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Abstract: This observational retrospective study aimed to analyze whether/how the spectrum of
bacterial pathogens and their resistance to antibiotics changed during the worst part of the COVID-19
pandemic (1 November 2020 to 30 April 2021) among intensive care patients in University Hos-
pital Olomouc, Czech Republic, as compared with the pre-pandemic period (1 November 2018
to 30 April 2019). A total of 789 clinically important bacterial isolates from 189 patients were cul-
tured during the pre-COVID-19 period. The most frequent etiologic agents causing nosocomial
infections were strains of Klebsiella pneumoniae (17%), Pseudomonas aeruginosa (11%), Escherichia coli
(10%), coagulase-negative staphylococci (9%), Burkholderia multivorans (8%), Enterococcus faecium (6%),
Enterococcus faecalis (5%), Proteus mirabilis (5%) and Staphylococcus aureus (5%). Over the comparable
COVID-19 period, a total of 1500 bacterial isolates from 372 SARS-CoV-2-positive patients were
assessed. While the percentage of etiological agents causing nosocomial infections increased in
Enterococcus faecium (from 6% to 19%, p < 0.0001), Klebsiella variicola (from 1% to 6%, p = 0.0004) and
Serratia marcescens (from 1% to 8%, p < 0.0001), there were significant decreases in Escherichia coli (from
10% to 3%, p < 0.0001), Proteus mirabilis (from 5% to 2%, p = 0.004) and Staphylococcus aureus (from 5%
to 2%, p = 0.004). The study demonstrated that the changes in bacterial resistance to antibiotics are
ambiguous. An increase in the frequency of ESBL-positive strains of some species (Serratia marcescens
and Enterobacter cloacae) was confirmed; on the other hand, resistance decreased (Escherichia coli,
Acinetobacter baumannii) or the proportion of resistant strains remained unchanged over both periods
(Klebsiella pneumoniae, Enterococcus faecium). Changes in pathogen distribution and resistance were
caused partly due to antibiotic selection pressure (cefotaxime consumption increased significantly in
the COVID-19 period), but mainly due to clonal spread of identical bacterial isolates from patient
to patient, which was confirmed by the pulse field gel electrophoresis methodology. In addition to
the above shown results, the importance of infection prevention and control in healthcare facilities is
discussed, not only for dealing with SARS-CoV-2 but also for limiting the spread of bacteria.
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1. Introduction

Coronavirus disease 2019 (COVID-19) is a viral disease caused by severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2), which was first identified in China in
December 2019 and has caused an ongoing pandemic. As of 30 May 2022, more than
523 million cases and over 6 million deaths have been reported globally [1]. Due to the
current COVID-19 pandemic, there have been changes to the organization of healthcare, hy-
giene and epidemiology, mobility, human behavior and lifestyle throughout the world. The
main priority has been controlling the COVID-19 pandemic, preventing/reducing spread
of this infection and decreasing the mortality rates. As a result, less attention has been paid
to another pandemic, one that is longer and more insidious, but no less dangerous and
current, infectious diseases caused by multidrug-resistant (MDR) bacteria. According to
the well-known O’Neill’s estimate of the increase in bacterial resistance, diseases caused by
MDR bacteria may cause as many as 10 million deaths per year by 2050 [2].

Because of the current COVID-19 pandemic, trends in the development of antibiotic
resistance are very likely to change. This will be contributed to by many factors, causing
resistance to either rise or decline. Such factors may include higher numbers of patients
with serious conditions and altered immune system function, overwhelmed healthcare
systems, overworked health professionals, implementation of special hygiene and sanitary
measures, increased use of disinfectants, non-urgent care and surgery postponement,
limited antimicrobial stewardship due to changing focus to COVID-19 and increased use of
antibiotics for bacterial coinfections or superinfections.

Bacterial coinfections and secondary bacterial infections have been and always will be
important for morbidity and mortality of patients with viral infections [3–7]. For example,
the 2009 H1N1 flu pandemic is estimated to have caused approximately 300,000 deaths,
with 30–55% of complications associated with secondary bacterial infection [8]. According
to recent data, 3–7% of patients with COVID-19 staying in general wards have community-
acquired bacterial coinfections [9–14]. In ICUs, the proportion is reported to be higher,
ranging from 14% to 28% [15,16]. Therefore, community-acquired coinfections are rare in
COVID-19 patients, whereas the likelihood of bacterial superinfection increases with longer
hospital stays and as a result of other factors (respiratory insufficiency, taking vasopressors,
staying in hospital for more than seven days, with the introduction of invasive devices, etc.).

Rapid identification of bacterial coinfection is of the utmost importance and so is
antibiotic therapy in concordance with the principles of rational antibiotic policy, not only
for reducing the morbidity and mortality of COVID-19 patients but also as a key tool
for the implementation of antimicrobial stewardship during the pandemic. Data show
that approximately 70% of COVID-19 patients have been treated with antibiotics, mostly
broad-spectrum and empirical ones [9,10]. It is assumed that increased consumption of
antibiotics for bacterial coinfections and superinfections in COVID-19 may result in higher
selection pressure on bacterial pathogens and rising antibiotic resistance.

Of course, all these factors are debatable and it has been hypothesized that the changes
may have an impact on bacterial resistance to antibiotics. To determine whether the
bacterial spectrum of pathogens and their antibiotic resistance changed in patients with
critical COVID-19 in comparison to the pre-COVID-19 period, there was a close cooper-
ation between the Department of Microbiology and the Department of Anesthesiology,
Resuscitation and Intensive Care, University Hospital Olomouc, Czech Republic.

The University Hospital Olomouc is one of the largest healthcare facilities in the Czech
Republic (1200 beds), providing medical care to approximately 925,000 outpatients and
50,000 inpatients per year. In the hospital, the highest level of intensive care is provided
by the Department of Anesthesiology, Resuscitation and Intensive Care. The department
admits critically ill individuals with any diagnoses, the only exception being cardiac surgery
patients. Admissions are decided based on the severity of patients’ conditions, with more
than 95% being intubated and on mechanical ventilation prior to or shortly after their
arrival to the department. There are ten beds, of which four are in separate cubicles and
six are in an open space. Common hygiene measures are in place to prevent healthcare-
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associated infections from developing. Drugs and infusions are prepared in a special area
under sterile conditions. Disposable gloves are used for all activities. Surfaces are regularly
disinfected. The directions for disinfectant use are issued by the hospital’s Department
of Hygiene while considering the local epidemiological situation. Medical devices and
tools are reserved for each patient and are not shareable. All invasive procedures are
performed by staff members wearing personal protective equipment under strict sterile
conditions (changing wound dressings, caring for invasive entry sites). Ventilators are
equipped with single-use circuits and filters. In mechanically ventilated patients, closed
suctioning systems are used. All these components are regularly replaced and the exhaled
air is conducted to the central system to prevent contamination of the environment from
patients’ airways.

In the spring of 2020, the Department of Anesthesiology, Resuscitation and Intensive
Care was transformed into an intensive care unit (ICU) for COVID-19 patients. During the
main waves of the pandemic, between the autumn of 2020 and the spring of 2021, the capac-
ity of the department was extended to as many as 35 beds (350%), mostly (approximately
70%) in the open-space arrangement, divided into five halls. The situation was unique in
that all patients were admitted for SARS-CoV-2 infection. In 97% of cases, patients suffered
from acute respiratory distress syndrome (ARDS), sepsis or septic shock, that is, critical
COVID-19, as classified by the World Health Organization (WHO) [17].

Only a very small minority of patients were admitted to the department for other
serious conditions requiring intensive care, such as trauma and stroke, or postoperative
intensive care. Although they did not suffer from COVID-19 pneumonia and respira-
tory distress, their admission to the department was warranted to ensure their isolation
following a positive PCR test for SARS-CoV-2.

Upon their admission to the department, all critical COVID-19 patients were started
on oxygen therapy: either High-Flow Nasal Oxygen Therapy (HFNOT), as a method of
choice in patients with mild ARDS, as defined by the Berlin criteria [18,19], or mechanical
ventilation, or extracorporeal membrane oxygenation (ECMO), where applicable.

The objective of the study was to show whether the spectrum of bacterial pathogens
and their resistance to antibiotics changed during the worst part of the COVID-19 pandemic
among the patients in the Department of Anesthesiology, Resuscitation and Intensive Care,
University Hospital Olomouc, in comparison to the pre-COVID-19 period. Additionally,
the present study aimed to establish whether the potential changes in the distribution of
pathogens and their resistance were caused by the selective pressure of antibiotics or by
clonal spread of identical bacterial isolates from patient to patient.

2. Materials and Methods

The observational retrospective study comprised patients staying in the Department
of Anesthesiology, Resuscitation and Intensive Care over two six-month periods: 1 Novem-
ber 2018 to 30 April 2019 (prior to the COVID-19 pandemic) and 1 November 2020 to
30 April 2021 (time of the COVID-19 pandemic). Informed consent was not required from
patients since all participants underwent standard diagnostic and therapeutic interventions;
the institutional ethics committee approved the realization of the study. Both groups of
patients before and during the COVID-19 pandemic were compared in qualitative charac-
teristics with chi-squared test and analyzed with Mann–Whitney U-test for age. The data
were processed with IBM SPSS Statistics for Windows, Version 23.0 (IBM Corp., Armonk,
NY, USA).

Initial therapy for hospital-acquired pneumonia (HAP) in mechanically ventilated
patients routinely treated before the COVID-19 pandemic was based on the administra-
tion of the broad-spectrum beta-lactam antibiotics amoxicillin/clavulanic acid or ampi-
cillin/sulbactam (in patients with early HAP), or ceftazidime or piperacillin/tazobactam
or meropenem (in patients with late HAP) in combination with gentamicin or amikacin
(in patients with sepsis). If MRSA was suspected, linezolid or vancomycin was added to
the combination. If severe community-acquired pneumonia (CAP) requiring hospitaliza-
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tion was diagnosed, co-aminopenicillin or cefotaxime in combination with clarithromycin
was indicated.

During the pandemic, all patients with critical COVID-19 received initial antibiotic
therapy, namely cefotaxime combined with clarithromycin. After bacterial coinfection
was ruled out or inflammatory biochemical parameters (C-reactive protein, procalcitonin,
leukocytes) decreased and airway secretion microbiology tests yielded negative results,
antibiotic therapy was discontinued after three to five days. Conversely, following an
increase in inflammatory parameters and/or positive airway secretion tests or development
of bacterial-ventilator-associated pneumonia, initial antibiotic therapy was switched to
targeted antibiotic therapy based on isolation of bacterial pathogens and determination of
their susceptibility/resistance to antibacterial agents.

In patients hospitalized between 1 November 2020 and 30 April 2021, COVID-19 was
diagnosed by direct virus detection with RT-PCR identifying three specific gene areas of
viral RNA in nasopharyngeal and/or oropharyngeal swabs [20].

Over both periods, clinical samples from the upper or lower airways (nasopharyn-
geal swabs or sputum in non-intubated patients, airway secretions in intubated patients),
urine and, if sepsis was suspected, blood cultures were regularly collected (on admission
and then twice weekly) in all patients as a screening of microbial colonization. In case
of clinical suspection for infectious complications, samples were also taken from particu-
lar sites (punctates, pus, swabs from wounds, vascular cannulas, secretions from drains,
etc.). Bacterial pathogens were identified using standard microbiology techniques with
an MALDI-TOF MS system (Biotyper Microflex, Bruker Daltonics). For each patient, a
single strain of each species with particular antibiogram, isolated as the first one from
a particular clinical sample, was included in the study. In clinically important isolates
susceptibility to antibiotics was determined with a standard microdilution method in ac-
cordance with the EUCAST criteria [21]. To ensure quality control, the following reference
bacterial strains were used: Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC
27853, Staphylococcus aureus ATCC 29213 and Enterococcus faecalis ATCC 29212. Production
of broad-spectrum ESBL and AmpC beta-lactamases and carbapenemases was detected
by phenotypic tests [22,23] and confirmed by PCR detection of the relevant genes. All
Staphylococcus aureus strains were tested for resistance to methicillin using selective diag-
nostic chromogenic media (Colorex/TM/MRSA, TRIOS) and an immunochromatographic
assay for the detection of PBP2a (PBP2a SA Culture Colony Test, AlereTM). Positive results
were confirmed by detection of the mecA gene [24]. Resistance of vancomycin-resistance
enterococci was confirmed by detection of the vanA and vanB genes [25].

The clonality of Klebsiella pneumoniae strains (12 isolates stored in the pre-COVID-19
period) was assessed with pulsed-field gel electrophoresis (PFGE). During the pandemic, clon-
ality was determined for isolated strains of Klebsiella pneumoniae (41 strains), Serratia marcescens
(7 strains), Acinetobacter baumannii (7 strains) and Burkholderia multivorans (25 strains). Bac-
terial DNA was isolated from cells grown on blood agar (TRIOS, Czech Republic) for 18 h.
Bacterial suspension was prepared with cell suspension buffer according to PulseNet PFGE
protocol [26]. Agarose blocks were made by modified PFGE protocol with SDS-based lysis
buffer [27]. DNA was cleaved with the enzyme XbaI (Takara Biotechnology, Kyoto, Japan)
and then separated by PFGE in 1.2% agarose gel under the following conditions: 24 h,
6 V¨cm´1, initial switch time 2 s, final switch time 35 s. The resulting restriction profiles
were compared with the GelCompar II software (Applied Maths, Kortrijk, Belgium). Re-
striction profiles reaching 95% similarity were considered identical. Burkholderia multivorans
isolates were compared using random amplification of polymorphic DNA (RAPD) [28].

Over both periods, antibiotic consumption was assessed according to the 2020 ATC/DDD
system and expressed as numbers of defined daily doses (DDD) for individual classes of antibi-
otics [29]. To assess how the distribution of consumed antibiotic has changed, the percentage
was calculated as a proportion of the total consumed volume of all antibiotics.
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3. Results

Over the six-month period between 1 November 2018 and 30 April 2019, a total of
189 patients stayed in the Department of Anesthesiology, Resuscitation and Intensive Care.
The patients’ mean age was 63 years (median 65; range 18–97). There were 136 males
(72%). Mechanical ventilation and high-flow oxygen therapy (HFNOT) were delivered to
97% and 5% of patients, respectively. Two patients (1%) received noninvasive ventilation.
Early admissions (within 48 h of arrival to the hospital) accounted for 43% of cases; the
remaining 57% of patients were transferred to the department from other departments
or healthcare facilities after more than 48 h of stay. The in-hospital mortality rate was
39%. The distribution of patients by diagnosis on admission in the pre-COVID-19 period is
illustrated in Figure 1. The group of patients is characterized in Table 1.
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Figure 1. Distribution of admission diagnoses in the Department of Anesthesiology, Resuscitation
and Intensive Care before the COVID-19 pandemic. ARDS—acute respiratory distress syndrome.

Table 1. Characteristics of the examined groups of patients before and during the COVID-19 pan-
demic. p-value in bold type means statistically significant differences between the two groups.

Patients during the COVID-19
Pandemic (N = 372)

Patients before the COVID-19
Pandemic (N = 189) p-Value

No. of male patients (%) 241 (64) 136 (72) 0.087

Age (median, range IQR) 67 (22–90) (16) 65 (18–97) (20) 0.753

Admissions up to 48 h after admission to hospital (%) 186 (50) 82 (43) 0.138

Admissions from other hospital or department (%) 186 (50) 107 (57) 0.138

No. of patients on mechanical ventilation (%) 249 (67) 184 (97) <0.0001

No. of patients only on mechanical ventilation (%) 78 (21) 180 (95) <0.0001

No. of patients on HFNOT (%) 283 (76) 10 (5) <0.0001

No. of patients only on HFNOT (%) 112 (30) 3 (2) <0.0001

No. of patient on mechanical ventilation and HFNOT (%) 182 (49) 6 (3) <0.0001

No. of patients on ECMO (%) 24 (7) 0 (0) 0.004

Mortality on ICU (%) 158 (43) 74 (39) 0.450

A total of 789 clinically important bacterial isolates were cultured during the pre-
COVID-19 period. Numbers of clinically relevant bacterial isolates from particular bio-
logical materials are shown in Table 2. The most frequent etiologic agents causing noso-
comial infections, in particular HAP, urinary tract infections and sepsis, i.e., isolated
from blood stream, lower respiratory tract and urine, were strains of Klebsiella pneumoniae
(17%), Pseudomonas aeruginosa (11%), Escherichia coli (10%), coagulase-negative staphylo-
cocci (9%), Burkholderia multivorans (8%), Enterococcus faecium (6%), Enterococcus faecalis (5%),
Proteus mirabilis (5%) and Staphylococcus aureus (5%).
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Table 2. The distribution of clinically important bacterial isolates by clinical material in both periods (absolute numbers).

Material from Lower
Respiratory Tract

Material from Upper
Respiratory Tract

Blood Cultures and
Vascular Catethers Urine Material from Wounds, Drains,

Punctuations, Pus Stool Others

I. II. I. II. I. II. I. II. I. II. I. II. I. II.

S. maltophilia 5 12 4 4 0 0 0 0 0 0 0 0 1 0

S. aureus 14 16 11 22 2 0 2 0 2 6 0 0 0 1

S. marcescens 5 55 2 11 0 8 0 8 0 0 0 0 0 0

P. aeruginosa 33 50 16 31 2 4 7 23 8 2 0 2 14 3

P. mirabilis 11 8 11 5 0 0 6 6 8 4 0 0 3 1

K. variicola 3 40 8 71 0 0 2 10 4 0 0 0 0 2

K. pneumoniae 44 126 50 142 5 6 13 30 14 5 0 1 10 7

E. coli 23 12 14 18 1 0 11 17 16 3 0 0 3 2

E. faecium 8 65 5 22 1 23 13 75 22 5 0 9 5 11

E. faecalis 10 19 0 2 1 4 7 11 10 0 0 0 5 2

E. cloacae 8 29 14 29 0 3 1 3 3 0 0 0 1 1

coagulase-negative
staphylococci 0 0 0 0 30 80 4 7 31 3 0 0 20 14

C. freundii 1 3 2 6 0 0 0 2 2 1 0 0 1 0

B. multivorans 27 60 26 77 1 1 1 0 4 1 0 0 2 1

A. baumannii 4 11 2 29 0 0 1 0 1 0 0 0 0 0

Others 47 36 41 29 6 10 6 8 15 7 3 26 9 1

Total 243 542 206 498 49 139 74 200 140 37 3 38 74 46

Legend: I—period between 1 November 2018 and 30 April 2019, II—period between 1 November 2020 and 30 April 2021.
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Over the comparable COVID-19 period (1 November 2020 to 30 April 2021), a to-
tal of 372 patients stayed in the department. During the pandemic, only SARS-CoV-2-
positive patients were admitted to the department. The mean age was 64 years (median
67; range 22–90). Mechanical ventilation and HFNOT were received by 67% and 76% of
patients, respectively, with nearly half of patients (49%) receiving both HFNOT and me-
chanical ventilation. Fifteen patients were on noninvasive ventilation, but for only a few
hours. Early admissions accounted for 50% of cases. The pre-discharge mortality rate was
43%. The group of patients is characterized in Table 1. No significant differences in gender,
age, timing of admission or mortality were observed between either patient group (Table 1).

As many as 1500 bacterial strains were isolated during the COVID-19 period. Numbers
of clinically relevant bacterial isolates from particular biological materials are shown in
Table 2. The order of the most common etiologic agents causing nosocomial infections,
in particular HAP, urinary tract infections and sepsis was slightly different in compari-
son to the pre-COVID-19 period: Enterococcus faecium (19%), Klebsiella pneumoniae (18%),
coagulase-negative staphylococci (10%), Pseudomonas aeruginosa (9%), Serratia marcescens
(8%), Burkholderia multivorans (7%) and Klebsiella variicola (6%). Changes in the percent-
ages of bacterial species from the total number of etiological agents causing HAP, uri-
nary tract infections and sepsis during the pandemic, as compared with the similar
pre-COVID-19 period, are shown in Figure 2. While considerable increases are seen
in Enterococcus faecium (from 6% to 19%, p < 0.0001), Klebsiella variicola (from 1% to 6%,
p = 0.0004) and Serratia marcescens (from 1% to 8%, p < 0.0001), there were significant de-
creases in Escherichia coli (from 10% to 3%, p < 0.0001), Proteus mirabilis (from 5% to 2%,
p = 0.004) and Staphylococcus aureus (from 5% to 2%, p = 0.004).

Table 3 documents the resistance of bacterial pathogens to antibiotics before and
during the COVID-19 pandemic. The results show that some species considerably increased
their resistance during the pandemic. Serratia marcescens increased its resistance to third-
and fourth-generation cephalosporins (cefotaxime, ceftazidime, cefepime) from 14%, 0%,
respectively, to 70% as well as to ciprofloxacin (from 0% to 67%), gentamicin (from 0% to
69%), tigecycline (from 14% to 100%) and co-trimoxazole (from 0% to 71%). A significant
increase in resistance to third-generation cephalosporins and piperacillin/tazobactam was
also noted in Enterobacter cloacae (from 33% to 68%). Stenotrophomonas maltophilia increased
its resistance significantly to ciprofloxacin (from 70% to 100%).

On the other hand, resistance of some bacterial species significantly decreased, for
example, resistance to meropenem in the case of Pseudomonas aeruginosa (from 51% to
22%), Klebsiella pneumoniae (from 2% to 0%), Burkholderia multivorans (from 29% to 2%) or
Acinetobacter baumannii (from 71% to 0 %). Strains of Escherichia coli decreased their resis-
tance significantly to gentamicin (from 19% to 0%). In the case of Acinetobacter baumannii,
there was a significant reduction in resistance to many other antibiotics, such as ampi-
cillin/sulbactam, ceftazidime, cefepime, piperacillin/tazobactam, co-trimoxazole, gen-
tamicin, amikacin and ciprofloxacin. Finally, Enterococcus faecium reduced its resistance
significantly to tigecycline from 13% to 0%.

The consumption of antibacterial agents over the two periods is shown in Table 4.
During the COVID-19 pandemic, a significant decrease in the consumption of amoxi-
cillin/clavulanic acid was noted. On the other hand, consumption of cefotaxime was
significantly higher than in the pre-COVID-19 period.
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Table 3. Bacterial resistance to antibiotics (percentages) before (I) and during (II) the COVID-19 pandemic.

I. Time-Frame 1 November
2018–30 April 2019

I. II. p I. II. p I. II. p I. II. p I. II. p I. II. p I. II. p
II. Time-Frame 1 November

2020–30 April 2021

Species (No. of isolates in I. and
II. time-frame) AMS CRX CTX CTZ CPM PPT MER

E. coli (53; 38) 50 50 1.000 45 39 0.6693 42 39 1.000 42 39 1.000 42 39 1.000 40 32 0.5099 0 0 1.000

K. pneumoniae (135; 316) 84 87 0.375 80 81 0.7957 79 79 1.000 79 78 0.804 79 78 0.804 80 81 0.7957 2 0 0.0264

E. cloacae (27; 65) 100 100 1.000 100 100 1.000 33 69 0.0002 33 68 0.005 22 42 0.0974 33 68 0.0049 0 0 1.000

C. freundii (6; 12) 100 100 1.000 100 100 1.000 50 25 0.3441 50 25 0.3441 0 0 1.000 50 25 0.3441 0 0 1.000

S. marcescens (7; 82) 100 100 1.000 100 100 1.000 14 70 0.0066 14 70 0.007 0 70 0.0005 14 68 0.008 0 0 1.000

P. aeruginosa (80; 115) 100 100 1.000 100 100 1.000 100 100 1.000 16 21 0.462 19 25 0.3027 28 31 0.634 51 22 0.0001

B. mutivorans (59; 139) 100 100 1.000 100 100 1.000 100 100 1.000 5 1 0.080 5 3 0.4273 100 100 1.000 29 2 0.0001

S. maltophilia (10; 16) 100 100 1.000 100 100 1.000 100 100 1.000 40 56 0.688 100 100 1.000 100 100 1.000 100 100 1.000

A. baumannii (7; 40) 71 0 0.0001 100 100 1.000 100 100 1.000 71 0 0.0001 71 0 0.0001 71 0 0.0001 71 0 0.0001

I. time-frame 1 November
2018–30 April 2019

I. II. p I. II. p I. II. p I. II. p I. II. p I. II. p
II. time-frame

1 November 2020–30 April 2021

Species (No. of isolates in I. and
II. time-frame) TIG COT GEN AMI CIP COL

E. coli (53; 38) 9 0 0.073 51 29 0.052 19 0 0.004 2 8 0.304 51 39 0.296 0 0 1.000

K. pneumoniae (135; 316) 7 7 1.000 83 87 0.302 75 74 0.907 1 1 1.000 82 76 0.173 4 4 1.000

E. cloacae (27; 65) 7 2 0.205 33 34 1.000 15 29 0.190 0 0 1.000 30 40 0.477 0 3 1.000

C. freundii (6; 12) 0 0 1.000 0 0 1.000 0 17 0.529 0 0 1.000 17 0 0.333 0 0 1.000

S. marcescens (7; 82) 14 100 <0.0001 0 71 0.0004 0 69 0.0005 0 9 1.000 0 67 0.001 100 100 1.000

P. aeruginosa (80; 115) 100 100 1.000 100 100 1.000 23 23 1.000 9 0 0.002 30 26 0.626 3 2 1.000

B. mutivorans (59; 139) 7 4 0.488 0 0 1.000 100 100 1.000 100 100 1.000 100 100 1.000 100 100 1.000

S. maltophilia (10; 16) 0 0 1.000 22 0 0.138 100 100 1.000 100 100 1.000 70 100 0.046 50 88 0.069

A. baumannii (7; 40) 0 0 1.000 71 0 <0.0001 71 0 <0.0001 71 0 <0.0001 71 8 0.001 0 0 1.000
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Table 3. Cont.

I. time-frame
1 November 2018–30 April 2019,

I. II. p I. II. p I. II. p I. II. p I. II. p
II. time-frame

1 November 2020–30 April 2021

Species (No. of isolates in I. and
II. time-frame) OXA COT ERY CLI CIP

S. aureus (31; 45) 0 7 0.266 0 5 0.511 42 24 0.135 42 27 0.216 0 9 0.141

GEN TIG TEI VAN TET

S. aureus (31; 45) 13 7 0.434 0 0 1.000 0 0 1.000 0 0 1.000 3 7 0.641

I. time-frame
1 November 2018–30 April 2019,

I. II. p I. II. p I. II. p I. II. p
II. time-frame

1 November 2020–30 April 2021

Species (No. of isolates in I. and
II. time-frame) AMP TIG TEI VAN

E. faecalis (33; 38) 0 0 1.000 0 0 1.000 0 0 1.000 0 0 1.000

E. faecium (54; 210) 100 100 1.000 13 0 <0.0001 19 17 0.841 17 18 1.000

Legend: I—period between 1 November 2018 and 30 April 2019, II—period between 1 November 2020 and 30 April 2021. AMS—ampicillin/sulbactam, CRX—cefuroxime, CTX—
cefotaxime, CTZ—ceftazidime, CPM—cefepime, PPT—piperacillin/tazobactam, MER—meropenem, TIG—tigecycline, COT—co-trimoxazole, GEN—gentamicin, AMI—amikacin,
CIP—ciprofloxacin, COL—colistin, OXA—oxacillin, ERY—erythromycin, CLI—clindamycin, TEI—teicoplanin, VAN—vancomycin, AMP—ampicillin.



Antibiotics 2022, 11, 783 10 of 17

Table 4. Consumption of antibacterial agents before (I) and during (II) the COVID-19 pandemic in
DDD and as percentage of individual antibiotics in total consumption.

Antibiotics
I. I. II. II.

p
DDD Percentage DDD Percentage

meropenem 703 19.6 1427 19.3 0.861

piperacillin/tazobactam 301 8.4 570 7.7 0.792

amoxicillin/clavulanic
acid 299 8.3 262 3.5 0.020

clarithromycin 294 8.2 641 8.7 0.803

tigecyclin 270 7.5 565 7.6 1.000

gentamicin 250 7 33 0.4 0.243

metronidazol 237 6.6 402 5.4 0.495

sulfamethoxazol/trimethoprim 217 6 370 5 0.708

ampicilin/sulbactam 130 3.6 53 0.7 0.323

ciprofloxacin 124 3.5 150 2 0.705

amikacin 115 3.2 376 5.1 0.618

vancomycin 103 2.9 169 2.3 1.000

ceftazidime 101 2.8 206 2.8 1.000

linezolid 28 0.8 179 2.4 1.000

kolistin 62 1.7 229 3.1 1.000

cefotaxime 60 1.7 1487 20.1 <0.0001

cefuroxime 60 1.7 10 0.1 1.000

other 234 6.5 267 3.8 0.218

Legend: I—period between 1 November 2018 and 30 April 2019, II—period between 1 November 2020 and
30 April 2021.

PFGE proved the clonal spread of bacterial strains during the pandemic. Among
a total of 41 Klebsiella pneumoniae isolates obtained during the pandemic, 14 pulsotypes
were identified. Only 7 (17%) isolates had unique restriction profiles; the remaining
34 strains were divided into seven groups based on their comparison. The largest clus-
ter included 19 isolates with a coefficient of similarity (CS) of more than 95%; thus, the
isolates may be considered identical. Additionally, there was one group of four iden-
tical isolates, one group of three identical isolates and four pairs of identical isolates
(CS > 95–100%). Seven analyzed isolates of Serratia marcescens included three pairs of iden-
tical isolates (CS > 95–100%) and one unique strain. A group of three and one couple of
identical isolates were detected among 7 Acinetobacter baumannii. Among 25 isolates of
Burkholderia multivorans, 20 (80%) belonged to one RAPD type. The results clearly illustrate
clonal spread during the COVID-19 pandemic, as seen from time axes for some of the
pathogens (Figures 3 and 4). Unlike the proven clonal spread during the COVID-19 pan-
demic, all tested Klebsiella pneumoniae strains that were available from the pre-COVID-19
period (12 isolates) had unique restriction profiles.
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4. Discussion

The present study showed a decrease in the consumption of essential antibiotics, such
as amoxicillin/clavulanic acid, cefuroxime and gentamicin, and a considerable increase
in the use of broad-spectrum and reserve antibiotics (significantly shown in cefotaxime,
but non-significantly also in amikacin, linezolid and colistin). This is because all patients
staying in the Department of Anesthesiology, Resuscitation and Intensive Care at the worst
time of the COVID-19 pandemic received initial broad-spectrum antibiotic therapy, namely
cefotaxime combined with clarithromycin. This was warranted by their serious condition
combined with troublesome differential diagnosis between viral and bacterial pneumonia.
The commonly used parameters (cough, dyspnea, chest pain, auscultation and chest X-ray
findings) are non-specific for bacterial inflammation. Common biochemical parameters,
such as C-reactive protein, white blood cell count or ferritin, cannot be relied upon either
as their levels are increased in COVID-19 patients. At the present time, the best biomarker
appears to be procalcitonin [30,31]. Finally, a fact that played a role in the decision about
the initial antibiotic therapy was that, while bacterial coinfection is relatively frequent
(11–35%) in flu pneumonia [15,32], analogical data for COVID-19 were missing in the early
pandemic phase.

The present study, however, failed to clearly confirm an overall rise in bacterial re-
sistance during the COVID-19 pandemic as compared with the pre-pandemic period.
Even though the frequency of MDR strains of some bacterial species increased (e.g.,
Serratia marcescens, Enterobacter cloacae), the resistance of other bacterial species to some
antibiotics decreased (Acinetobacter baumannii, Pseudomonas aeruginosa, Enterococcus faecium,
Escherichia coli) or remained unchanged (Klebsiella pneumoniae, vancomycin-resistant
Enterococcus faecium). Data from the literature are also ambiguous, with increased/decreased
resistance in some species to particular antibiotics or resistance remaining stable [33–39]. It
may be due to the short interval of observation; probably, more time will be needed to state
how the COVID-19 pandemic has affected the trends in bacterial resistance to antibiotics.

A surprising finding is the decreased resistance of Pseudomonas aeruginosa to meropenem.
A study by Kolar et al. documented a rising frequency of Pseudomonas aeruginosa strains
resistant to meropenem in association with its consumption [40]. Comparison of meropenem
use in the two studied periods shows that although the absolute consumption increased,
its proportion among antibiotics remained unchanged. That could be the reason why the
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selection pressure of meropenem was not expressed in the sense of rising antibiotic resis-
tance. In comparison, both absolute and relative consumption of cefotaxime increased; the
frequency of ESBL-positive strains increased in Serratia marcescens and Enterobacter cloacae.

Interestingly, the present study found that Acinetobacter baumannii, highly resistant
to meropenem, aminoglycosides, ciprofloxacin and co-trimoxazole in the pre-COVID-19
period, decreased its resistance during the pandemic to zero (8% in ciprofloxacin, respec-
tively). This may be explained by the “small number error” (only seven isolates detected
before the pandemic) and by the clonal spread of a susceptible strain during the pan-
demic (a significant increase in number of strains during the pandemic period). In the
COVID-19 period, clonal spread was found to be more significant in Klebsiella pneumoniae
and Burkholderia multivorans. However, clonal spread of Acinetobacter baumannii and
Serratia marcescens in smaller clusters was also proved.

Using the Pulse Gel Electrophoresis (PFGE) methodology, the spread of identical bac-
terial strains among COVID-19 patients in the Department of Anesthesiology, Resuscitation
and Intensive Care was revealed. PFGE was considered to be a gold standard for bacterial
typing for a long time and even now, in cases when it is redundant to use whole-genome
sequencing (e.g., evaluation of potential clonal spread within local outbreak as in our case),
this method is still suitable and useful [41]. Studies, which were performed in this depart-
ment in the previous years (2011–2021) using PFGE, did not reveal significant clonal spread
of bacterial pathogens [42–44]. The clonal spread was observed also in other countries,
e.g., in Spain in Klebsiella pneumoniae strains, in the USA in Escherichia coli strains and in
Mexico in Acinetobacter baumannii strains [45–47]. In the Department of Anesthesiology,
Resuscitation and Intensive Care, the clonal spread of vancomycin-resistant enterococci
was also demonstrated at the time of the pandemic [48].

The detection of clonal spread gives an opportunity to discuss its causes. In the first
place, it may be associated with the use of HFNOT, as well as the fact that most of the beds
were not placed in isolation cubicles.

Given the extensive use of HFNOT during the pandemic waves [19,49–52], many
studies on the potential contribution of HFNOT to horizontal spread of infectious particles
and the risk of staff members and other patients being infected have been published
recently [53–61].

However, the use of HFNOT is not the only possible cause of the detected clonal spread.
Other causes arise from the exceptional situation during the pandemic: the department
was overloaded by a large number of patients and it was not possible to change the space
arrangement of the halls, which would ensure the isolation of the patients (in each hall,
more than five patients on HFNOT were staying in a single open space and the distance
between them was less than two meters to increase the number of beds available). To cope
with the large numbers of patients, some of the staff members were temporarily transferred
from other hospital departments. This was associated with an increased number, turnover
and movement of medical and non-medical staff. Patients were also transferred more
frequently between hospital departments as their health status changed.

Other reasons for clonal spread may include lack of personal protective equipment
at the beginning of the pandemic and unawareness, how to use them properly when
manipulating patients (pronation, rehabilitation, etc.) Some of the strict hygiene measures
may not have been adhered to by the staff in the overloaded department, and last, but
not least, the possibility of contamination of the environment, such as infusions, bed-side
equipment, disinfectant containers and ultrasound gels, may have also played a role, as
described in the literature [62–64].

After the detection of the clonal spread (spring 2021), the following measures were
implemented in cooperation with the hospital’s Department of Hygiene: one-time decon-
tamination of the environment, one layer of barrier protection was added (plastic jacket)
when manipulating a single patient, disinfection regimes were modified, re-education of
the staff was performed, cleaning of the environment was intensified and compliance with
hygienic–epidemiological measures was strictly controlled.
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The authors are aware of the limitations of this work, namely, it is single-center,
retrospective study, which compares shorter time periods (6 months). On the other hand,
the methodology for the collection of biological materials, microbiological examinations
and genetic analysis of clonal spread over both examined periods was carried out in the
same way and did change, which could be emphasized as a strength of this study. In the
next study, the frequency of bacterial co-infections and superinfection, etiology, antibiotic
therapy and clinical outcome of COVID-positive patients should be described, which are
objectives that were not included in this current study.

5. Conclusions

The present study showed ambiguous changes in the resistance of bacterial pathogens
during the COVID-19 pandemic in comparison to the pre-COVID-19 period. There was an
increase in the frequency of ESBL-positive strains of some species (Serratia marcescens and
Enterobacter cloacae); on the other hand, resistance decreased (e.g., in Acinetobacter baumannii
or in some Gram-negative bacteria to meropenem) or the proportion of resistant strains re-
mained unchanged over both periods (Klebsiella pneumoniae, vancomycin-resistant
Enterococcus faecium). In the Department of Anesthesiology, Resuscitation and Inten-
sive Care, bacterial pathogens were observed to spread clonally at the worst time of
the COVID-19 pandemic as compared with the pre-pandemic period. Given that fact,
the adequacy of the existing hygiene and epidemiological measures and adherence were
reassessed and corrected.
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Clostridioides difficile and Vancomycin-Resistant Enterococci in COVID-19 Patients with Severe Pneumonia. Life 2021, 11, 1127.
[CrossRef] [PubMed]

49. Patel, M.; Gangemi, A.; Marron, R.; Chowdhury, J.; Yousef, I.; Zheng, M.; Mills, N.; Tragesser, L.; Giurintano, J.; Gupta, R.; et al.
Retrospective analysis of high flow nasal therapy in COVID-19-related moderate-to-severe hypoxaemic respiratory failure. BMJ
Open Respir. Res. 2020, 7, e000650. [CrossRef] [PubMed]

50. World Health Organization Interim Guidance for the Clinical Management of COVID-19. Available online: https:
//www.who.int/publications/i/item/clinical-management-of-severe-acute-respiratory-infection-when-novel-coronavirus-
(ncov)-infection-is-suspected/ (accessed on 18 July 2021).

51. Coronavirus Disease 2019 (COVID-19) Treatment Guidelines. National Institutes of Health. Available online: https://www.
covid19treatmentguidelines.nih.gov/ (accessed on 18 July 2021).

52. Australian Guidelines for the Clinical Care of People with COVID-19. Available online: https://covid19evidence.net.au/
(accessed on 18 July 2021).

53. Hui, D.S.; Hall, S.D.; Chan, M.T.V.; Chow, B.; Ng, S.S.; Gin, T.; Sung, J.J.Y. Exhaled Air Dispersion During Oxygen Delivery Via a
Simple Oxygen Mask. Chest 2007, 132, 540–546. [CrossRef]

54. Ip, M.; Tang, J.W.; Hui, D.S.; Wong, A.L.N.; Chan, M.T.V.; Joynt, G.M.; So, A.T.P.; Hall, S.D.; Chan, P.K.S.; Sung, J.J.Y. Airflow
and droplet spreading around oxygen masks: A simulation model for infection control research. Am. J. Infect. Control 2007, 35,
684–689. [CrossRef]

55. Leung, C.C.H.; Joynt, G.M.; Gomersall, C.D.; Wong, W.T.; Lee, A.; Ling, L.; Chan, P.K.S.; Lui, P.C.W.; Tsoi, P.C.Y.; Ling, C.M.;
et al. Comparison of high-flow nasal cannula versus oxygen face mask for environmental bacterial contamination in critically ill
pneumonia patients: A randomized controlled crossover trial. J. Hosp. Infect. 2019, 101, 84–87. [CrossRef]

http://doi.org/10.3390/antibiotics10080954
http://doi.org/10.1186/s13756-020-00819-1
http://doi.org/10.3390/pathogens9080635
http://doi.org/10.3390/jcm9092744
http://doi.org/10.1016/j.ijantimicag.2021.106324
http://doi.org/10.1017/ice.2021.144
http://doi.org/10.3390/ijerph18031003
http://doi.org/10.3390/antibiotics10010093
http://www.ncbi.nlm.nih.gov/pubmed/33477923
http://doi.org/10.1016/j.jhin.2020.06.013
http://doi.org/10.3390/antibiotics10060674
http://www.ncbi.nlm.nih.gov/pubmed/34198723
http://doi.org/10.1007/s00284-016-1058-0
http://doi.org/10.1016/j.jiph.2020.11.001
http://www.ncbi.nlm.nih.gov/pubmed/33341484
http://doi.org/10.3855/jidc.13545
http://doi.org/10.3201/eid2704.204036
http://www.ncbi.nlm.nih.gov/pubmed/33565961
http://doi.org/10.3390/life11111127
http://www.ncbi.nlm.nih.gov/pubmed/34833003
http://doi.org/10.1136/bmjresp-2020-000650
http://www.ncbi.nlm.nih.gov/pubmed/32847947
https://www.who.int/publications/i/item/clinical-management-of-severe-acute-respiratory-infection-when-novel-coronavirus-(ncov)-infection-is-suspected/
https://www.who.int/publications/i/item/clinical-management-of-severe-acute-respiratory-infection-when-novel-coronavirus-(ncov)-infection-is-suspected/
https://www.who.int/publications/i/item/clinical-management-of-severe-acute-respiratory-infection-when-novel-coronavirus-(ncov)-infection-is-suspected/
https://www.covid19treatmentguidelines.nih.gov/
https://www.covid19treatmentguidelines.nih.gov/
https://covid19evidence.net.au/
http://doi.org/10.1378/chest.07-0636
http://doi.org/10.1016/j.ajic.2007.05.007
http://doi.org/10.1016/j.jhin.2018.10.007


Antibiotics 2022, 11, 783 17 of 17

56. Kotoda, M.; Hishiyama, S.; Mitsui, K.; Tanikawa, T.; Morikawa, S.; Takamino, A.; Matsukawa, T. Assessment of the potential for
pathogen dispersal during high-flow nasal therapy. J. Hosp. Infect. 2020, 104, 534–537. [CrossRef]

57. Jermy, M.C.; Spence, C.J.T.; Kirton, R.; O’Donnell, J.F.; Kabaliuk, N.; Gaw, S.; Hockey, H.; Jiang, Y.; Zulkhairi Abidin, Z.; Dougherty,
R.L.; et al. Assessment of dispersion of airborne particles of oral/nasal fluid by high flow nasal cannula therapy. PLoS ONE 2021,
16, e0246123. [CrossRef]

58. Li, J.; Fink, J.B.; Ehrmann, S. High-flow nasal cannula for COVID-19 patients: Risk of bio-aerosol dispersion. Eur. Respir. J. 2020,
55, 2000892. [CrossRef]

59. Elshof, J.; Hebbink, R.; Duiverman, M.L.; Hagmeijer, R. High-flow nasal cannula for COVID-19 patients: Risk of bio-aerosol
dispersion. Eur. Respir. J. 2020, 56, 2003004. [CrossRef]

60. Li, J.; Fink, J.B.; Ehrmann, S. High-flow nasal cannula for COVID-19 patients: Risk of bio-aerosol dispersion. Eur. Respir. J. 2020,
56, 2003136. [CrossRef] [PubMed]

61. Somsen, G.A.; van Rijn, C.; Kooij, S.; Bem, R.A.; Bonn, D. Small droplet aerosols in poorly ventilated spaces and SARS-CoV-2
transmission. Lancet Respir. Med. 2020, 8, 658–659. [CrossRef]

62. Macias, A.E.; Huertas, M.; de Leon, S.P.; Munoz, J.M.; Chavez, A.R.; Sifuentes-Osornio, J.; Romero, C.; Bobadilla, M. Contamination
of intravenous fluids: A continuing cause of hospital bacteremia. Am. J. Inf. Control 2010, 38, 217–221. [CrossRef] [PubMed]

63. Yuen, J.W.M.; Chung, T.W.K.; Loke, A.Y. Methicillin-Resistant Staphylococcus aureus (MRSA) Contamination in Bedside Surfaces
of a Hospital Ward and the Potential Effectiveness of Enhanced Disinfection with an Antimicrobial Polymer Surfactant. Int. J.
Environ. Res. Public Health 2015, 12, 3026–3041. [CrossRef] [PubMed]

64. Shaban, R.Z.; Maloney, S.; Gerrard, J.; Collignon, P.; Macbeth, D.; Cruickshank, M.; Hume, A.; Jennison, A.V.; Graham, R.; Bergh,
H.; et al. Outbreak of health care-associated Burkholderia cenocepacia bacteremia and infection attributed to contaminated sterile gel
used for central line insertion under ultrasound guidance and other procedures. Am. J. Inf. Control 2017, 45, 954–958. [CrossRef]

http://doi.org/10.1016/j.jhin.2019.11.010
http://doi.org/10.1371/journal.pone.0246123
http://doi.org/10.1183/13993003.00892-2020
http://doi.org/10.1183/13993003.03004-2020
http://doi.org/10.1183/13993003.03136-2020
http://www.ncbi.nlm.nih.gov/pubmed/32859677
http://doi.org/10.1016/S2213-2600(20)30245-9
http://doi.org/10.1016/j.ajic.2009.08.015
http://www.ncbi.nlm.nih.gov/pubmed/20031270
http://doi.org/10.3390/ijerph120303026
http://www.ncbi.nlm.nih.gov/pubmed/25768241
http://doi.org/10.1016/j.ajic.2017.06.025

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

