COVID-19 and demographical characteristic, which
were substantially different between remdesivir recipients and other patients. The co-
administration of remdesivir and azithromycin, instead, seemed associated with reduced
need of ICU admission independently of covariates.

To the best of our knowledge, this is the first study specifically investigating the effect
of the co-administration of remdesivir with azithromycin in the scientific literature on
COVID-19.

Treatment with remdesivir emerged as a promising therapeutical option for COVID-19
in the second half of 2020, with evidence that it could reduce the recovery time and length
of hospital stay, though not affecting mortality [28]. Systematic reviews and meta-analyses
conducted on further randomized controlled trials substantially confirmed that, in patients
without illness requiring ventilatory support, the administration of remdesivir is associated
with some clinical benefit, with reduced need of escalating ventilatory support, but has
no apparent effect on mortality [4–6]. The severity of clinical presentation of COVID-19
patients during the second and third pandemic wave in 2020–2021, before the completion of
mass vaccination campaigns, and the absence of specific and effective drugs against SARS-
CoV-2, have made remdesivir administration particularly frequent in the hospital setting,
despite the absence of clear advantages against mortality. To date, real-life studies have
provided conflicting results, with some reports suggesting clear benefits from remdesivir
administration, and other yielding negative results [7–15].

Timing of remdesivir administration may be a critical point in this regard. When
administered within five days from the symptom onset, remdesivir may be associated
with reduced rate of clinical progression towards severe respiratory failure, in comparison
with administration from day 5 to day 10 of symptom onset [29,30]. A recent randomized
controlled trial suggests that precocious use of remdesivir in the pre-hospital setting is
associated with dramatically lower rates of hospitalization and progression towards severe
COVID-19 forms [31]. However, this drug requires intravenous administration, which
is not always feasible in the community setting, especially in the context of a pandemic.
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Notably, in our study, the outcomes of remdesivir were unrelated with the timing of its
administration.

Few reports have evaluated possible favorable interactions between remdesivir and
other drugs used in patients with COVID-19. However, in clinical practice, pharmacologic
treatment of SARS-CoV-2 pneumonia is rarely based on a single drug, in contrast with the
design of most clinical trials. Most of the patients included in our investigation received
also corticosteroids and antibiotics, in addition to remdesivir. This circumstance could
contribute to explain why remdesivir administration was not independently associated
with clinical benefits, because its effect was probably masked by steroid treatment. On
the other side, the reduced need of ICU admission in patients who were treated with
both remdesivir and azithromycin suggests that the clinical benefits of remdesivir could
be reinforced by the administration of other drugs exhibiting anti-SARS-CoV-2 activity
in vitro, like azithromycin. Also, it may contribute to explain why real-life studies on
remdesivir efficacy have produced conflicting results [7–15].

Azithromycin has known antiviral effects in vitro that have been demonstrated also
against SARS-CoV-2 [32]. Its efficacy as stand-alone treatment against COVID-19 is negligi-
ble [17,18], and in the early phases of the pandemic, it was studied as a therapeutic option
in association with hydroxychloroquine, with a paradoxical increase of mortality [33].
Our findings, instead, suggest that the interaction between remdesivir and azithromycin
should be further studied, both at the molecular and clinical level, in order to optimize
recommendations for the hospital management of severe COVID-19.

Our study also highlighted that, in clinical practice, remdesivir was mainly admin-
istered to patients below the age of 70, with low comorbidity burden, moderate lung
abnormality extension on chest imaging, and fairly good respiratory involvement on hospi-
tal admission. These patients may have lower risk of adverse outcomes, independently of
treatments administered during hospital stay. In fact, the dramatic differences in outcomes
between remdesivir recipients and other patients disappeared after correction for age and
parameters associated with disease severity on admission, such as the PaO2/FiO2 ratio.
These data reinforce the importance of evaluating the PaO2/FiO2 ratio on admission of
patients with COVID-19, because it may represent the single parameter with the highest
outcome prediction capacity [34].

However, the majority of severe cases of COVID-19 generally involve older subjects,
with several comorbidities and relevant pneumonia extension on chest imaging [22,34,35].
Age-related frailty represents a consistent risk factor for adverse outcomes in COVID-
19 [35,36], also for the increased risk of bacterial superinfection [37]. Many older subjects
included in our study were excluded from remdesivir treatment because their clinical
presentation on admission was not compatible with the criteria of prescription [27]. The
role of frailty as modifier of the efficacy of anti-COVID-19 treatments, including remdesivir,
should be studied in the future.

Our study has some limitations that should be carefully considered in result interpre-
tation. First, the retrospective design is not ideal for assessing outcomes of pharmacologic
treatments, and selection bias could not be excluded. In fact, the presence of strict regula-
tory criteria for prescription of remdesivir in Italy [27], which were followed in patients
included in the study, may have dramatically affected allocation to remdesivir treatment.
This is the main reason why demographic and clinical differences between participants who
were treated with remdesivir and those who were not were relevant. Thus, statistical cor-
rection for the main parameters may not have adequately accounted for these differences,
making the two groups not fully comparable. Similarly, in patients who required antibiotic
therapy, azithromycin was prescribed mainly based on clinical judgement and in case of
moderate respiratory involvement, while patients with severe or critical illness received
other broad-spectrum antibiotics. This circumstance may have also affected allocation to
azithromycin and should be regarded as a possible source of bias.

Furthermore, the sample size was not sufficiently large to explore clinical benefits
of remdesivir treatment on secondary outcomes. The study data also refer to a period
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of predominance of the SARS-CoV-2 alpha variant, preceding mass vaccination against
SARS-CoV-2. Vaccination campaigns and the emergence of novel SARS-CoV-2 variants
with increased transmission and different clinical presentation have substantially modified
the characteristics of patients hospitalized with COVID-19 [38], making the results of
the present investigation not automatically transferrable to the current epidemiological
situation.

In spite of these limitations, our results could be preliminary to the design of studies
investigating the effects of the combination of remdesivir treatment with other drugs on
the clinical course of COVID-19 pneumonia, and could serve as hypothesis generators for a
better comprehension of the in vivo effects of remdesivir.

5. Conclusions

In a real-life setting during the third pandemic wave in Italy, the administration of
remdesivir was not independently associated with improved mortality and reduced need
of ventilatory support in patients hospitalized with severe COVID-19. However, the co-
administration of remdesivir and azithromycin was associated with reduced risk of ICU
admission, independently of covariates. The clinical efficacy of the association between
remdesivir and azithromycin in COVID-19 should be further investigated.
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Abstract: The safety and efficacy of ivermectin for the prevention and treatment of COVID-19 are still
controversial topics. From August to November 2021, we conducted a double-blinded, randomized
controlled trial at Siriraj Hospital, Thailand. Eligible participants were adults ≥ 18 years with
suspected COVID-19 who underwent a SARS-CoV-2 RT-PCR test. After enrollment, the participants
were randomized to receive either ivermectin (400–600 µg/kg/d) or placebo once daily for 3 days.
Among 983 participants, 536 (54.5%) with a negative RT-PCR result were enrolled in the prevention
study, and 447 (45.5%) with a positive RT-PCR result were enrolled in the treatment study. In the
prevention study, the incidence of COVID-19 on Day 14 was similar between the ivermectin and the
placebo group (4.7% vs. 5.2%; p = 0.844; ∆ = −0.4%; 95% CI; −4.3–3.5%). In the treatment study, there
was no significant difference between the ivermectin and placebo group for any Day 14 treatment
outcome: proportion with oxygen desaturation (2.7% vs. 1.9%; p = 0.75), change in WHO score from
baseline (1 [−5, 1] vs. 1 [−5, 1]; p = 0.50), and symptom resolution (76% vs. 82.2%; p = 0.13). The
ivermectin group had a significantly higher proportion of transient blurred vision (5.6% vs. 0.6%;
p < 0.001). Our study failed to demonstrate the efficacy of a 3-day once daily of ivermectin for the
prevention and treatment of COVID-19. The given regimen of ivermectin should not be used for
either prevention or treatment of COVID-19 in populations with a high rate of COVID-19 vaccination.

Keywords: COVID-19; ivermectin; randomized-controlled trial; prevention; treatment

1. Background

The coronavirus disease 2019 (COVID-19) pandemic, caused by severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2), remains a major health threat, with almost
440 million confirmed cases and six million deaths globally as of 1 March 2022 [1]. Effective
vaccines are an essential measure to limit the COVID-19 pandemic; however, breakthrough
infections and the continuation of the pandemic might occur owing to the emergence of
new SARS-CoV-2 variants of concern [2]. The availability of effective antiviral treatments
remains limited. Repurposing existing medicines that are readily available and inexpensive
is therefore of great interest [3].
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Ivermectin, an oral antiparasitic agent with broad-spectrum antiviral activity, has
shown potent in vitro anti-SARS-CoV-2 activity; it induced a 5000-fold reduction in viral
RNA after 48 h, with a half-maximal inhibitory concentration (IC50) of 2 µM [4]. Because of
its several mechanisms for potential antiviral and anti-inflammatory activity [5], ivermectin
has been evaluated in many studies for the treatment of SARS-CoV-2 infection, with high
doses of up to 2 mg/kg and courses of up to 4 days [6,7]. However, most previous studies
on the efficacy of ivermectin to treat COVID-19 were non-randomized and open-label,
performed in settings with limited access to COVID-19 vaccines [8–10]. Furthermore, there
were only few studies that focused on the efficacy of ivermectin for prevention of SARS-
CoV-2 infection [11]. To determine the efficacy of ivermectin in preventing the acquisition
of SARS-CoV-2 among a high-risk exposure population, and to evaluate the efficacy of
ivermectin for treating laboratory-confirmed COVID-19, we performed a pragmatic ran-
domized, placebo-controlled trial comparing a 3-day once daily dose of ivermectin with a
placebo in an outpatient setting.

2. Methods
2.1. Study Design and Patients

This was a single-center, double-blinded, pragmatic randomized placebo-controlled
trial conducted from August to November 2021 at Siriraj Hospital, a 2300-bed university
hospital in Bangkok, Thailand. The study protocol was approved by the Siriraj Insti-
tutional Review Board (certificate of approval no. Si 607/2021) and was conducted in
accordance with the Declaration of Helsinki. Written informed consent was obtained from
all participants.

Participants were eligible for inclusion if they were ≥18 years and were suspected
of having SARS-CoV-2 infection because of their respiratory tract symptoms or because
they had a history of contact with a confirmed COVID-19 patient. Eligible participants also
must have had a documented positive or negative test for SARS-CoV-2 (RT-PCR) from a
nasopharyngeal (NP) swab sample taken on the enrollment day. Participants were excluded
if they were pregnant or breastfeeding, had a history of ivermectin hypersensitivity, had
a previous SARS-CoV-2 infection within 3 months, or had an inconclusive result on their
RT-PCR SARS-CoV-2 test.

2.2. Randomization and Masking

Participants were randomized in a 1:1 ratio to receive standard of care plus ivermectin
(Atlantic Laboratory Ltd., Bangkok, Thailand) or an identical placebo. Randomization was
performed by using the computer-generated method with a varying block size of 2 to 8.
Only the pharmacist knew the treatment assignment. The participants and investigators
were blinded to the treatment assignment for the entire study period.

2.3. Interventions

Participants were given either placebo or ivermectin based on their body weight; the
ivermectin dose ranged from 400–600 µg/kg/d. The dosage was calculated to the nearest
6 mg or 12 mg whole tablets (dosing table in the study protocol, Supplement File S1). The
participants were advised to take the study medication before a meal on the enrollment day
(Day 0) and once every 24 h for 2 consecutive days. After the RT-PCR result was available
(within the same day), the participants with a negative result were included into the
prevention study, while those with a positive result were included into the treatment study.

2.4. Procedures

Participants in the prevention study were instructed to collect an NP swab for the
rapid detection of SARS-CoV-2 antigen using the Standard Q COVID-19 Ag test (SD
Biosensor, Inc., Gyeonggi-do, Yongin-si, Korea) on Day 14 and whenever they developed
new symptoms suggestive of COVID-19. If the rapid antigen test was positive, NP swab
sampling for RT-PCR testing was performed at the hospital. Participants in the treatment
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study were instructed to measure their temperature and oxygen saturation on Day 3, Day 7,
and Day 14. In accordance with the Thailand National Clinical Practice Guidelines for the
Treatment of COVID-19, favipiravir was recommended for all symptomatic patients and all
asymptomatic patients with risk factors for disease progression.

All participants were contacted by telephone on Day 3, Day 7, and Day 14 to collect
data on temperature, oxygen saturation, symptoms, and safety of study medication.

2.5. Outcome Measurement

The primary outcomes of both prevention and treatment studies were analyzed using
intention to treat (ITT) and modified intention to treat (mITT) populations. The ITT
population comprised all eligible participants who were randomized and applied a worse-
case scenario. All participant without evaluable outcomes and drop-out participant were
considered as having a poor outcome. The mITT population included all randomized
participants who received at least one dose of study drug. Participants in the prevention
study who did not perform a second NP swab within 14 days were assumed to have a
negative RT-PCR result in the mITT population if they were asymptomatic on Day 28
without proof of a RT-PCR test taken elsewhere.

The primary outcome of the prevention study was the proportion of participants with
a positive RT-PCR within 14 days after enrollment among those with a negative RT-PCR
result at enrollment in the mITT population. The primary outcomes of the treatment study
were the proportion of participants with oxygen desaturation (oxygen saturation < 96%
or decreased from baseline by ≥3% after exertion); changes in the WHO 10-point clinical
progression score [12] on Day 3, Day 7, and Day 14 compared to baseline; the absence of
all symptoms at Day 3, Day 7, and Day 14; hospitalization within 14 days; and 28-day
mortality in the mITT population.

The secondary outcome of the study was the safety of the study medications, including
the number and the percentage of participants with adverse effects (AEs) evaluated in the
mITT population.

2.6. Sample Size

For the primary outcomes of the prevention study, we anticipated that a 3-day course
of ivermectin would reduce the rate of SARS-CoV-2 infection from 20% to 10%. To achieve
a power of 80% and a two-sided p-value of 0.05, 199 participants/group were required.
Considering potential dropouts, a total of 478 participants with a negative RT-PCR at the
enrollment were needed.

For the primary outcome of the treatment study, it was assumed that ivermectin
would reduce the rate of oxygen desaturation of COVID-19 patients from 30% to 15%. To
achieve 80% power and a two-sided p-value of 0.05, 121 participants/group were required.
Considering potential dropouts, 290 participants with a positive RT-PCR at the enrollment
were needed.

Given that the prevalence of SARS-CoV-2 infection among the patients who visited the
acute respiratory tract infection (ARI) clinic was 50%, we needed to enroll at least 1000 pa-
tients who presented to the ARI clinic to achieve the target sample size for both studies.

2.7. Statistical Analysis

Demographic and baseline characteristics are presented as descriptive statistics. Con-
tinuous data are presented as the mean (standard deviation) or median (range), as appro-
priate. Categorical data are presented as number and percentage. The unpaired t-test and
Mann–Whitney U test were used to compare continuous data, while the chi-square test
or Fisher’s exact test was used to compare categorical data as appropriate. All statistical
analyses were performed with PASW Statistics (SPSS) 18.0 (IBM Corp., Armonk, NY, USA).
A p-value < 0.05 was considered statistically significant.
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3. Results

Among 1236 patients who were screened from August 2021–October 2021, 1000 were
recruited for the study; 500 were randomized to receive ivermectin and 500 to receive
placebo. Seventeen participants (1.7%) were excluded owing to the pre-specified exclusion
criteria. Among 983 participants, 968 (98.5%) completed the 28-day follow-up (Figure 1).
The baseline information and clinical characteristics of the 983 participants were similar
between two groups (Table S1). The mean age of all participants was 38.4 ± 12.1 years,
57.4% were female, and 30.6% had pre-existing diseases. Overall, 80% of the participants
had previously received ≥1 dose of a COVID-19 vaccine. Of the 983 participants, 536
(54.5%) with a negative RT-PCR SARS-CoV-2 test were included in the prevention study,
and 447 (45.5%) with a positive RT-PCR were included in the treatment study (Figure 1).
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3.1. Primary Outcome of Ivermectin Prevention Study

Among the 536 participants with a negative RT-PCR result at enrollment, 259 were
in the ivermectin group and 277 were in the placebo group. The baseline and clinical
characteristics of the participants in both groups were similar (Table 1). The mean age was
37.6 ± 12.0 years, 57.8% were female, and 29.5% had pre-existing diseases. Approximately
90% of the participants had exposure risk, mainly a household contact with confirmed
COVID-19, within 7 days before their RT-PCR test. Nearly 40% of participants were
asymptomatic, and most (85%) had previously received ≥1 dose of a COVID-19 vaccine.
Of the 536 participants, 11 participants were excluded from the mITT analysis because of
various reasons. Therefore, 525 participants (253 in the ivermectin group and 272 in the
placebo group) were included in the mITT analysis (Figure 1). Three participants in the
ivermectin group and two participants in the placebo group did not perform follow-up
NP swab testing for SARS-CoV-2 detection. The proportion of positive RT-PCR within
14 days was similar in the ivermectin and placebo groups for the ITT analysis (6.95% vs.
6.86%, p = 1.000), with a difference of −0.09% [95%CI, −4.3–4.6%]. The proportions were
also similar in the mITT analysis (4.74% vs. 5.15%, p = 0.844), with a difference of −0.41%
[95%CI, −4.3–3.5%] (Table 2). The median time to a positive RT-PCR test was 6 days, and
there was no significant difference between the groups. In the mITT population subgroup
analyses, there were no differences in the proportion of participants with a positive RT-PCR
when analyzed by the contact duration, body weight, and vaccination status (Table S2).

Table 1. Baseline characteristics of participants with a negative RT-PCR at enrollment in the ivermectin
prevention study.

Characteristics
Total Ivermectin Placebo

p Value
n = 536 n = 259 n = 277

Age (years)
Mean (SD) 37.6 (12.0) 37.8 (12.6) 37.4 (11.6) 0.727

Median (range) 37 (18, 72) 37 (18, 72) 37 (18, 60) 0.960
Gender, n (%) 0.930

Male 226 (42.2) 110 (42.2) 116 (42.0)
Female 310 (57.8) 149 (57.5) 161 (58.1)

Body weight, kg

Median (range) 65.1
(35.3, 142.5)

64.4
(35.3, 142.5)

65.3
(37.8, 110.2) 0.995

Mean (SD) 67.0 (15.9) 67.3 (16.9) 66.7 (14.9) 0.672
≤90 kg 487 (90.9) 232 (89.6) 255 (92.1) 0.369
>90 kg 49 (9.1) 27 (10.4) 22 (7.9)

Presence of underlying diseases, n (%) 158 (29.5) 73 (28.2) 85 (30.7) 0.570
Hypertension 47 (8.8) 20 (7.7) 27 (9.7) 0.447
Diabetes mellitus 25 (4.7) 10 (3.9) 15 (5.4) 0.420
Dyslipidemia 25 (4.7) 10 (3.9) 15 (5.4) 0.420
Coronary artery disease 6 (1.1) 5 (1.9) 1 (0.4) 0.112
Chronic lung diseases 1 (0.2) 0 (0.0) 1 (0.4) 1.000
Cerebrovascular disease 2 (0.4) 0 (0.0) 2 (0.7) 0.500
Cancer 7 (1.3) 3 (1.2) 4 (1.4) 1.000
Others 97 (18.1) 45 (17.4) 52 (18.8) 0.737

Duration between last exposure to a COVID-19
patient and enrollment (n = 495) 1.000

Median (range) 2 (0, 66) 2 (0, 17) 3 (0, 66) 0.336
≤7 days 443 (89.5) 219 (89.4) 224 (89.6) 1.000
>7 days 52 (10.5) 26 (10.6) 26 (10.4)

Exposure risk: household contact 495 (92.4) 245 (94.6) 250 (90.3) 0.073
Presence of symptoms, n (%)

Asymptomatic 206 (38.4) 104 (40.2) 102 (36.8) 0.477
Symptomatic 330 (61.6) 155 (59.8) 175 (63.2)
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Table 1. Cont.

Characteristics
Total Ivermectin Placebo

p Value
n = 536 n = 259 n = 277

Sore throat 186 (34.7) 91 (35.1) 95 (34.3) 0.856
Cough 136 (25.4) 57 (22.0) 79 (28.5) 0.092
Runny nose 89 (16.6) 43 (16.6) 46 (16.6) 1.000
Fever 73 (13.6) 32 (12.4) 41 (14.8) 0.451
Dyspnea 27 (5.0) 9 (3.5) 18 (6.5) 0.118
Diarrhea 19 (3.5) 9 (3.5) 10 (3.6) 1.000
Chest pain 6 (1.1) 2 (0.8) 4 (1.4) 0.687
Vomiting 5 (0.9) 4 (1.5) 1 (0.4) 0.202
Loss of taste/smell 4 (0.7) 0 (0.0) 4 (1.4) 0.124
Others 114 (21.3) 52 (20.1) 62 (22.4) 0.528

Duration of illness, (n = 330)
Median (range) 2 (0, 20) 2 (0, 20) 2 (0, 14) 0.692
<3 days 191 (57.9) 88 (56.8) 103 (58.9) 0.738
≥3 days 139 (42.1) 67 (43.2) 72 (41.1)

Previous COVID-19 vaccination, n (%) 0.604
No 85 (15.9) 45 (17.4) 40 (14.4)
Incomplete vaccine course
(1 dose with last dose < 2 weeks prior) 34 (6.3) 13 (5.0) 21 (7.6)

Incomplete vaccine course
(1 dose with last dose ≥ 2 weeks prior) 185 (34.5) 92 (35.5) 93 (33.6)

Completed vaccine course
(2 doses with last dose < 2 weeks prior) 64 (11.9) 32 (12.4) 32 (11.6)

Completed vaccine course
(2 doses with last dose ≥ 2 weeks prior or
3 doses with any duration)

168 (31.3) 77 (29.7) 91 (32.9)

Compliance with study medication 0.884
Full compliance, n (%) 485 (90.5) 235 (90.7) 250 (90.3)
Partial compliance, n (%) 51 (9.5) 24 (9.3) 27 (9.7)

SD: standard deviation.

Table 2. Primary outcomes of the ivermectin prevention study classified by ITT and mITT analyses.

Primary Outcomes Ivermectin Placebo p Value

ITT analysis (n = 536) n = 259 n = 277
Proportion of COVID-19 infection within 14 days, n (%) 18 (6.95) 19 (6.86) 1.000
Difference (95% CI) 0.09% (−4.30–4.57)
Median (range) time to positive SARS-CoV-2 test (days) 6 (3, 11) 6 (1, 14) 0.327

Modified ITT analysis (n = 525) n = 253 n = 272
Proportion of COVID-19 infection within 14 days, n (%) 12 (4.74) 14 (5.15) 0.844
Difference (95% CI) −0.41% (−4.28–3.53)
Median (range) time to positive SARS-CoV-2 test (days) 6 (3, 11) 4.5 (1, 14) 0.374

Ct value of participants who became positive within 14 days, mean
(SD) *

N gene 18.0 (2.8) 16.8 (3.0) 0.418
E gene 14.3 (2.9) 13.3 (3.0) 0.456
RdRp gene 18.9 (2.8) 18.1 (2.8) 0.674

* The Ct data were available for only 22 participants (10 in ivermectin group and 12 in placebo group). Four
participants who became RT-PCR positive were tested at another hospital.

3.2. Primary Outcomes of Ivermectin Treatment Study

Among the 447 participants with a positive RT-PCR at enrollment, 233 were in the iver-
mectin group and 214 were in the placebo group. The baseline and clinical characteristics
were similar in the groups (Table 3). The mean age was 39.5 ± 12.1 years, 56.8% were female,
and 32% had pre-existing diseases. Approximately 88% of participants had ≥1 symptom,
of which cough (50.6%), sore throat (47%), and fever (38%) were the most frequent. Overall,
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55.6% of participants had onset of symptoms ≤ 3 days before enrollment, and 60% of
participants had a cycle threshold (Ct) value ≤ 20. Overall, 21.5% of the participants were
COVID-19 vaccine-naive. Almost all (97.5%) received favipiravir concomitantly with the
study medication. Four participants in the ivermectin group were excluded because they
did not take the drug. Therefore, 443 participants (229 in the ivermectin group and 214 in
the placebo group) were included in the mITT analysis (Figure 1).

Table 3. Baseline characteristics of participants with a positive RT-PCR at enrollment in the ivermectin
treatment study.

Characteristics
Total Ivermectin Placebo

p Value
n = 447 n = 233 n = 214

Age (years)
Mean (SD) 39.5 (12.1) 39.1 (12.0) 39.8 (12.3) 0.570
Median (range) 39 (18, 72) 39 (18, 69) 40 (18, 72) 0.612

Gender, n (%) 0.566
Male 193 (43.2) 104 (44.6) 89 (41.6)
Female 254 (56.8) 129 (55.4) 125 (58.4)

Body weight, kg

Median (range) 66.2
(36.3, 138.0)

66.3
(36.3, 138.0)

66.2
(36.6, 118.5) 0.598

Mean (SD) 68.5 (16.1) 68.1 (16.3) 69.0 (15.9) 0.608
≤90 kg, n (%) 406 (90.8) 214 (91.8) 192 (89.7) 0.512
>90 kg, n (%) 41 (9.2) 19 (8.2) 22 (10.3)

Presence of underlying diseases, n (%) 143 (32.0) 70 (30.0) 73 (34.1) 0.363
Hypertension 50 (11.2) 22 (9.4) 28 (13.1) 0.233
Diabetes mellitus 31 (6.9) 14 (6.0) 17 (7.9) 0.460
Dyslipidemia 25 (5.6) 12 (5.2) 13 (6.1) 0.686
Coronary artery disease 8 (1.8) 4 (1.7) 4 (1.9) 1.000
Chronic kidney disease 2 (0.4) 1 (0.4) 1 (0.5) 1.000
Cirrhosis 1 (0.2) 1 (0.4) 0 (0.0) 1.000
Chronic lung diseases 1 (0.2) 0 (0.0) 1 (0.5) 0.481
Cerebrovascular disease 1 (0.2) 0 (0.0) 1 (0.5) 0.481
Cancer 1 (0.2) 0 (0.0) 1 (0.5) 0.481
Autoimmune disease 2 (0.4) 0 (0.0) 2 (0.9) 0.229
Others 62 (13.9) 36 (15.5) 26 (12.1) 0.340

Exposure risk: household contact, n (%) 314 (70.2) 158 (67.8) 156 (72.9) 0.256
Duration between last exposure to a COVID-19 patient
and enrollment (n = 313)

Median (range) 2 (0, 25) 2.5 (0, 25) 2 (0, 16) 0.356
≤7 days, n (%) 292 (93.3) 146 (92.4) 146 (94.2) 0.653
>7 days, n (%) 21 (6.7) 12 (7.6) 9 (5.8)

Presence of symptoms, n (%)
Asymptomatic 52 (11.6) 24 (10.3) 28 (13.1) 0.379
Symptomatic 395 (88.4) 209 (89.7) 186 (86.9)

Cough 226 (50.6) 129 (55.4) 97 (45.3) 0.037
Sore throat 210 (47.0) 115 (49.4) 95 (44.4) 0.299
Fever 170 (38.0) 90 (38.6) 80 (37.4) 0.845
Runny nose 156 (34.9) 85 (36.5) 71 (33.2) 0.488
Loss of taste/smell 79 (17.7) 34 (14.6) 45 (21.0) 0.083
Dyspnea 31 (6.9) 21 (9.0) 10 (4.7) 0.093
Diarrhea 25 (5.6) 12 (5.2) 13 (6.1) 0.686
Chest pain 5 (1.1) 2 (0.9) 3 (1.4) 0.674
Vomiting 2 (0.4) 1 (0.4) 1 (0.5) 1.000
Others 126 (28.2) 70 (30.0) 56 (26.2) 0.400

Duration of illness, (n = 394)
Median (range) 2 (0, 10) 2 (0, 10) 2 (0, 10) 0.990
<3 days, n (%) 219 (55.6) 115 (55.3) 104 (55.9) 0.919
≥3 days, n (%) 175 (44.4) 93 (44.7) 82 (44.1)

RT-PCR Ct value
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Table 3. Cont.

Characteristics
Total Ivermectin Placebo

p Value
n = 447 n = 233 n = 214

Mean (SD) 20.2 (5.3) 20.0 (5.2) 20.4 (5.4) 0.460
<20, n (%) 266 (59.5) 141 (60.5) 125 (58.4) 0.700
≥20, n (%) 181 (40.5) 92 (39.5) 89 (41.6)

Oxygen saturation (%), mean (SD) 97.9 (1.1) 97.9 (1.0) 97.9 (1.2) 0.964
Oxygen saturation < 96%, n (%) 6 (1.3) 1 (0.4) 5 (2.3) 0.109
WHO clinical score, median (range) 2 (1, 2) 2 (1, 2) 2 (1, 2) 0.360

Score 1, n (%) 52 (11.6) 24 (10.3) 28 (13.1) 0.379
Score 2, n (%) 395 (88.4) 209 (89.7) 186 (86.9)

Previous vaccination, n (%) 0.522
No 112 (25.1) 65 (27.9) 47 (22.0)
Incomplete vaccine course
(1 dose with last dose < 2 weeks prior) 30 (6.7) 17 (7.3) 13 (6.1)

Incomplete vaccine coursee
(1 dose with last dose ≥ 2 weeks prior) 184 (41.2) 90 (38.6) 94 (43.9)

Completed vaccine coursee
(2 doses with last dose < 2 weeks prior) 25 (5.6) 11 (4.7) 14 (6.5)

Completed vaccine coursee
(2 doses with last dose ≥ 2 weeks prior or
3 doses with any duration)

96 (21.5) 50 (21.5) 46 (21.5)

Chest X-ray, n (%) 0.993
Normal 264 (59.1) 138 (59.2) 126 (58.9)
Unilateral infiltrate 7 (1.6) 4 (1.7) 3 (1.4)
Bilateral infiltrate 6 (1.3) 3 (1.3) 3 (1.4)
Not done 170 (38.0) 88 (37.8) 82 (38.3)

Admission type at baseline, n (%) 0.072
Quarantine hotel 280 (62.6) 145 (62.2) 135 (63.1)
Home isolation 132 (29.5) 67 (28.8) 65 (30.4)
Hospital 33 (7.4) 21 (9.0) 12 (5.6)
No admission 1 (0.2) 0 (0.0) 1 (0.5)
Unknown 1 (0.2) 0 (0.0) 1 (0.5)

Concomitant medication, n (%)
Favipiravir 435 (97.5) 226 (97.4) 209 (97.7) 1.000
Others 3 (0.7) 0 (0.0) 3 (1.4) 0.110

Compliance with study medication, n (%) 0.762
Full compliance 399 (89.3) 209 (89.7) 190 (88.8)
Partial compliance 48 (10.7) 24 (10.3) 24 (11.2)

Ct: cycle threshold; RT-PCR: reverse transcription-polymerase chain reaction; SD: standard deviation; WHO:
World Health Organization.

For both the ITT and mITT analyses, there were no significant differences between
ivermectin (plus favipiravir) and the placebo (plus favipiravir) for all outcomes, including
the proportion of participants with oxygen desaturation; the change in WHO progression
score from baseline; the absence of symptoms at Day 3, Day 7, and Day 14; 14-day hospi-
talization rate; and 28-day mortality (Table 4). Most symptoms gradually subsided over
time except for loss of smell, which showed a peak frequency on Day 3 (Figure S1). In the
mITT population, subgroup analysis did not reveal any differences in outcomes between
the ivermectin group and the placebo group (Table S3). No participants died in this study.
One participant in the ivermectin group and one participant in the placebo group reported
COVID-19 infection on Day 23 and Day 17, respectively. In addition, no factors associated
with favorable outcomes in participants who had an absence of all symptoms on Day 7
could be identified (Table S4).

88



Antibiotics 2022, 11, 796

Table 4. Primary outcomes of the ivermectin treatment study classified by ITT and mITT analyses.

Primary Outcomes Ivermectin Placebo p Value

ITT analysis (n = 447) n = 233 n = 214
Proportion of participants with oxygen desaturation, n (%) **

Day 3 2 (0.9) 3 (1.4) 0.674
Day 7 2 (0.9) 4 (1.9) 0.433
Day 14 6 (2.6) 4 (1.9) 0.753

Change in WHO progression score from baseline
Day 3 0 (−3, 0) 0 (−5, 0) 0.462
Day 7 0 (−4, 0) 0 (−5, 0) 0.256
Day 14 1 (−5, 1) 1 (−5, 1) 0.348

Absence of all symptoms, n (%)
Day 3 57 (24.5) 44 (20.6) 0.365
Day 7 118 (50.6) 115 (53.7) 0.570
Day 14 174 (74.7) 176 (82.2) 0.066

Hospitalization due to clinical progression within 14 days, n (%) 8 (3.4) 4 (1.9) 0.386
28-day mortality 0 0 -

Modified ITT analysis (n = 443) n = 229 n = 214
Proportion of participants with oxygen desaturation, n (%) **

Day 3 2 (0.9) 3 (1.4) 0.676
Day 7 2 (0.9) 4 (1.9) 0.435
Day 14 6 (2.7) 4 (1.9) 0.752

Change in WHO progression score from baseline
Day 3 0 (−3, 0) 0 (−5, 0) 0.436
Day 7 0 (−4, 0) 0 (−5, 0) 0.239
Day 14 1 (−5, 1) 1 (−5, 1) 0.501

Absence of all symptoms, n (%)
Day 3 56 (24.5) 44 (20.6) 0.364
Day 7 118 (51.5) 115 (53.7) 0.703
Day 14 174 (76.0) 176 (82.2) 0.129

Hospitalization due to clinical progression within 14 days, n (%) 4 (1.7) 4 (1.9) 1.000
28-day mortality 0 0 -

** Oxygen desaturation refers to oxygen saturation < 96% or a decrease in oxygen saturation ≥ 3% after exer-
tion; CI: confidence interval; Ct: cycle threshold; ITT: intention to treat; SD: standard deviation; WHO: World
Health Organization.

3.3. Adverse Events

The incidences of AEs in participants in both groups are shown in Table 5. There
was no significant difference in the proportion of participants reporting AEs between the
ivermectin and placebo groups (21.6% vs. 18.9%, p = 0.337). However, there were more
ocular AEs reported in the ivermectin group (5.6% vs. 0.6%, p < 0.001). These were mainly
blurred vision while taking ivermectin, but this spontaneously resolved after completing
the medication. An analysis of AEs by the study cohort found that ocular problems were
more prevalent in the ivermectin group than the placebo group in the treatment cohort
(8.7% vs. 0%, p < 0.001). Headache was reported more often in the placebo group (4.5% vs.
1.9%, p = 0.027) (Table S5). No serious AEs were reported in this study.
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Table 5. Adverse events reported by all participants in the ivermectin prevention and treatment
studies.

AEs (mITT Population)
Ivermectin (n = 482) Placebo (n = 486)

p ValueNo.
Events

No. Cases
n (%)

No.
Events

No. Cases
n (%)

Total 141 104 (21.6) 144 92 (18.9) 0.337
Ocular problems 28 27 (5.6) 4 3 (0.6) <0.001
Diarrhea 23 23 (4.8) 21 19 (3.9) 0.532
Myalgia 15 13 (2.7) 19 17 (3.5) 0.579
Headache 10 9 (1.9) 25 22 (4.5) 0.027
Neurologic symptoms 8 8 (1.7) 11 10 (2.1) 0.813
Rash 7 7 (1.5) 4 4 (0.8) 0.383
Nausea/vomiting 6 6 (1.2) 12 11 (2.3) 0.328
Pruritus 1 1 (0.2) 3 3 (0.6) 0.624
Others 43 40 (8.3) 45 44 (9.1) 0.732

AE: adverse event; mITT: modified intention to treat.

4. Discussion

To the best of our knowledge, this was the first large, double-blinded, randomized
controlled trial to determine the safety and efficacy of ivermectin for both the treatment
and prevention of COVID-19 in the same outpatient setting. A high dose of ivermectin
(400–600 µg/kg/d) for 3 days did not show a significant benefit for the prevention of SARS-
CoV-2 infection. Similarly, early treatment with the same dose and duration of ivermectin
did not reduce disease progression or hospitalization in patients with mild-to-moderate
COVID-19 compared with the placebo group. No serious AEs were reported in this study.
However, eye-related symptoms, particularly blurred vision, occurred more frequently in
the ivermectin group, especially in those who concomitantly received favipiravir.

In this study, there was a low rate of acquiring SARS-CoV-2 infection (5%) even though
the study was conducted among people with high-risk exposure. Ivermectin did not show
a benefit for preventing SARS-CoV-2 infection, which is in contrast with some previous
studies. A recent open-labeled randomized study evaluated 303 asymptomatic household
contacts in Egypt found that the proportion of clinically diagnosed SARS-CoV-2 infections
was 7.4% in the ivermectin group and 58.5% in the control group [13]. Another matched
case–control study conducted in India among 186 healthcare workers who received two
doses of 300 µg/kg ivermectin 3 days apart found a 73% reduction in SARS-CoV-2 infection
in the following month [11]. However, these previous studies were non-randomized studies
with subjective outcome measurement. The low rate of a positive RT-PCR within 14 days
in our study could have several explanations. First, our study was conducted after several
months of a national COVID-19 vaccination campaign; therefore, 85% of participants had
already received ≥1 dose of COVID-19 vaccine. Second, all confirmed COVID-19 cases in
Thailand were requested to self-quarantine at home or in designated facilities to prevent
further transmission [14]. This might have resulted in the low COVID-19 incidence rates in
the study.

Our study demonstrated that early treatment with ivermectin did not reduce COVID-
19 disease progression or the hospitalization rate and did not increase symptom resolution.

Several randomized controlled trials on the efficacy of ivermectin for treating COVID-
19 have shown conflicting results in terms of virological and clinical outcomes [15,16].
However, our study results were in line with several well-controlled studies. The study
conducted in Colombia did not find any clinical benefit of a 10-day ivermectin therapy
among mild-to-moderate COVID-19 cases [17]. The IVERCOR-COVID19 study did not find
any benefit of ivermectin therapy on preventing hospitalization [18], and a recent study
in Brazil evaluating the efficacy of 3-day ivermectin for mild-to-moderate COVID-19 with
risk factors also did not reduce the rate of hospitalization within 28 days compared with
placebo (14.7% vs. 16.3%, respectively) [19]. The results of studies investigating ivermectin
as a COVID-19 treatment may depend on the study quality [20].
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The lack of observed differences in clinical outcomes between ivermectin and placebo
in our treatment study should not be related with using favipiravir as standard of care.
From recent systematic reviews, favipiravir did not show a significant benefit on the viral
clearance and mortality [21]. In addition, it is possible that our study population had a low
rate of outcomes because only one-third of the participants had a co-morbidity, which may
have resulted in a lower rate of disease progression.

An adequate and safe dose of ivermectin for treating COVID-19 has not been clearly
established. Ivermectin’s IC50 against SARS-CoV-2 was found to be 2 µM, which is
>35 times higher than the maximal plasma concentration after oral ivermectin admin-
istration at the approved dose of 200 µg/kg [4]. The present study used a higher daily dose
(400–600 µg/kg/d) than the standard regimen, aiming to achieve a high drug concentration
during peak viremia; this dosage was found to be safe and well tolerated in a previous
study [22]. However, the previous pharmacokinetic (PK) study showed that an ivermectin
dosage of 10 times higher than the approved dose was not sufficient to reach the required
IC50 in the lungs [23]. A recent study using a high dose of ivermectin (600 µg/kg/d) for
5 days did not reduce the SARS-CoV-2 viral load [24]. Our study did not show any benefit
in clinical endpoints from high-dose ivermectin (400–600 µg/kg/d for 3 days), which is in
line with these previous PK and clinical studies.

The significantly higher rate of transient blurred vision in the ivermectin group has
been documented. The previous malaria study reported a significant high rate of transient
visual disturbance: 8% among those who receive a moderate dose of ivermectin (300 µg/kg
for 3 days) and 22% among those who received a high dose of ivermectin (600 µg/kg
ivermectin for 3 days) [22]. The transient visual disturbance was possibly due to ivermectin
potentiating GABA release and binding, resulting in central nervous system AEs such
as mydriasis. Importantly, ocular adverse events were significantly more prevalent if co-
administration with favipiravir. Nevertheless, further investigation is required to confirm
the possibility of ivermectin–favipiravir drug interaction and ocular AEs. It is unclear why
there was a lower rate of headache in the ivermectin group. This might have occurred
by chance.

Our study has some limitations. In the ivermectin prevention study, we used self-
conducted rapid antigen testing to determine the presence of SARS-CoV-2, and only those
with a positive rapid antigen test underwent confirmation testing by RT-PCR. However,
participants using NP swab sampling for their self-conducted test could have obtained a
false-negative rapid antigen result because of improper collection technique or test perfor-
mance. However, a distribution of this phenomenon should have occurred similarly in
both groups. In addition, the incidence of COVID-19 infection in the prevention study was
much lower than we expected. This might be due to several factors, such as the majority
of participants in our study have received at least one dose of COVID-19 vaccination, or
the changes in the SARSCoV-2 strain from time to time. To detect the difference of the
small effect in the prevention study between ivermectin and placebo, more than 3200 par-
ticipants may be required. Therefore, the result of this prevention study warrants further,
larger research.

5. Conclusions

In this double-blinded, pragmatic randomized placebo-controlled trial, ivermectin
did not demonstrate a protective effect for preventing SARS-CoV-2 infection. The results
also showed that ivermectin had no COVID-19 therapeutic effect in combination with
standard of care (favipiravir). Transient blurred vision was significantly more common in
participants who received ivermectin plus favipiravir. Therefore, ivermectin should not be
used for preventing SARS-CoV-2 infection or for treating mild-to-moderate COVID-19.
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Abstract: Few data are available on infectious complications in critically ill patients with different
viral infections. We performed a retrospective monocentric study including all of the patients
admitted to the intensive care unit (ICU) with confirmed COVID-19 (as of 13 March 2020) or Influenza
A and/or B infections (as of 1 January 2015) until 20 April 2020. Coinfection and secondary infections
(occurring within and after 48 h from admission, respectively) were recorded. Fifty-seven COVID-19
and 55 Influenza patients were included. Co-infections were documented in 13/57 (23%) COVID-19
patients vs. 40/55 (73%) Influenza patients (p < 0.001), most of them being respiratory (9/13, 69%
vs. 35/40, 88%; p = 0.13) and of bacterial origin (12/13, 92% vs. 29/40, 73%; p = 0.25). Invasive
aspergillosis infections were observed only in Influenza patients (8/55, 15%). The COVID-19 and
Influenza patients presented 1 (0–4) vs. 0 (0–4) secondary infections (p = 0.022), with comparable
sites being affected (lungs: 35/61, 57% vs. 13/31, 42%; p = 0.16) and causative pathogens occurring
(Gram-negative bacteria: 51/61, 84% vs. 23/31, 74%; p > 0.99). The COVID-19 patients had longer ICU
lengths of stay (15 (–65) vs. 5 (1–89) days; p = 0.001), yet the two groups had comparable mortality
rates (20/57, 35% vs. 23/55, 41%; p = 0.46). We report fewer co-infections but more secondary
infections in the ICU COVID-19 patients compared to the Influenza patients. Most of the infectious
complications were respiratory and of bacterial origin.

Keywords: COVID-19; Influenza; co-infection; secondary infections; aspergillosis

1. Introduction

In December 2019, a new virus named Severe Acute Respiratory Syndrome Coron-
avirus 2 (SARS-CoV-2) was identified in Wuhan city, Hubei Province, China, causing a new
disease called COVID-19, which can lead to severe acute respiratory distress syndrome
(ARDS) with a relatively high risk of death [1]. This virus quickly spread worldwide,
resulting in a global health crisis and a rapid saturation of health care services, including
intensive care units (ICU) [2].

Several studies have already been published concerning the occurrence of co-infections
and/or secondary infections in ICU COVID-19 patients [3–11]. Most of these studies are
retrospective and report data on small cohorts including heterogenous populations. There
are only two published meta-analyses based on retrospective studies: one that included
small cohorts from six studies only focusing on ICU patients and eight studies focusing
on both ICU and non-ICU patients that reported on COVID-19 co-infections [11]; and one
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that included five studies focusing only on ICU patients that described co-infections (four
of those studies) and secondary infections (one of those studies) [3]. According to these
studies, the rate of co-infections varied from 4.3% to 28% [3–9], and the rate of secondary
infections ranged from 40.7% to 51% [4,7–10]. It is unclear whether the risk of coinfections
or secondary infections is similar to that of other viral infections.

Influenza affects up to 20% of the population each year. Bacterial and fungal co-
infections are frequent occurrences among ICU patients with Influenza infection. Co-infected
patients have higher morbidity and mortality rates than those without co-infections [12]. The
mechanisms of co-pathogenesis have been studied and are multifactorial [12,13]. First,
the virus causes epithelial dysfunction. The ciliary damage prevents efficient pathogen
clearance, and the epithelial cells and surfactant destruction give the pathogens access to
nutrients. Second, these structural damages, together with the local inflammation, facilitate
bacterial adherence to their specific receptors. Bacteria also produce pro-inflammatory
cytokines resulting in the synergistic activation of immune response. Third, the immune
response to the influenza virus interferes with the normal pathogen recognition effector
responses during and after the viral infection, enabling secondary bacterial infections [14].

A large French retrospective study comparing 89,530 COVID-19 patients to 45,819 Influenza
patients reported a higher in-hospital death rate among the COVID-19 patients requiring
ICU admission compared to the Influenza patients; however, the rates of coinfections
and secondary infections were not reported [15]. Another retrospective study compar-
ing 642 COVID-19 patients to 742 Influenza patients reported more secondary bacterial
infections in the COVID-19 patients, which was an independent predictor of death in the
COVID-19 patients [16]. In a retrospective study, Bardi and al. also reported a higher ICU
mortality in secondary infected COVID-19 ICU patients compared to those not infected [9].

This study therefore aims to describe whether the occurrence, type, and outcome of
co-infections and secondary infections in ICU patients are different between the COVID-19
and Influenza diseases.

2. Results
2.1. Patients’ Characteristics

A total of 57 COVID-19 patients and 55 Influenza A or B patients were eligible for the
analysis over the study period. The characteristics of the study population are presented in
Table 1.

Table 1. Baseline patient characteristics.

COVID-19 Influenza
p-Value

N = 57 N = 55

Sex—male 41 (72) 30 (54) 0.056

Age (years) 61 (53–70) 65 (54–77) 0.108

Comorbidities
Current smokers, n (%) 6 (10) 23 (42) <0.001
Obesity n = 54; 19 (35) n = 46; 14 (29) 0.534
BMI (kg/m2) n = 54; 28 (24–31) n = 46; 28 (24–33) 0.841
Arterial hypertension, n (%) 37 (65) 34 (62) 0.734
Chronic cardiomyopathy, n (%) 9 (16) 23 (42) 0.002
Chronic pulmonary disease, n (%) 17 (30) 27 (49) 0.037
Chronic kidney failure, n (%) 4 (7) 13 (24) 0.014
Diabetes, n (%) 11 (19) 16 (29) 0.226
Active neoplasia, n (%) 3 (5) 3 (5) 0.999
Charlson Comorbidity Index, n (%) 3 (1–5) 4 (3–6) 0.077
Immunosuppressive therapy, n (%) 6 (10) 24 (44) <0.001
Chronic steroids, n (%) 4 (7) 16 (29) 0.002
Solid organ transplant, n (%) 3 (5) 6 (11) 0.317

Continuous variables are reported as the median (interquartile ranges), and categorical variables are reported as
counts (percentages). A p < 0.05 was considered statistically significant. Abbreviation—BMI: body mass index.
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The patients were predominantly men in both groups and had comparable ages
(63 years (53–74)), Charlson Comorbidity Indexes (4 (2–5)), and prevalence of obesity (32%).
The COVID-19 patients were less frequently smokers and had less chronic cardiomyopathy,
pulmonary disease, and kidney failure than the Influenza patients. They were also signif-
icantly less immunocompromised than the Influenza patients, receiving chronic steroid
treatment less frequently.

2.2. Clinical Data upon ICU Admission

The clinical data upon ICU admission are presented in Table 2a. The patients were
mainly admitted to the ICU for respiratory failure. The patients were severely ill, with
comparable baseline SOFA and SAPS3 scores and PaO2/FiO2 ratios in both patient groups
(medians of 6 (3–10); 58 (48–68) and 145 (106–213), respectively). The delay between the
hospital and ICU admission was significantly shorter in the COVID-19 group compared to
that in the Influenza group. Upon admission, the COVID-19 patients presented significantly
more ground glass features on the CT-scan and a lower leucocyte count, but they presented
a higher lymphocyte count and higher c-reactive protein and lactate dehydrogenase values
than the Influenza patients. Significantly fewer COVID-19 patients received antibiotics
before and during the first 48 h of ICU admission compared to the Influenza cohort.

Table 2. (a). Clinical data upon ICU admission. (b). Microbiological data upon ICU admission.

(a)

COVID-19 Influenza
p-Value

N = 57 N = 55

Reason for ICU admission
Respiratory failure, n (%) 51 (89) 47 (86) 0.52
Medical reason, n (%) 6 (11) 7 (13) 0.716
Surgical reason, n (%) 0 (0) 1 (2) 0.477

Hospital to ICU admission, days 1 (0–4) 2 (0–11) 0.012

Baseline SOFA 7 (3–9) 6 (3–10) 0.943
Baseline SAPS 3 55 (46–68) 62 (52–71) 0.07
Baseline PaO2/FiO2 ratio 140 (100–194) 152 (112–213) 0.432

CT features n = 48 n = 27
Ground glass, n (%) 46 (96) 15 (56) <0.001
Condensations, n (%) 28 (58) 19 (73) 0.209

Biological data
Leukocytes, 103/mm3 8.69 (6.52–11.09) 11.03 (8.42–15.00) 0.035
Lymphocytes count, 103/mm3 0.89 (0.57–1.32) 0.54 (0.34–1.04) 0.028
CRP, mg/L 144 (94–230) 63 (41–125) <0.001
Creatinine, mg/dL 1.1 (0.8–1.6) 1.2 (0.9–1.8) 0.522
LDH, IU/L 506 (360–620) 303 (239–431) <0.001

Antibiotherapy before ICU admission, n (%) 18 (32) 30 (54) 0.04
Antibiotherapy during the first 48 h, n (%) 22 (39) 44 (80) <0.001

(b)

COVID-19 Influenza
p-Value

N = 57 N = 55

Bacteriological samples within 48 h of admission
Total respiratory samples, n (%) 34 (60) 46 (84) 0.005
Sputum or ETA, n (%) 29 (51) 36 (67) 0.091
BAL, n (%) 25 (44) 12 (22) 0.016
Multiplex respiratory PCR panel, n (%) 23 (40) 21 (39) 0.875
Influenza test (PCR or Ag), n (%) 42 (74) 55 (100) <0.001
Blood cultures, n (%) 54 (95) 36 (66) <0.001
Urine cultures, n (%) 54 (95) 20 (38) <0.001
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Table 2. Cont.

(b)

COVID-19 Influenza
p-Value

N = 57 N = 55

Bacteriological data
Total co-infections, n (%) 13 (23) 40 (73) <0.001
Respiratory co-infections, n (%) * 9 (16) 35 (64) <0.001
Bacteremia, n (%) * 2 (3) 7 (13) 0.091
Urinary tract infection, n (%) * 2 (3) 1 (2) 0.317

Pathogens of documented co-infections **
Gram-positive coccus, n (%) 7 (54) 18 (45) 0.579

Staphylococcus aureus, n (%) 1 (14) 9 (50)
Streptococcus pneumoniae, n (%) 3 (43) 5 (28)
Other Streptococcus spp., n (%) 3 (43) 3 (17)
Other, n (%) 0 (0) 1 (5)

Gram-negative bacillus, n (%) 9 (69) 16 (40) 0.607
Escherichia coli, n (%) 3 (33) 1 (6)
Klebsiella spp., n (%) 1 (11) 4 (25)
Pseudomonas aeruginosa, n (%) 0 (0) 1 (6)
Haemophilus influenzae, n (%) 3 (33) 5 (31)
Other, n (%) 2 (22) 5 (31)

Virus, n (%) 2 (14) 14 (35) 0.181
Adenovirus, n (%) 2 (100) 0 (0)
Cytomegalovirus, n (%) 0 (0) 4 (29)
Coronavirus (other than COVID-19), n (%) 0 (0) 4 (29)
Other, n (%) 0 (0) 8 (57)

Aspergillus sp., n (%) 0 (0) 8 (20) 0.002

Continuous variables are reported as the median (interquartile range), and categorical variables are reported as
numbers (percentages). A p < 0.05 was considered statistically significant. Abbreviations—ICU: Intensive Care
Unit, SOFA: Sequential Organ Failure Assessment, SAPS 3: Simplified Acute Physiology Score 3, PaO2/FiO2
ratio: ratio of partial oxygen pressure to the fraction inspired air, CRP: C-reactive protein, LDH: lactate dehy-
drogenase, ETA: endotracheal aspirations, BAL: bronchoalveolar lavage. Categorical variables are reported
as numbers (percentages). A p < 0.05 was considered statistically significant. Abbreviations—ETA: endotra-
cheal aspiration, PCR: polymerase chain reaction. * Co-infections could be multisite. ** Co-infections were
sometimes polymicrobial.

2.3. Co-Infections

The data on co-infections are reported in Table 2b and Figure 1. The microbiological
documentation was more systematic in the COVID-19 patients than in the Influenza patients
upon ICU admission, meaning that significantly more BAL, blood, and urine cultures were
performed for the COVID-19 patients compared to the Influenza patients. Nevertheless, the
COVID-19 patients presented significantly fewer co-infections than the Influenza patients.
The co-infections were predominantly respiratory in both groups. The most frequent
pathogens were Gram-positive cocci (Streptococcus pneumoniae in the COVID-19 group
and Staphylococcus aureus in the Influenza group) and Gram-negative rods (Escherichia
coli in the COVID-19 group and Haemophilus influenza in the Influenza group). Only two
COVID-19 patients were diagnosed with a viral co-infection (14%), whereas 14 (35%)
were diagnosed in the Influenza group (p = 0.181). No co-infections were observed with
Aspergillus sp. in the COVID-19 group, whereas 8 (20%) were observed in the Influenza
group, (p = 0.002). Seven of those patients had chronic pulmonary disease, five were
receiving chronic steroid treatment, and one was a solid organ transplant recipient. The
median time to ICU admission for these patients with invasive aspergillosis infections was
15 days (12–20), which is significantly longer than the median time to ICU admission for
the entire cohort: 1.5 days (0–6).
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Figure 1. Co-infections in COVID-19 patients versus Influenza ICU patients.

Table 3 provides the results of the univariate logistic regression model exploring the
risk factors for co-infections. Table S1 provides the frequencies of each variable among
the co-infected and non-co-infected patients in both cohorts. Influenza infection and im-
munosuppression (IS) therapy were identified as risk factors for co-infections upon ICU
admission. Each variable for which the univariate odds ratio (OR) yielded a p-value ≤ 0.1
was then included in a multivariable logistic regression model. Only IS therapy was identi-
fied as an independent risk factor for co-infections among both the COVID-19 and Influenza
patients (OR 6.07 (1.15–35.73), p = 0.033, and 9.87 (1.54–197.90), p = 0.047, respectively).

Table 3. Univariate analysis of the risk factors for co-infections.

COVID-19 Influenza

n = 57 n = 55

OR (CI95%) p-Value OR (CI95%) p-Value

Sex 0.53 (0.14–2.07) 0.347 1.07 (0.32–3.54) 0.912

Age (years) 0.99 (0.94–1.04) 0.597 0.94 (0.89–0.99) 0.026

Current smokers 1.82 (0.23–10.68) 0.521 2.49 (0.72–10.2) 0.17
Chronic pulmonary disease 1.06 (0.25–3.92) 0.932 0.79 (0.24–2.61) 0.7
Obesity (BMI ≥ 30 kg/m2) 1.21 (0.32–4.29) 0.772 0.45 (0.12–1.65) 0.219
Arterial hypertension 0.54 (0.15–1.97) 0.345 0.31 (0.06–1.14) 0.099
Diabetes * 0.053 0.33 (0.09–1.17) 0.085
Charlson Comorbidity index 1.01 (0.79–1.26) 0.964 0.66 (0.44–0.92) 0.022
Immunosuppressive therapy 6.07 (1.15–35.73) 0.033 6.74 (1.15–128.77) 0.08
Solid organ transplant 1.75 (0.08–19.85) 0.659 2.00 (0.29–40.14) 0.543

Baseline SOFA 1.16 (1–1.38) 0.066 1.01 (0.88–1.18) 0.866
Baseline SAPS 3 1 (0.97–1.04) 0.878 1.00 (0.96–1.04) 0.856
Baseline PaO2/FiO2 ratio 1 (0.99–1.01) 0.749 1.00 (0.99–1) 0.153

Influenza 9.03 (3.94–22.02) <0.001

Univariate r UnU. Univariate regression analysis, except *: Fisher’s exact test. A p < 0.05 was considered
statistically significant. The data are presented as the odds ratio (OR) with its 95% confidence interval (CI 95%).
Abbreviations—BMI: body mass index, SOFA: Sequential Organ Failure Assessment, SAPS 3: Simplified Acute
Physiology Score 3, PaO2/FiO2 ratio: ratio of partial oxygen pressure to the fraction inspired air.

99



Antibiotics 2022, 11, 704

2.4. Secondary Infections

The secondary infections are presented in Table 4. The COVID-19 patients had signif-
icantly more secondary infections than the Influenza patients. The secondary infections
were mostly caused by Gram-negative bacilli in both groups. Significantly more secondary
infections were caused by multi-resistant bacteria in the COVID-19 group than in the
Influenza group. On the other hand, the Influenza patients presented more secondary
infections due to Aspergillus sp. than the COVID-19 patients (9/29, 31% vs. 1/60, 2%,
p < 0.001). No viral secondary infections were reported for the first secondary infection in
either cohort.

Table 4. Secondary infections.

COVID-19 Influenza
p-Value

N = 57 N = 55

Total number of infectious events 60 29 -
Secondary infections

Event 1, n (%) 37 (65) 16 (29) <0.001
Time to onset (day) 8 (2–23) 6.5 (0–17) 0.484
Bacteremia, n (%) * 13 (35) 4 (25) 0.538
Respiratory infections, n (%) * 35 (95) 13 (81) 0.155
Others, n (%) * 3 (8) 3 (19) 0.351
Types of pathogens **

Gram-positive cocci, n (%) 6 (16) 2 (20) >0.999
Gram-negative bacilli, n (%) 34 (92) 9 (90) >0.999
Virus, n (%) 0 (0) 0 (0) >0.999
Aspergillus sp., n (%) 1 (3) 7 (44) <0.001

Event 2, n (%) 18 (32) 7(13) 0.017
Time to onset (day) 18 (11–29) 16 (8–21) 0.048
Bacteremia, n (%) * 4 (22) 2 (29) >0.999
Respiratory infections, n (%) * 13 (72) 5 (71) >0.999
Others, n (%) * 2 (11) 0 (0) >0.999
Types of pathogens **

Gram-positive cocci, n (%) 3 (18) 0 (0) >0.999
Gram-negative bacilli, n (%) 16 (94) 4 (100) >0.999
Virus, n (%) 1 (6) 1 (14) 0.49
Aspergillus sp., n (%) 0 (0) 0 (0) >0.999
Other fungi, n (%) 0 (0) 2 (40) 0.039

Event 3, n (%) 5 (9) 6 (11) 0.704
Time to onset (day) 23 (18–31) 22 (15–69) 0.583
Bacteremia, n (%) * 5 (100) 1 (33) 0.061
Respiratory infections, n (%) * 2 (40) 5 (83) 0.242
Others, n (%) * 0 (0) 0 (0) >0.999
Types of pathogens **

Gram-positive cocci, n (%) 2 (50) 1 (20) 0.524
Gram-negative bacilli, n (%) 4 (100) 5 (100) >0.999
Virus, n (%) 1 (20) 3 (50) 0.546
Aspergillus sp., n (%) 0 (0) 2 (33) 0.456
Other fungi, n (%) 0 (0) 2 (33) 0.456

Continuous variables are reported as the median (interquartile range) and categorical variables are reported as
numbers (percentages). Time is reported as the median (minimum–maximum). A p < 0.05 was considered statistically
significant. * Secondary infections could be multisite. ** Secondary infections were sometimes polymicrobial.

The univariate logistic regression model of the risk factors for secondary infections
are reported in Table 5. Table S2 provides the frequencies of each variable in the patients
with secondary infections, compared to those without, in both cohorts of patients. Obesity,
baseline SOFA scores, and treatment with vasopressors were identified as risk factors for
secondary infections in the COVID-19 group, and support with Extra Corporeal Membrane
Oxygenation (ECMO) was identified as such in both the COVID-19 and Influenza patients.
Each variable for which the univariate OR yielded a p-value ≤ 0.1 was included in a multi-
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variable logistic regression model. Treatment with vasopressors was the only independent
risk factor identified for secondary infections in the COVID-19 group, with an OR of 16.23
(3.36–100.42; p < 0.001) and ECMO was the only independent risk factor identified for
secondary infections in the Influenza group, with an OR of 22.8 (3.38–457.75; p = 0.006).

Table 5. Univariate analysis of the risk factors for secondary infections.

COVID-19
n = 57

Influenza
n = 55

OR (CI95%) p-Value OR (CI95%) p-Value

Sex 2.42 (0.73–8.11) 0.146 1.1 (0.34–3.65) 0.871

Age (years) 0.98 (0.94–1.03) 0.472 0.97 (0.93–1.01) 0.139

Current smokers 1.09 (0.19–8.42) 0.924 1.12 (0.34–3.63) 0.852
Chronic pulmonary disease 0.99 (0.31–3.39) 0.983 0.51 (0.15–1.66) 0.274
Obesity 4.82 (1.33–23.19) 0.026 0.82 (0.2–2.96) 0.768
Arterial hypertension 1.39 (0.44–4.31) 0.568 0.72 (0.22–2.41) 0.587
Diabetes * 0.548 0.46 (0.09–1.75) 0.286
Charlson Comorbidity Index 0.87 (0.7–1.07) 0.196 0.85 (0.61–1.17) 0.32
Immunosuppressive therapy 1.41 (0.27–10.52) 0.701 1.52 (0.39–5.46) 0.529
Solid organ transplant * 0.545 0.45 (0.02–3.14) 0.487

Baseline SOFA 1.21 (1.04–1.45) 0.018 1.01 (0.86–1.17) 0.922
Baseline SAPS 3 0.99 (0.96–1.02) 0.482 1.03 (0.99–1.07) 0.192
Baseline PaO2/FiO2 ratio 0.99 (0.98–0.99) 0.004 1 (0.99–1) 0.425
Vasopressors 19.43 (4.8–104.01) <0.001 3.92 (0.91–27.31) 0.098
ECMO * 0.005 22.8 (3.38–457.75) 0.006

Co-infections 0.54 (0.15–1.97) 0.345 3.5 (0.81–24.45) 0.131

Influenza 0.22 (0.1–0.48) <0.001

Univariate regression analysis, except *: Fisher’s exact test. A p < 0.05 was considered statistically significant. The
data are presented as the odds ratio (OR) with its 95% confidence interval (CI 95%). Abbreviations—BMI: body
mass index, SOFA: Sequential Organ Failure Assessment, SAPS 3: Simplified Acute Physiology Score 3, PaO2/FiO2
ratio: ratio of partial oxygen pressure to the fraction inspired air, ECMO: extracorporeal membrane oxygenation.

2.5. Outcome and Risk Factors for ICU Death

The data on the outcomes are reported in Table 6. The COVID-19 patients stayed
significantly longer in the ICU and needed non-significantly longer mechanical ventilation
than the Influenza patients. ICU mortality was comparable between both groups, with
an overall mortality of 43/112 (38%). The risk factors for ICU death were looked for in
both cohorts. The factors explored were: sex, age, comorbidities, the Charlson Comorbidity
Index, baseline SOFA, baseline SAPS 3, baseline PaO2/FiO2 ratio upon admission, the
use of vasopressors, ECMO, co-infections, secondary infections, the number of secondary
infectious events, and infections due to multi-drug resistant bacteria. In the COVID-19
group, obesity, hypertension, diabetes, the Charlson Comorbidity Index, and having a solid
organ transplant were identified as risk factors for ICU death in the univariate analysis
(Table 7). In both groups, baseline SOFA, SAPS3, and treatment with vasopressors were
also identified as risk factors for ICU death. In the multivariable analysis, obesity, arterial
hypertension, a high Charlson Comorbidity Index, and treatment with vasopressors were
identified as independent risk factors for ICU death in the COVID-19 group, with ORs of
4.71 (1.07–23.54; p= 0.44), 4.97 (1.06–30.50; p = 0.05), 1.54 (1.13–2.29; p = 0.014), and 16.13
(2.02–377.47; p = 0.25), respectively. However, no risk factors for death were identified
for the Influenza group. Furthermore, neither co-infections, secondary infections, nor
the number of secondary infections were identified as risk factors for death in either the
COVID-19 or Influenza groups.
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Table 6. ICU Patient outcome.

COVID-19 Influenza
p-Value

N = 57 N = 55

Supportive measures
Optiflow, n (%) 8 (14) 15 (27) 0.083
NIV/CPAP, n (%) 32 (56) 31 (56) 0.981
Invasive mechanical ventilation, n (%) 41 (72) 36 (65) 0.591
Prone positioning, n (%) 35 (61) 9 (16) <0.001
ECMO, n (%) 13 (23) 7 (13) 0.164
Vasopressors, n (%) 41 (72) 39 (71) 0.905
Renal replacement therapy, n (%) 16 (28) 9 (16) 0.137
ICU stay (days) 15 (4–29) 5 (2–10) 0.001
Mechanical ventilation duration (days) 11 (0–22) 4 (1–18) 0.716
ICU mortality (%), n (%) 20 (35) 23 (41) 0.464

Continuous variables are reported as the median (interquartile range), and categorical variables are reported
as numbers (percentages). A p < 0.05 was considered statistically significant. Abbreviations—ICU: intensive
care unit, NIV: non-invasive ventilation, CPAP: continuous positive airway pressure, ECMO: extracorporeal
membrane oxygenation.

Table 7. Univariate analysis of the risk factors for ICU mortality.

COVID-19
n = 57

Influenza
n = 55

OR (CI95%) p-Value OR (CI95%) p-Value

Sex 1.92 (0.556–7.81) 0.323 1.56 (0.529–0.72) 0.426

Age (years) 1.001 (0.764–1.05) 0.745 101 (0.975–1.05) 0.563

Current smokers 0.917 (0.119–5.18) 0.924 0.438 (0.136–1.32) 0.15
Chronic pulmonary disease 0.29 (0.06–1.06) 0.082 0.5 (0.164–1.47) 0.213
Obesity (BMI ≥ 30 kg/m2) 5.44 (1.71–18.77) 0.005 0.958 (0.273–32) 0.945
Arterial hypertension 4.82 (1.33–23.19) 0.026 0.496 (0.16–1.49) 0.215
Diabetes 4.44 (1.15–19.48) 0.035 0.051 (0.003–0.293) 0.006
Charlson Comorbidity Index 1.37 (1.1–1.8) 0.012 0.858 (0.648–1.17) 0.264
Immunosuppressive therapy 2 (0.333–11.84) 0.425 0.533 (0.171–1.58) 0.264
Solid organ transplant 0.012 * 0.245 (0.012–1.67) 0.215

Baseline SOFA 1.22 (1.05–1.44) 0.012 1.18 (1.035–1.38) 0.019
Baseline SAPS 1.04 (1.001–1.09) 0.038 1.06 (1.02–1.11) 0.011
Baseline PaO2/FiO2 ratio 0.998 (0.991–1.004) 0.463 0.988 (0.977–0.996) 0.008
Vasopressors 12.95 (2.29–245.19) 0.018 4.56 (1.24–22.22) 0.034
ECMO 3.45 (0.936–13.62) 0.065 2.04 (0.406–11.3) 0.386

Co-infections 0.778 (0.187–2.87) 0.711 4 (1.08–19.55) 0.054
Secondary infections 3.05 (0.91–12.24) 0.087 1.60 (0.49–5.26) 0.432
Number of surinfections 1.415 (0.825–2.5) 0.211 1.14 (0.685–1.9) 0.606
Drug multiresistance bacteria * >0.999 * 0.463 (0.021–3.95) 0.519

Influenza 1.32 (0.62–2.87) 0.465

Univariate regression analysis, except *: Fisher’s exact test. p < 0.05 was considered statistically significant. The
data are presented as the odds ratio (OR) with its 95% confidence interval (CI95%). Abbreviations—BMI: body
mass index, SOFA: Sequential Organ Failure Assessment, SAPS 3: Simplified Acute physiology Score 3, PaO2/FiO2
ratio: ratio of partial oxygen pressure to the fraction inspired air, ECMO: extracorporeal membrane oxygenation.

3. Discussion

In this study, we compared the co and secondary infections in critically ill COVID-19
patients admitted during the first wave of the pandemic in a single Belgian University
hospital to those in critically ill Influenza patients. We also looked for risk factors for
infectious events and death. To our knowledge, this is the first comparative study conducted
specifically on ICU patients. We report fewer co-infections yet more secondary infections in
the COVID-19 patients compared to the Influenza ICU patients. However, the time between
the hospital arrival and the ICU admission was shorter—and the ICU length of stay was
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significantly longer—in the COVID-19 patients compared to the Influenza patients. Because
our data come from the first pandemic wave and patient management has evolved since
this moment, we will compare our results in this discussion to other first wave cohorts.

Although both COVID-19 and Influenza are viral diseases, the clinical presentations
upon ICU admission differed between our two cohorts. At presentation, the COVID-19
patients in our cohort presented more ground glass features on a CT-scan and a lower
leucocyte count, but they presented a higher lymphocyte count and higher c-reactive
protein and lactate dehydrogenase values than the Influenza patients. These elements may
help to differentiate between these diseases at the time of admission. Indeed, D’Onofrio
et al. tried to identify factors that could help distinguish COVID-19 infection from Influenza
infections in patients suspected of sepsis in the emergency department. They also reported
a lower leucocyte count and higher lactate dehydrogenase values upon admission in the
COVID-19 patients compared to the Influenza patients [17].

Despite similar Charlson scores upon ICU admission in our study, the Influenza
patients had more comorbidities, and more of them were immunosuppressed compared to
the COVID-19 patients. They were hospitalized for longer in the general ward before being
admitted to the ICU, and they received more antibiotics before and during the first 48 h
of ICU admission. This may partially explain why the number of co-infections observed
among the Influenza group upon ICU admission was almost threefold higher than that
observed among the COVID-19 cohort.

One out of five of our COVID-19 patients presented a co-infection, concordant with
the prevalence rates of 4.3% to 28% previously reported in the literature [3–5,7,9]. However,
if we consider only respiratory co-infections, two French studies reported higher rates
than what we observed: 19.8% and 27.7% compared to 16%, respectively [6,8]. Half of the
Influenza patients presented a bacterial co-infection, which was consistent with the values
reported in the literature, varying from 5.9 to 51.1% [12].

The pathogens responsible for the co-infections were mostly bacterial, followed by
viruses and fungi in both the Influenza and COVID-19 patients. We found 16% of co-
infections with Aspergillus spp. in the Influenza group but none in the COVID-19 group.
This observation could be due to the more frequent chronic consumption of corticosteroids
in the Influenza group compared to the COVID-19 patients. Only IS therapy was identified
as an independent risk factor by the multivariate analysis for co-infections in both groups.
This risk factor for co-infections is consistent with the Influenza literature [13].

Secondary infections were observed more than two times as frequently in the COVID-
19 patients than in the Influenza patients. Indeed, two out of three COVID-19 patients
in our cohort presented at least one secondary infection, consistent with other studies
on secondary infections in COVID-19 patients. Soriano et al., in a retrospective study,
reported a secondary infections rate of 51% in 83 COVID-19 ICU patients [4]. Considering
only ventilator-associated pneumonia (VAP), Razazi et al. reported that 64% of patients
experienced at least one incidence of VAP within 8 (5–12) days of mechanical ventilation in
a retrospective study on 90 patients [7]. This higher number of secondary infections may be
partially explained by the longer ICU stay of the COVID-19 patients. The time to the onset
of secondary infections was similar in the COVID-19 and Influenza cohorts, with a median
time of 7 days. Bardi et al., who described nosocomial infections in COVID-19 ICU patients,
found a time to onset of 9 days (IQR 5-11) [9]. Elabbadi et al., who described respiratory co
and secondary bacterial infections in ICU patients, found a similar delay of 7.5 days [8].
Kokkoris et al., who described secondary blood stream infections in COVID-19 ICU patients,
found a slightly longer time to onset of 11 days [10]. The rate of secondary infections may
be more significant in the following waves of COVID-19, as glucocorticoids have become
the standard of care [18]. Rothe and al. compared ICU COVID-19 patients treated or
untreated with glucocorticoids (second versus first wave of COVID-19 in Germany). In
their retrospective study, the use of dexamethasone was associated with more pulmonary
infectious complications [19]. However, IS therapy was not identified as a risk factor for
secondary infections in our study, possibly due to the small cohort size. Tocilizumab has
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also become the standard of care for COVID-19 patients, but it was not associated with
more secondary infections in a recent meta-analysis [20].

The site of the secondary infections in the Influenza and COVID-19 patients was mostly
respiratory, concordant with previous reports [4]. Thirty-five percent of these infections
were bacteremia in the COVID-19 group, and the pathogens were mostly gram-negative
bacilli, consistent with the literature (30.7–40%) [4,7,8,10]. As for co-infections, we found
more secondary infections due to Aspergillus spp. in the Influenza group compared to
the COVID-19 group. In the literature, Bardi et al. described two ventilator-associated
infections due to Aspergillus fumigatus and one incidence of hospital-acquired pneumonia
in COVID-19 ICU patients [9]. The only prospective multicentric study that evaluated
coronavirus-associated pulmonary aspergillosis reported 27.7% of Aspergillosis-related
secondary infections, with a median of 4 (2–8) days after ICU admission [21]. Various
elements could explain this higher rate of infection compared to our observations: the
study included only ARDS patients on mechanical ventilation (for more than 48 h), and
most patients had received corticosteroids (60% in the aspergillus group and 46.6% in the
non-aspergillus group).

The proportion of infections due to multi-drug resistant bacteria was 32% in the
COVID-19 group, similar to the findings published by Bardi et al., who reported that
31% of the observed nosocomial infections in their cohort were due to multidrug resistant
microorganisms [9]. The number of infections due to multidrug resistant bacteria was
significantly greater in the COVID-19 patients than in the Influenza patients during the
first secondary event, but it was similar for the second and third events. These results
were not expected given the fact that the Influenza group consumed more antibiotics than
the COVID-19 cohort at the time of ICU admission, and previous antibiotic therapy is a
recognized risk factor for infections due to the multidrug resistant pathogens in the ICU
setting [22].

The COVID-19 patients had a longer ICU stay and spent more time on mechanical
ventilation than the Influenza patients, as previously described [15]. Despite these elements,
the ICU mortality between the two groups in our cohort was comparable. On the other
hand, Piroth et al., who compared COVID-19 patients with 2018–2019 seasonal Influenza
patients, found a higher ICU mortality in the COVID-19 group (27.1%) than in the Influenza
group (18%) [15]. In the literature, the ICU mortality of first wave COVID-19 patients varied
from 24.1% to 36% [4,9]. In our study, neither co nor secondary infections were identified as
risk factors for ICU death. Kreitman et al., who prospectively described bacterial respiratory
co-infections in COVID-19 patients, also found no differences in terms of mortality between
the co-infected and non-co-infected patients [6]. Our data are concordant with these results.

The major study limitations are the small sample size and the retrospective design.
The small sample size may partially explain why we did not identify more risk factors
for co and secondary infections. The rates of co and secondary infections in our study
are concordant with the current literature. However, these rates may be overestimated,
as the clinical and biological signs of co and secondary infection, such as fever and CRP,
are also elevated in COVID-19 without infectious complications, making the differential
diagnosis between simple colonization and infection difficult in this context. This study is
nevertheless of interest because it analyzes microbiological events in COVID-19 patients
before the introduction of other therapies such as glucocorticoids, convalescent plasma,
tociluzimab, jak-inhibitors, etc., It also shows that there are differences between Influenza
and COVID-19 in terms of disease presentation.

4. Materials and Methods

We performed a retrospective, monocentric study at Erasme Hospital, a 1048-bed
teaching hospital (including 32 ICU beds) in Brussels, Belgium. We compared the infectious
complications observed in the ICU between confirmed COVID-19 and confirmed flu pa-
tients from the 13th of March until the 20th of April 2020 and from the 1st of January 2015
until the 20th of April 2020, respectively.
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We included all ICU patients with a positive Reverse Transcriptase Polymerase Chain
Reaction (RT-PCR), a rapid antigen detection test (RDT), or a viral culture for Influenza
A or B or SARS-CoV-2 on nasopharyngeal (NP) swabs or bronchoalveolar lavage (BAL)
prior to or within 48 h of ICU admission. The exclusion criteria were patients younger than
eighteen years old and pregnant women.

At our institution, Influenza is actively searched for during the yearly flu epidemic
(based on Sciensano, the public health institute’s epidemic curves) in all patients admitted
for respiratory symptoms or fever using RDT for Influenza A and B (Influ A + B K-SeT, Coris
bioConcept, Gembloux, Belgium), viral PCR (cobas® Influenza A/B and RSV Assay (Roche
Molecular Systems, Pleasanton, CA, USA)), and cultures. Viral cultures are performed on
confluent Vero (African green monkey kidney), MRC5 (human lung), and LLC-MK2 (rhesus
monkey kidney) cells (Vircell, Santa-Fé, Spain) in 24-well or 6-well tissue culture plates
(Greiner-Bio One, Frickenhausen, Germany) on all NP swabs performed for Influenza A
and B detection and on all BAL samples. A multiplex PCR panel with Influenza A and B
is also performed on all BAL specimens and NP swabs [23]. As there were no Influenza
patients requiring intensive care at our institution during the first wave of the COVID-19
pandemic, we included ICU Influenza patients from the five previous Influenza seasons to
obtain a cohort size similar to that of the cohort of ICU COVID-19 patients.

Furthermore, as of the 4th of March 2020, the beginning of the epidemic in Belgium,
NP swabs for SARS-CoV-2 PCR were performed on all patients admitted to our hospital.
Repeat SARS-CoV-2 PCRs were performed on NP swabs or BALs in patients with initial
negative results for SARS-CoV-2 but with respiratory symptoms or an unexplained fever.
Influenza was excluded by either an RDT test and culture on an NP swab or a PCR and
culture on BAL in every SARS-CoV-2 suspected patient. The RT-PCR tests for SARS-CoV2
were performed using various commercialized automated PCR systems.

In the ICU, multiple biological samples for the microbiology laboratory are collected
systematically from all patients admitted with, or who develop during their stay, clinical
(i.e., hypotension, fever, cough, change in consciousness, etc.), biological (i.e., elevated
C-reactive protein, elevated leucocyte count, etc.), or radiological signs of infection. The
sampling, oriented by the clinical exam, includes NP swabs, sputum, BALs, blood, urine,
liquid from surgical drains, swabs, or punctures of purulent lesions to perform direct
microscopy and culture. We use a customized TaqMan® array card real-time PCR method,
targeting 24 viruses, 8 bacteria, and 2 fungi simultaneously [23] on BAL, along with nasal
swabs. The results are considered positive if the threshold cycle is below 35. At the start
of this pandemic, because of the limited amount of reagent, we had to limit the multiplex
panel to ICU patients who underwent a BAL for respiratory deterioration. On BAL,
virus/bacteria, mycobacteria, and fungal cultures are systematically performed, as well as
galactomannan detection. Galactomannan is also measured on the blood samples if there
is clinical suspicion of invasive aspergillosis infection and systematically (twice a week)
in immunocompromised patients at a high risk of developing invasive aspergillosis [24].
Furthermore, ICU patients undergo systematic (twice a week) microbiological sampling,
including using nasal swabs to detect methicillin resistant Staphylococcus aureus, rectal
swabs for the screening of multi-resistant Gram-negative bacteria carriage, and respiratory
and drain or catheter samples. A PCR on blood for cytomegalovirus detection is also
performed twice a week in immunocompromised patients. Every patient is discussed
together with the ICU team, infectious diseases (ID) team, and microbiologists on a bi-
weekly basis, completed with further daily consults by the ID specialist, if needed, to decide
on the best anti-infectious management.

When patients are hospitalized in the ICU with ARDS, respiratory deterioration is
systematically documented with a thoracic CT-scan to distinguish secondary infections
from other respiratory complications (i.e., pulmonary embolism, pneumothorax, etc.), along
with a BAL (if the patient is intubated), tracheal aspiration, or sputum sample.
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4.1. Data Collection

The medical records were reviewed by two medical doctors. The data collection
included each patient’s demographics, comorbidities, reason for ICU admission, delay
between hospital and ICU admission, diagnosis upon ICU admission, clinical, microbi-
ological, and laboratory data, radiological results, and outcome. For demographics, age
and sex were recorded. For the comorbidities, we calculated the Charlson Comorbidity
Index [25] and recorded the presence of chronic pulmonary disease, IS therapy, solid organ
transplantation, cardiovascular disease, hypertension, obesity (defined as a body mass
index (BMI) greater than or equal to 30 kg/m2), neoplasia, active smoking, diabetes, and
renal insufficiency (defined as a glomerular filtration rate below 60 mL/min using the
CKD–EPI equation [26]). For clinical data, the Simplified Acute Physiology score 3 (SAPS
3) [27] and the PaO2/FiO2 ratio upon admission, along with the Sepsis-related Organ
Failure Assessment (SOFA) score [28] during the first 24 h in the ICU, were recorded, as
well as the need for supplementary oxygen, mechanical ventilation, ventral decubitus,
catecholamines, and ECMO during the ICU stay. For the laboratory analyses (d-dimer,
total leucocyte, lymphocyte and platelet counts, creatinine, bilirubin, C-reactive protein,
lactate dehydrogenase, and creatinine kinase values), the radiological findings (thoracic
CT-scan findings: pulmonary embolism, condensations, micronodules, or round glass)
were recorded upon admission and at every clinical deterioration.

We considered a documented infection, the association of clinical symptoms (depend-
ing on the site of infection), biological signs of infection (see above), and the presence of
a relevant pathogen on the microbiological samples. The presence of pathogens had to
be correlated with the decision to treat the event—unless the pathogen was a virus (as
the infection was considered to be the cause of the clinical deterioration). The relevant
pathogens were defined as described below.

For blood cultures (BC), coagulase-negative Staphylococci and Corynebacterium spp.
were considered relevant only if they were isolated in more than one bottle with similar
antibiotic susceptibility profiles and persistent after catheter removal/change. All other
pathogens identified in the blood cultures were considered relevant. For urinary tract
infections, the patients had to have symptoms or fever, an elevated urine white blood
cells count, and a positive urine culture (>105 colony forming units/mL) of no more than
two isolated micro-organisms. For the purulent lesions obtained by puncture, all of the
pathogens identified by the culture were considered relevant. For surgical drain cultures,
only the pathogens identified in the samples taken within the first 24 h of placing the drain
were considered relevant. For respiratory samples, we excluded the pathogens belonging to
the mouth microbiota. As proposed by Verweij et al., an invasive pulmonary Aspergillosis
infection was defined as the presence of pulmonary infiltrates with at least one of the
following: a galactomannan index superior to one (on blood or BAL) or a positive BAL
culture for Aspergillus sp. [29].

An antibiogram is systematically performed on relevant bacterial pathogens. Multi-
resistant bacteria were defined as having acquired non-susceptibility to at least one agent
in three or more antibiotic classes [4]. If an infection was polymicrobial, even if only one of
the bacteria was multi-resistant (as defined above), the patient was considered infected by
a multi-resistant pathogen.

The infections were defined as co or secondary infections according to the timing of
their diagnosis. Co-infections were those diagnosed from 48 h prior to admission until
48 h after admission. All episodes occurring after the first 48 h of admission were recorded
as secondary infections. For each infectious episode, the site, the pathogen(s) responsible
for the infection, their resistance profile, and the delay between the admission and the
event were recorded. The anti-infectious treatments administered were recorded with a
distinction between anti-infectious therapies given before ICU admission, those admin-
istered empirically during the first 48 h of ICU admission, and those administered after
the first microbiological results. Subsequent anti-infectious therapy given for subsequent
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infectious episodes was also recorded. For the outcome, the length of the ICU-stay, the
28-day mortality, the ICU, and the hospital mortality were recorded.

4.2. Statistics

The discrete variables were presented as numbers (%) and compared using the Chi-
square-test or Fisher’s exact test, and the continuous variables were expressed as the median
and range if not normally distributed and compared with the Mann–Whitney U-test. A
univariate, followed by a multivariate logistic regression model, were built to determine
the independent risks factors for co-infections, secondary infections, and ICU deaths for
the COVID-19 and the Influenza cohorts. The independent risk factors were identified
after multivariate analyses models were derived from a backward stepwise analysis from a
“full logistic regression model” including all variables for which the univariate odds ratio
(OR) yielded a p-value ≤ 0.1. A p-value < 0.05 was considered statistically significant. The
statistical software R (version 4.0.3) [30] was used.

5. Conclusions

In conclusion, we report fewer co-infections yet more secondary infections among
critically ill COVID-19 patients from the first wave of the pandemic compared to Influenza
ICU patients. Most of the infectious complications were respiratory and of bacterial origin.
Invasive aspergillosis infections were only observed in the Influenza patients. Immuno-
suppressive therapy was identified as an independent risk factor for co-infections among
both COVID-19 and Influenza patients. Only ECMO was identified as an independent risk
factor for secondary infections in the Influenza patients, and treatment with vasopressors
was identified as an independent risk factor for secondary infections in the COVID-19
cohort. Finally, the mortality rate was not greater for the patients with co or secondary
infections among both the Influenza and COVID-19 patients.

Our study provides a good picture of the natural course of the COVID-19 disease in
critically ill patients. Today, glucocorticoids are the standard of care, and many patients
receive anti-Interleukine-6 therapy [31]. Co-infections, secondary infections, and outcomes
may differ significantly among the COVID-19 cohort described in this study. Further
studies comparing today’s critically ill COVID-19 patients to Influenza patients in terms of
co-infections, secondary infections, and outcomes should be pursued. The risk factors for
co and secondary infections in critically ill COVID-19 patients need to be better defined to
guide antibiotherapy prescription for these patients. On the other hand, antibiotics should
be given quickly to immunosuppressed Influenza patients admitted to the ICU, as bacterial
co-infections are frequent in these patients.
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Djordjevic, Z.M.; Simonetti, O.; Sozio,
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Abstract: Studies suggest that the incidence of coinfections in patients with the coronavirus disease
2019 (COVID-19) is low, but a large number of patients receive antimicrobials during hospitalisation.
This may fuel a rise in antimicrobial resistance (AMR). We conducted a multicentre point-prevalence
survey in seven tertiary university hospitals (in medical wards and intensive care units) in Croatia,
Italy, Serbia and Slovenia. Of 988 COVID-19 patients, 521 were receiving antibiotics and/or anti-
fungals (52.7%; range across hospitals: 32.9–85.6%) on the day of the study. Differences between
hospitals were statistically significant (χ2 (6, N = 988) = 192.57, p < 0.001). The majority of patients
received antibiotics and/or antifungals within 48 h of admission (323/521, 62%; range across hos-
pitals: 17.4–100%), their most common use was empirical (79.4% of prescriptions), and pneumonia
was the main indication for starting the treatment (three-quarters of prescriptions). The majority
of antibiotics prescribed (69.9%) belonged to the “Watch” group of the World Health Organization
AWaRe classification. The pattern of antimicrobial use differed across hospitals. The data show that
early empiric use of broad-spectrum antibiotics is common in COVID-19 patients, and that the pattern
of antimicrobial use varies across hospitals. Judicious use of antimicrobials is warranted to prevent
an increase in AMR.
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1. Introduction

Antimicrobial resistance (AMR) is an inevitable consequence of antimicrobial use,
making antimicrobial stewardship (AMS) an irreplaceable tool in the fight against increas-
ing resistance [1]. Amidst the ever-increasing threat of AMR, the coronavirus disease 2019
(COVID-19) pandemic has shifted the focus of healthcare providers to the care of patients
infected with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Since the
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pandemic began in 2020, nearly 270 million cases of COVID-19 have been confirmed,
claiming more than 5.3 million lives worldwide [2].

Studies of bacterial and fungal infections in patients with COVID-19 suggest that the
incidence of these infections is low, but a large number of patients receives antibiotics
upon admission to hospital or during hospitalisation. Early bacterial coinfection has been
reported in only 1.2–3.5% of patients with COVID-19 [3–6]. In rapid systematic reviews,
bacterial or fungal infections have been identified in 6.9–8% of patients [7,8], with early
bacterial coinfection being rare (3.5% of patients), and secondary bacterial/fungal infection
occurring in 14.3% of patients [8]. Studies and systematic reviews reported the use of
antimicrobials in up to 38.3–74.6% of patients [4,5,7,9,10].

It is still unclear how the pandemic and antibiotic use in patients with COVID-19
will affect AMR, as evidence-based data on AMR is still lacking [11]. Some studies have
reported an increase in infections with multi-drug resistant microorganisms (MDR) [12–15],
while others have found no increase in infections with MDR bacteria and fungi [6,16].
The differences suggest heterogeneous antibiotic use and infection control measures in
COVID-19 patients in hospitals.

To better guide antimicrobial prescribing and adjust AMS programmes, more infor-
mation is needed on antimicrobial use in patients with COVID-19 from different parts of
the world. We conducted an international multicentre point-prevalence survey to collect
comprehensive data on the characteristics and differences of antibiotic and antifungal
prescribing in hospitalised patients with COVID-19 in various countries and hospitals in
South-Eastern Europe.

2. Results

Of 988 COVID-19 patients, 521 were receiving antibiotics and/or antifungals on the
day of the study (52.7%; range across hospitals: 32.9–85.6%). Differences between hospitals
were statistically significant (χ2 (6, N = 988) = 192.57, p < 0.001). Use of antibiotics and anti-
fungals was common in intensive care units (ICUs) (135/186, 72.6%; range across hospitals:
54.1–100%) as well as in medical wards (386/802, 48.1%; range across hospitals: 14.3–93.6%).
The characteristics of patients who received antibiotic or antifungal therapy are shown
in Table 1. The majority of patients were male (61.2%), with an even higher proportion
of male patients in ICUs (73.3%). The median age was 69 years, and the most common
chronic disease was arterial hypertension. Approximately 75% of patients on antibiotics
and/or antifungals were receiving concomitant corticosteroids and supplemental oxygen.
Approximately two-thirds of patients were receiving one antibiotic/antifungal, others two
or more. The median levels of C-reactive protein (CRP) and procalcitonin (PCT) at the start
of antimicrobial therapy were 86.7 mg/L and 0.2 µg/L, respectively. For chronic diseases
as well as for CRP and WBC (white blood count), statistically significant differences be-
tween hospitals were observed (Table 1). In ICU, 71.9% of patients were intubated and
mechanically ventilated (range across hospitals: 20–95%), 14.1% were pronated (range
across hospitals: 0–50%), 40% were receiving vasoactive support (range across hospitals:
13.3–70%) and 0.74% were on extracorporeal membrane oxygenation (ECMO) (range across
hospitals: 0–3.4%).

The majority of patients received an antimicrobial agent within 48 h of admission
(323/521, 62%; range across hospitals: 17.4–100%), 70.2% in medical wards (271/386;
range across hospitals: 23.5–100%) and 38.5% in ICUs (52/135; range across hospitals:
0–100%). A total of 743 antibiotics and antifungals was prescribed. Their use was most
commonly empirical (79.4% of prescriptions) (Table 2). Targeted treatment was more
common in ICUs, especially with antibiotics and antifungals started later in the course
of hospitalisation (≥48 h after admission); 47% in ICUs vs. 31.3% in medical wards.
Antibiotics and/or antifungals were prescribed for pneumonia in three-quarters of cases,
followed by urinary tract infections (5.5% of prescriptions) and infections of no known
origin (5.3% of prescriptions) (Table 3). While pneumonia was almost the only indication
for antibiotics and/or antifungals being prescribed at the beginning of hospitalisation (88%
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of prescriptions), less than half of them were prescribed due to pneumonia in medical
wards later in the hospitalisation (45.2%), with other hospital-acquired infections gaining
importance. In ICUs pneumonia remained the main indication for treatment with antibiotics
and/or antifungals (75.5% of prescriptions). According to the treating physicians, the
reasons for starting antimicrobial therapy were clinical presentation in 85.4% of cases,
laboratory findings in 72.2% and imaging in 62.6% of cases.

Table 1. Characteristics of patients receiving antibiotics and/or antifungals.

Total (N = 521)
%

(Range across
Hospitals, %)

Differences between Hospitals

Medical Wards
(N = 386)

%
(Range across
Hospitals, %)

ICUs (N = 135)
%

(Range across
Hospitals, %)

X2/Fisher’s Exact
t-Test

(6, N = 521)
ANOVA

Sex 0.67, p = 0.995

Male 61.2%
(58.6–65.2%)

57%
(44.4–59.1%)

73.3%
(59.1–100%)

Female 38.8%
(34.8–41.4%)

43%
(40.9–55.6%)

26.7%
(0–40.9%)

Age in years, median
(IQR), (range across
hospitals)

69 (17)
(62–75)

F (6, 514) = 7.21,
p < 0.001

69 (19)
(61–79)

68 (12.5)
(62.5–75.5)

Days of hospitalisation,
median (IQR), (range
across hospitals)

8 (10)
(5–16)

F (6, 514) = 15.89,
p < 0.001

7 (9)
(5–19)

12 (11)
(7–14.5)

Comorbidities

Hypertension 64.3%
(40.7–88.5%) 71.82, p < 0.001 61.9%

(36.4–90.9%)
71.1%

(44.4–94.4%)
Other cardiovascular

diseases
36.3%

(13.6–62.3%) 63.45, p < 0.001 36.8%
(12.1–70.5%)

34.8%
(14.8–70.5%)

Diabetes 29.9%
(17.3–54.8%) 34.41, p < 0.001 30.6%

(16.7–59.1%)
28.2%

(0–59.1%)
Chronic obstructive

lung disease
15.2%

(6.9–32.9%) 40.92, p < 0.001 13.2%
(0–34.1%)

20.7%
(10–44.4%)

Other lung diseases 9%
(0–13.6%) 15.03, p = 0.014 8.3%

(0–18%)
11.1%

(0–22.2%)

Neurological disease 7.7%
(0–15.1%) 23.14, p < 0.001 8%

(0–19.7%)
6.7%

(0–16.7%)

Mental disorder 7.1%
(0–24.6%) 50, p < 0.001 6.7%

(0–25.6%)
18.2%

(0–22.2%)

Liver disease 3.7%
(0–17.2%) 34.2, p < 0.001 2.6%

(0–22.2%)
6.7%

(0–15%)

Chronic kidney disease 8.6%
(0–22.2%) 41.58, p < 0.001 8.8%

(1.4–22.2%)
8.2%

(0–25%)

Immunocompromised 9.4%
(3.3–21%) 16.18, p = 0.009 9.3%

(4.7–22.2%)
9.6%

(0–30%)
Treatment of COVID-19

Antiviral agents 12.5%
(0–11.1%) 71.33, p < 0.001 13%

(0–11.1%)
11.1%

(0–25%)

Corticosteroids 74.3%
(34.8–87.9%) 64.25, p < 0.001 74.4%

(33.3–89%)
74.1%

(16.7–100%)

Supplemental oxygen 75.2%
(53.1–91.8%) 62.44, p < 0.001 69.7%

(42.6–88.4%)
91.1%

(66.7–100%)
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Table 1. Cont.

Total (N = 521)
%

(Range across
Hospitals, %)

Differences between Hospitals

Medical Wards
(N = 386)

%
(Range across
Hospitals, %)

ICUs (N = 135)
%

(Range across
Hospitals, %)

X2/Fisher’s Exact
t-Test

(6, N = 521)
ANOVA

Number of
antibiotics/antifungals

1 65.6%
(51.7–77.8%)

71.2%
(58.1–85.2%)

49.6%
(33.3–63.6%)

2 26.3%
(14.8–32.8%)

25.4%
(11.5–41.9%)

28.9%
(11.1–50%)

≥3 8.1%
(3.5–24.1%)

3.4%
(0–11.8%)

21.5%
(9.1–35%)

Laboratory findings
CRP in mg/L, median

(IQR), (range across
hospitals)

86.7 (107.8)
(56–149)

F (6, 512) = 7.72,
p < 0.001

75.8 (97.1)
(51.1–118)

120.5 (133.7)
(53.2–153)

PCT in µg/L, median
(IQR), (range across
hospitals)

0.2 (0.4)
(0.2–0.4)

0.2 (0.3)
(0.1–0.3)

0.2 (0.7)
(0.1–0.6)

Leukocyte count in
109/L, median (IQR),
range across hospitals

7.5 (6)
(5.8–11.4)

F (6, 509) = 13.42,
p < 0.001

7 (5.3)
(5.6–9.9)

9.9 (8.3)
(6.6–10.6)

ICUs: intensive care units; IQR: interquartile range; COVID-19: coronavirus disease 19; CRP: C-reactive protein;
PCT: procalcitonin.

Table 2. Antibiotic and antifungal use by type of treatment and indication.

Total
(N = 743)

Medical
Wards

(N = 510)
ICUs

(N = 233)

≤48 h >48 h

Total
(N = 425)

Medical
Wards

(N = 344)
ICUs

(N = 81)
Total

(N = 317)
Medical
Wards

(N = 166)
ICUs

(N = 151)

Type of treatment
Prophylactic

use; medical 13 (1.8%) 8 (1.6%) 5 (2.2%) 8 (1.9%) 5 (1.5%) 3 (3.7%) 5 (1.6%) 3 (1.8%) 2 (1.3%)

Therapeutic
use; empirical

590
(79.4%)

439
(86.1%) 151 (64.8%) 400 (94.1%) 328 (95.4%) 72 (87.7%) 189

(59.6%)
111

(66.9%) 78 (51.7%)

Therapeutic
use; targeted

140
(18.8%) 63 (12.4%) 77 (33.1%) 17 (4%) 11 (3.2%) 6 (7.4%) 123

(38.8%) 52 (31.3%) 71 (47%)

Indication
Pneumonia 564

(75.9%)
379

(74.3%) 185 (79.4%) 374 (88%) 304 (88.4%) 70 (86.4%) 189
(59.6%) 75 (45.2%) 114

(75.5%)
Bloodstream

infection 11 (1.5%) 7 (1.4%) 4 (1.7%) 2 (0.5%) 0 2 (2.5%) 9 (2.8%) 7 (4.2%) 2 (1.3%)
Central-line

associated
bloodstream
infection

7 (0.9%) 4 (0.8%) 3 (1.3%) 0 0 0 7 (2.2%) 4 (2.4%) 3 (2%)

Urinary tract
infection 41 (5.5%) 37 (7.3%) 4 (1.7%) 14 (3.3%) 14 (4.1%) 0 27 (8.5%) 23 (13.9%) 4 (2.7%)

Skin and soft
tissue infection 15 (2%) 15 (2.9%) 0 5 (1%) 5 (1.5%) 0 10 (3.2%) 10 (6%) 0

Intra-abdominal
infection

22 (3%) 20 (3.9%) 2 (0.9%) 5 (1%) 5 (1.5%) 0 17 (5.4%) 15 (9%) 2 (1.3%)

Bone and joint
infection 7 (0.9%) 4 (0.8%) 3 (1.3%) 0 0 0 7 (2.2%) 4 (2.4%) 3 (2%)

Unknown site
of infection 39 (5.3%) 16 (3.1%) 23 (9.9%) 12 (2.8%) 6 (1.7%) 6 (7.4%) 27 (8.5%) 10 (6%) 17 (11.3%)

Other 37 (5%) 28 (5.5%) 9 (3.9%) 13 (3.1%) 10 (2.9%) 3 (3.7%) 24 (7.6%) 18 (10.8%) 6 (4%)

ICUs: intensive care units; ≤48 h: antimicrobials started within 48 h of admission; >48 h: antimicrobials started
more than 48 h after admission.
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Table 3. Positive microbiology samples and isolated microorganisms.

Total (N = 114) Medical Wards
(N = 57) ICUs (N = 57)

Positive Microbiology Samples
Blood culture 19 (16.7%) 15 (26.3%) 4 (7%)
Sputum 2 (1.8%) 1 (1.8%) 1 (1.8%)
Tracheal aspirate 24 (21.1%) 2 (3.5%) 22 (38.6%)
BAL, mini BAL 23 (20.2%) 1 (1.8%) 22 (38.6%)
Urine culture 28 (17.5%) 23 (40.3%) 5 (8.8%)
Other 18 (15.8%) 15 (26.3%) 3 (5.3%)

Isolated microorganisms
MSSA 13 (11.4%) 3 (5.3%) 10 (17.5%)
MRSA 3 (2.6%) 1 (1.8%) 2 (3.5%)
CoNS 2 (1.8%) 2 (3.5%) 0
Streptococcus spp. 5 (4.4%) 1 (1.8%) 4 (7%)
Enterococcus faecalis 7 (6.1%) 6 (10.5%) 1 (1.8%)
Enterococcus faecium 5 (4.4%) 2 (3.5%) 3 (5.3%)
Escherichia coli 20 (17.5%) 13 (22.8%) 7 (12.3%)

ESBL-producing E. coli
CR E. coli

4 (3.5%) 1 (1.8%) 3 (5.3%)
1 (0.9%) 1 (1.8%) 0

Klebsiella spp. 19 (16.7%) 9 (15.8%) 10 (17.5%)
ESBL–producing Klebsiella spp.

CR Klebsiella spp.
5 (4.4%) 1 (1.8%) 4 (7%)
5 (4.4%) 2 (3.5%) 3 (5.3%)

Proteus mirabilis 10 (8.7%) 6 (10.5%) 4 (7%)
Pseudomonas spp. 12 (10.5%) 5 (8.8%) 7 (12.3%)

CR Pseudomonas spp. 1 (0.9%) 0 1 (1.8%)
Acinetobacter spp. 19 (16.7%) 2 (3.5%) 17 (29.8%)

CR Acinetobacter spp. 10 (8.7%) 0 10 (17.5%)
Anaerobes 9 (7.9%) 8 (14%) 1 (1.8%)

Clostridioides difficile (toxin
positive) 7 (6.1%) 6 (10.5%) 1 (1.8%)

Aspergillus spp. 9 (7.9%) 1 (1.8%) 8 (14%)
Candida spp. 6 (5.3%) 2 (3.5%) 4 (7%)
Other 14 (12.3%) 3 (5.3%) 11 (19.3%)

ICUs: intensive care units; BAL: bronchoalveolar lavage; MSSA: methicillin-susceptible Staphylococcus aureus;
MRSA: methicillin-resistant S. aureus; CoNS: coagulase-negative staphylocci; ESBL: extended-spectrum beta-
lactamase; CR: carbapenem-resistant.

The majority of antibiotics prescribed (69.9%) belonged to the “Watch” group of
the World Health Organization (WHO) AWaRe classification: cephalosporins (2nd–4th
generation), antipseudomonal beta-lactams with beta-lactamase inhibitors, carbapenems,
fluoroquinolones, macrolides and vancomycin (Figure 1). In ICUs, antifungals and antibi-
otics from the “Reserve” group of the AWaRe classification (5th generation cephalosporins,
polymyxins, glycylcyclins, oxazolidinones, lipopeptides, etc.) were prescribed more fre-
quently than in medical wards; antifungals accounted for 11.6% and antibiotics from
the “Reserve” group for 19.3% of antimicrobial prescriptions in ICUs. The pattern of an-
timicrobial use varied across hospitals. In some hospitals, antibiotics from the “Access”
group (penicillins, beta-lactams with beta-lactamase inhibitors, tetracyclines, trimethoprim
with sulfametoxazole, aminoglycosides, metronidazole, etc.) accounted for approximately
one-third of prescriptions (including in ICUs), whereas in other hospitals their use was rare.

Analyses of microbiological samples and isolated microorganisms were performed
only in patients receiving targeted therapy (Table 3). Targeted treatments with antibiotics
and antifungals were based on the results of 114 positive samples. In the medical wards,
40.3% of the positive samples were urine cultures and 26.3% were blood cultures. In the
ICUs, bronchoalveolar lavage (BAL) and tracheal aspirate each accounted for 38.6% of
the positive samples. The most frequently isolated microorganisms were Gram-negative
bacteria: enterobacterales and non-fermenting bacilli. Escherichia coli accounted for 22.8%,
Klebsiella spp. for 15.8% and Clostridioides difficile for 10.5% of all isolates in the medical
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wards. In ICUs, the most common isolates were Acinetobacter spp., Pseudomonas spp.,
Klebsiella spp., MRSA and Aspergillus spp.
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3. Discussion

We conducted an international multicentre point-prevalence study to gain information
on antimicrobial prescribing in patients with COVID-19 to better guide antimicrobial
stewardship in COVID-19 wards. Overall, 52.7% of patients were receiving antibiotics
and/or antifungals on the day of the study. The therapy was empiric in most cases, i.e.,
prescribed on or shortly after admission, with broad-spectrum antibiotics usually used.

The percentage of patients receiving antibiotics and/or antifungals varied between
hospitals (32.9–85.6%) and was higher in ICUs than in medical wards (72.6% vs. 48.1%).
Reviews examining antimicrobial use in COVID-19 patients reported higher overall an-
timicrobial use (74.6% and 72% of patients) [7,10]. Prescription appears to vary between
different hospitals and countries. In a study conducted in Scottish hospitals, 38.3% of
COVID-19 patients were identified as receiving antibiotic therapy [9]; in a study from
China 58% were so identified [17]; in some studies from the beginning of the pandemic,
the percentage of patients receiving antibiotics was as high as 99% [18,19]. It is worth
noting that the period of interest in our study was not the first wave, when uncertainty and
common practice were in favour of antibiotic prescribing.

The majority of patients in our study received antimicrobial therapy early in the course
of hospitalisation (62% in the first 48 h), but there were significant differences between
hospitals: the range between hospitals was 17.4–100%. These results are consistent with
other published studies. A study that examined coinfections and early antibiotic therapy
in hospitalised COVID-19 patients at four Dutch hospitals found that 60.1% of patients
received antibiotics within the first 24 h of admission. Similar to our study, antimicrobial
use varied between hospitals: 33.3–72.2% [5]. Another multi-hospital study conducted in
the United States of America found early empiric antibiotic use in 56.6% of hospitalised
COVID-19 patients, again with wide variation between hospitals (27–84%) [4].

The vast majority of prescriptions was empirical (79.4%), especially early in the hospi-
talisation. Targeted treatment was more common in ICUs, probably due to the sampling
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of the lower respiratory tract. The most common indication for therapy with antibiotics
and/or antifungals was pneumonia (three-quarters of all prescriptions), especially at the
beginning of hospitalisation. Later, it remained the most important indication for antimicro-
bials, but, especially on medical wards, other hospital-acquired infections, such as urinary
tract infections, skin and soft tissue infections and intraabdominal infections, also became
an important factor.

The high percentage of antimicrobials stands in stark contrast to the low incidence
of coinfections and secondary infections in COVID-19 patients reported in the literature;
the overall rate of bacterial or fungal infections is approximately 7–8% [6,7]. Early bacte-
rial coinfections in particular appear to be low, only appearing in approximately 3% of
COVID-19 patients, according to studies [4,6,8]. Secondary infections that develop during
hospitalisation also appear to be rare, occurring in 4.7–14.3% of patients [6,8].

Broad-spectrum antibiotic therapy was generally used in both medical wards and ICUs.
This is consistent with the published literature, in which treatment with cephalosporins, flu-
oroquinolones, macrolides, beta-lactams with beta-lactamase inhibitors and carbapenems is
most commonly described [7,10,18,19]. “Reserve” antibiotics against MDR microorganisms
were commonly prescribed in ICUs (19.3% of prescriptions), with resistant bacteria such
as Pseudomonas spp. and Acinetobacter spp. (mainly carbapenem-resistant) accounting for
42.1% of positive ICU samples. MDR bacteria, particularly Gram negative bacilli, are an
important cause of hospital-acquired infections in critically ill COVID-19 patients, most
commonly of ventilator-associated pneumonia [20,21]. Several outbreaks of infections with
MDR bacteria were described during the pandemic waves [14,15,22].

Antifungal drugs were used most frequently in ICUs (11.6% of prescriptions), which
was expected due to the fungal infections that occur after the use of high doses of corti-
costeroids and other immunosuppressive therapies used to treat critically ill COVID-19
patients [23]. In our study, Aspergillus spp. was isolated in 14% of positive ICU samples,
with 74.1% of ICU patients receiving corticosteroids on the day of the study. One of the first
descriptions of an increased rate of pulmonary aspergillosis in COVID-19 patients (CAPA)
was performed in Italy, with approximately 30% of patients admitted to ICU diagnosed
with probable CAPA, which was associated with high mortality [24]. A study conducted
across five ICUs in France showed a lower incidence of secondary fungal infections. A
total of 4.8% of patients had a probable/putative invasive pulmonary mould infection, and
clinically irrelevant colonisation or false-positive fungal tests were observed in 17.2% of
patients [25].

Enterobacterales were most commonly isolated in medical wards (42.9% of positive
samples), with urine and blood cultures accounting for 66.6% of positive samples. C. difficile
was also an important pathogen (10.5% of positive samples), probably due to treatment
with broad-spectrum antibiotics. Other studies reported Streptococcus pneumoniae, S. aureus,
E. coli, Haemophilus influenzae and Pseudomonas spp. as common pathogens, which were
isolated mainly from respiratory, blood or urine cultures [4,6,8]. In our study, positive
respiratory samples were a rarity in medical wards, even though pneumonia was the
main indication for antimicrobial therapy. Due to the fact that we did not record negative
samples, we cannot distinguish between the low use of respiratory cultures and the low
yield of respiratory samples. Studies show that sputum cultures are performed relatively
infrequently (7.7–11.4% of patients) due to aerosolisation concerns and the fact that the
majority of patients with COVID-19 have a dry, non-productive cough [4,5].

Patterns of antimicrobial use varied among hospitals. Statistically significant dif-
ferences in patient characteristics show that antimicrobials were prescribed to diverse
groups of patients, which may account for differences in prescription. However, various
approaches to antimicrobial therapy are more likely to reflect differences in local antimicro-
bial susceptibilities and antimicrobial treatment guidelines for patients with COVID-19,
which are usually in line with local guidelines for pneumonia [26]. There are differences in
antimicrobial prescription among the four different countries included in the study. The
total consumption of antibacterial agents in DDDs per 1000 inhabitants per day in 2019 was
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18.8 in Croatia, 21.7 in Italy, 13.0 in Slovenia and 28.65 in Serbia, with “Watch” category
antibiotics accounting for 30% of all antibiotics prescribed in Slovenia and approximately
40% in the other three countries [27,28]. In some hospitals in our study, broad-spectrum
antibiotic therapy was initiated on admission, while in others a more prudent approach to
antimicrobial therapy was adopted. In accordance with local antimicrobial susceptibilities,
hospitals in Serbia and Italy more frequently prescribed antibiotics from the “Watch” and
“Reserve” lists of the AWaRe classification. As a consequence of differences in antimicrobial
prescribing practices, the impact of COVID-19 on AMR is likely to vary from hospital to
hospital, with an increase in AMR expected in hospitals where empirical broad-spectrum
antibiotic therapy was frequently prescribed.

The data from our study and the published literature suggest that the use of most
broad-spectrum antibiotics is probably unwarranted and unnecessary, especially early in
hospitalisation for COVID-19, when the incidence of coinfection is remarkably low. Antimi-
crobial stewardship teams implementing local guidelines should encourage prescribers to
use a more restrained approach. Antibiotics should not be routinely prescribed to patients
on admission without evidence of bacterial coinfection. However, it may be difficult to
distinguish between severe COVID-19 and bacterial coinfection, especially in critically ill
patients. In these patients, microbiological sampling should be encouraged to either guide
or discontinue antimicrobial treatment, based on its results. The role of biomarkers such as
procalcitonin (PCT) may also be of value. Levels of PCT below 0.1 µg/L have been shown
to have a negative predictive value of 98.3% [4]. Other studies have shown that antibi-
otics can be safely withheld or discontinued in COVID-19 patients with PCT levels below
0.25 µg/L in the absence of other features of bacterial infections [29,30]. The median value
of PCT in our study (0.2 µg/L) suggests that many prescribed antimicrobials were probably
unnecessary. Higher values of PCT may be more difficult to interpret, because they may
have occurred as a result of coinfection or severe COVID-19 [31]. Typical chest radiologic
findings in patients with COVID-19 may also help to distinguish between pneumonia due
to COVID-19 and bacterial pneumonia [32,33]. Thus, the results of imaging studies are
another tool that can help physicians decide whether to treat with antibiotics. As a result of
our study, AMS activities were encouraged in the participating hospitals.

Our study provides a comprehensive overview of antimicrobial prescription practices
in seven university hospitals caring for COVID-19 patients. It is the first point-prevalence
study to examine prescription in medical wards and ICUs in a large cohort of hospitalised
COVID-19 patients in several countries and the first report of antimicrobial use during
COVID-19 pandemic from the region. Due to its point-prevalence design, it can only
provide a snapshot of practices in a particular time window during the pandemic. As infor-
mation about COVID-19 has grown rapidly, treatment strategies have also evolved over
time. Point-prevalence studies can also be influenced by fluctuating prescriptional trends,
e.g., biphasic patterns recorded in earlier waves [34]. Due to the fact that information about
patient characteristics was collected only for patients receiving antimicrobials, analysis of
differences in patient populations was possible only for patients on antimicrobials and
not for all hospitalised patients with COVID-19. We analysed only positive samples sent
for microbiological diagnostics; therefore, assessment of the frequency of sampling and
proportion of positivity was not possible. We also did not specifically investigate the
appropriateness of the antimicrobials prescribed, which is another limitation of our study.

4. Materials and Methods

Our multicentre point-prevalence study took place from 11 February 2021 to 15 April
2021 in seven tertiary university hospitals in four countries (Croatia, Italy, Serbia, Slovenia).
It was conducted in medical wards and ICUs where patients with confirmed COVID-19
were cared for.

Each COVID-19 ward was audited once and on a single day. All patients 18 years
of age and older with confirmed COVID-19 who were hospitalised on the ward at eight
o’clock in the morning and were, at the time, receiving systemic antimicrobial therapy were
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included in the study. The study was conducted by hospital-based physicians. Data were
collected about the following drugs: antibiotics for systemic use (Anatomical Therapeutic
Chemical (ATC) classification J01), antifungals for systemic use (ATC J02 and D01BA),
drugs for the treatment of tuberculosis (ATC J04A), antibiotics for the treatment of intestinal
infections (ATC A07AA) and antiparasitic drugs that can be used as antibacterial agents
(ATC P01AB).

Two forms were used for data collection (Supplementary Materials, Supplements S1 and S2).
The ward form was used to collect information about the number of beds, the number of
patients and the number of ventilated patients on the ward (denominator data). Patient
forms were used for inpatients receiving antimicrobial therapy (nominator data). For
each patient, patient characteristics, days of hospitalisation, days of antimicrobial therapy,
indications for antibiotic or antifungal use, type of antimicrobial and its dosage, biomarker
levels and radiological findings, use of supplemental oxygen and treatment of COVID-19
were recorded. Antibiotic and antifungal treatment was classified as either prophylactic
(medical or surgical) or therapeutic (empirical or targeted). In cases of targeted treatment,
microbiological data were also collected. All samples collected for microbiological diagnos-
tics were taken at the discretion of the treating physicians. For ICU patients, information
about mechanical ventilation, vasoactive support, pronation and ECMO was also included.

Descriptive statistics were performed using Microsoft Excel. Separate analyses were
performed for medical wards and intensive care units and for antimicrobials prescribed
within 48 h and after 48 h of hospitalisation. The 2019 WHO AWaRe Classification was
used for the analysis of prescribed antibiotics [35]. For analysing differences between
hospitals, χ2 or Fisher’s exact test were used for categorical variables and ANOVA for
numeric variables. A Bonferroni correction for multiple comparisons was used. Statistical
analysis was performed using SPSS Statistics for Windows, version 28.0.

5. Conclusions

In summary, the data from our study show that early empiric use of broad-spectrum
antibiotics is common in COVID-19 patients, and that the pattern of antimicrobial use
varies from hospital to hospital. The main indication for initiation of antimicrobial therapy
is pneumonia. The widespread use of last-line antibiotics identified in some settings, com-
bined with the heavy burden of hospitalised COVID-19 patients, may lead to a substantial
increase in AMR. Judicious use of antimicrobials is warranted to prevent an increase in
AMR, given the low rates of coinfection and secondary infection reported in the literature.
AMS teams should adapt local guidelines accordingly, monitor their implementation and
assist treating physicians when real-life dilemmas arise.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics11020176/s1, Supplement S1: Ward form; Supplement S2:
Patient form.
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