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Abstract: The COVID-19 pandemic may have had an impact on healthcare-associated infection (HAI)
rates. In this study, we analyzed the occurrence of HAIs in a neonatal intensive care unit (NICU) of
the Umberto I teaching hospital in Rome before and during the pandemic. All infants admitted from
1 March 2018 to 28 February 2022 were included and were divided into four groups according to their
admission date: two groups before the pandemic (periods I and II) and two during the pandemic
(periods III and IV). The association between risk factors and time-to-first event was analyzed using a
multivariable Cox regression model. Over the four-year period, a total of 503 infants were included,
and 36 infections were recorded. After adjusting for mechanical ventilation, birth weight, sex, type
of delivery, respiratory distress syndrome, and previous use of netilmicin and fluconazole, the
multivariable analysis confirmed that being hospitalized during the pandemic periods (III and IV)
was the main risk factor for HAI acquisition. Furthermore, a change in the etiology of these infections
was observed across the study periods. Together, these findings suggest that patient management
during the pandemic was suboptimal and that HAI surveillance protocols should be implemented in
the NICU setting promptly.

Keywords: neonatal intensive care unit (NICU); healthcare associated infection (HAI); COVID-19

1. Introduction

Healthcare-associated infections (HAIs) are among the most serious preventable com-
plications in neonatal intensive care units (NICUs) [1]. Preterm infants are susceptible
to HAIs because of their immature immune systems and prolonged need for indwelling
catheters [2]; the risk of these diseases is inversely associated with birth weight and ges-
tational age and increases with time spent in care [3]. The most common type of HAI
in NICUs is bloodstream infection (BSI), which can occur in isolation or in association
with urinary tract infections and meningitis [3]. The main microorganisms responsible for
HAIs include Staphylococcus aureus, coagulase-negative Staphylococci, and Enterococci. In
addition, recent years have recorded a considerable increase in HAIs sustained by Gram-
negative bacteria and fungi, especially Candida spp., which are mainly responsible for
ventilator-associated pneumonia (VAP) and urinary tract infections, but also for peritonitis
and meningitis [3,4].

According to a study conducted in 2016/2017 [5] using the European Centre for
Disease Prevention and Control protocol, the prevalence of HAIs in Italian NICUs was
around 5%. However, the organizational challenges experienced during the COVID-19
pandemic may have limited the effectiveness of traditional HAI prevention and control
efforts, resulting in an increase in their incidence, as already reported for the adult intensive

J. Clin. Med. 2023, 12, 2621. https://doi.org/10.3390/jcm12072621 https://www.mdpi.com/journal/jcm
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care unit (ICU) of Umberto I teaching hospital of Rome [6] or in a recent systematic review
that investigated Pseudomonas aeruginosa bacteremia [7]. Indeed, despite NICUs having
one of the lowest COVID-related caseloads among all ICUs, they are still vulnerable to
indirect adverse effects of the COVID-19 pandemic [8]. During the pandemic, NICUs
faced challenges that were different in nature from those in pediatric and adult ICUs; there
were particular concerns relating to clinical workflows and parent–child interactions [9,10],
including uncertainty in how to address the risk of exposure for mothers and their babies,
reorganization of processes and operations aimed at minimizing risks to staff and patients,
and frequent changes in clinical scenarios [8].

While the impact of the pandemic on incidence rates of nosocomial infections in adult
ICUs has been investigated [6,11–13], data from the NICU setting are scarce. A few indirect
effects of the pandemic on NICUs have been described, such as psychological distress or
obstacles in implementing family-centered care [14]. In addition, a reduction in hospital-
wide availability of alcohol-based hand rubs was reported to be associated with an increase
in the rate of central line-associated BSIs in a single-center study [8]. However, few studies
have investigated the impact of pandemic-related measures on the incidence of HAIs in
preterm infants admitted to NICUs [8,15]. Therefore, the aim of this study was to analyze
the occurrence of HAIs in neonates admitted to the NICU of Umberto I teaching hospital of
Rome before and during the COVID-19 pandemic and to identify key factors associated
with HAI onset.

2. Materials and Methods

2.1. Setting

In this cohort study, we retrospectively analyzed patients hospitalized in the NICU
of Umberto I teaching hospital of Rome from 1 March 2018 to 28 February 2022. Patients
were followed until discharge or 23 March 2022. The NICU has a total of six beds in
which healthcare providers take care of critically ill babies born in this hospital or coming
from other hospitals in Rome and the Lazio region via the Neonatal Emergency Transport
Service. We followed the STROBE guidelines to report our findings. Microorganisms’
antimicrobial susceptibility profiles were defined according to the classification proposed
by Magiorakos et al. [16] (if applicable), whereas coagulase-negative Staphylococci were con-
sidered as susceptible or resistant to oxacillin and/or glycopeptides [17]. The institutional
ethics board of the Umberto I teaching hospital of Rome approved this study (protocol
no. 888/2022).

2.2. Data Collection

Data about patients hospitalized in the NICU were retrieved from the prospective
patient-based HAI surveillance system that has been conducted in the unit since March
2014 by the Department of Public Health and Infectious Diseases of Sapienza University of
Rome. The surveillance personnel routinely review and collect data from patients’ medical
records, including clinical data and microbiological findings, on a weekly basis using a
standardized form. All neonates hospitalized in the NICU for at least 48 h are included and
followed until their discharge from the NICU. Data on date of birth, date of admission and
discharge, sex, gestational age, birth weight (BW), type of delivery, admission diagnosis
(preterm birth, twin pregnancy, or respiratory distress syndrome), exposure to invasive
devices (days of central line catheterization, including umbilical catheter, central venous
catheter and peripherally inserted catheter, and days of mechanical ventilation), use of
antimicrobial agents (days), site of infection, date of infection onset, and microorganism
isolated are routinely collected. An infection is considered to be healthcare-associated if it
occurs 48 h after birth or admission. The surveillance system records central/umbilical line-
associated bloodstream infections (CLABSIs) and ventilator-associated pneumonia (VAP)
and any other type of infection that occurs during hospitalization, the diagnosis of which is
determined by an infectious disease specialist. All infections are defined according to the

2



J. Clin. Med. 2023, 12, 2621

standard diagnostic criteria published by the Center for Disease Control and Prevention
(CDC), adapted to neonatal pathology [18].

2.3. Statistical Analysis

Patients were divided into four groups according to their admission date: period I,
from 1 March 2018 to 28 February 2019; period II, from 1 March 2019 to 29 February 2020;
period III, from 1 March 2020 to 28 February 2021; and period IV, from 1 March 2021 to
28 February 2022. The date 1 March 2020 was set as the cut-off date between prepandemic
and pandemic years. Then, the two preceding and following calendar years were identified
for the analysis in order to investigate four equally long time intervals. For each period,
descriptive statistics were obtained using means and standard deviations for continuous
variables and proportions for dichotomous and categorical variables. For the univariable
analysis, the Kruskal–Wallis test was used to compare continuous variables across study
periods, whereas Pearson’s chi-squared test was used for dichotomous and categorical
variables. BW was categorized accord according to the Center for Disease Control/National
Healthcare Safety Network (CDC/NHSN) classification [19]. As for exposure to antimi-
crobial agents, only those used as prophylaxis were considered (i.e., ampicillin, netilmicin,
and fluconazole). Use of these antimicrobial agents was coded as (i) dichotomous (yes/no:
yes was assigned in the case of having used the antimicrobial agent for at least one
day) or (ii) cumulative (sum of the days of antimicrobial use). Similarly, use of devices
(i.e., central line and mechanical ventilation) was coded as (i) dichotomous: (yes/no: yes
was assigned in the case of having used a device for at least one day) or (ii) cumulative
(sum of the days of device use). The in-hospital mortality rate and the HAI incidence rate
together with their associated 95% confidence interval (CI) were calculated per 1000 patient
days. Because multiple infection events were observed in a few patients, we also estimated
the HAI infection rate per 1000 patient days accounting for recurrent events [20].

Time-to-first HAI (i.e., time-to-first CLABSI or VAP) was estimated by survival analysis.
Firstly, we estimated the Kaplan–Meier survival function for each period of hospitalization,
and survival curves were compared with the log-rank test. Then, the association between
period of hospitalization and time-to-first event was assessed through a multivariable
Cox regression model for proportional hazard, which provided estimates of the adjusted
hazard ratio (aHR) and its associated 95% CI. The main exposure of interest, period of
hospitalization, was adjusted for the potential confounders of the association based on
expert knowledge [21]. As a result, the final model included the following variables:
period of hospitalization (period II was set as the reference category, because it was the
period immediately before the pandemic), sex (female vs. male), delivery (spontaneous
vs. Cesarean section), birth weight in grams (because no infection was observed in higher
BW classes, we used this variable as continuous), respiratory distress syndrome (yes/no),
mechanical ventilation use in days (continuous, cumulative exposure in the time period
from admission to discharge in patients without HAI or in the time period from admission
to the day before HAI onset in patients with HAI), and previous use of netilmicin and
fluconazole (yes/no: yes was assigned in the case of having used an antimicrobial agent
for at least one day in the time period from admission to discharge in patients without
HAI or in the time period from admission to the day before HAI onset in patients with
HAI). Interaction terms between the variables were tested considering a p-value < 0.05 as
cut-off. The proportionality assumption was checked by testing the statistical significance of
interaction terms involving failure time, each one at a time. Multicollinearity was checked
using as threshold a variance inflation factor of 5. All analyses were performed using
STATA (StataCorp LLC, 4905 Lakeway Drive, College Station, TX, USA), version 17.0. A
two-sided p-value < 0.05 was considered statistically significant.
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3. Results

3.1. Characteristics of Patients

From 1 March 2018 to 28 February 2022, 564 neonates were hospitalized in the Umberto
I teaching hospital of Rome, of which 503 were included in the HAI surveillance system
(Table 1). The highest number of admissions occurred in period II with 148 patients, while
period III had the lowest (N = 90). Total observation time ranged from 1629 days in period
III to 2038 days in period I, with a longer average length of stay in the NICU in period
III (18.1 days). A slightly higher proportion of male infants than females was found in
periods III and IV, with 52 (57.8%) and 78 (59.1%) infants admitted, respectively, while the
gestational age of the infants was similar across the four periods (about 33 weeks). Average
BW was similar in periods I, II, and IV (1919.9 g, 2056.1 g, and 2025.7 g, respectively)
and slightly lower in period III (1866.6 g). Considering BW classes, the most-represented
category was 1501–2500 g, while the least-represented were 750 g or less and 751–1000 g.
Regarding the delivery, most infants were born by Cesarean section, a proportion that reached
86.5% in period III. Preterm birth was quite common in all periods (around 80.0%). By contrast,
respiratory distress syndrome increased over the years, ranging from 45.1% in period I to
62.9% in period IV, while twin pregnancy occurred less frequently (20–30% of cases).

As for the use of invasive devices, slightly more patients had a central line in periods I
and II (69.9% and 64.9%, respectively) compared to periods III and IV (58.9% and 47.0%,
respectively), but the average cumulative use in those who had a central line was highest
in period III (19.6 days). Similarly, a lower number of patients underwent mechanical
ventilation during the pandemic, especially in period IV (9.8%), but the highest average
cumulative exposure was observed in period III (14.7 days). Antibacterial consumption
was quite high; approximately three out of four patients were administered ampicillin,
whereas two out of three were prescribed netilmicin in each period. However, while
the cumulative average use of ampicillin was similar throughout the study, the average
exposure to netilmicin was reduced in period IV. Fluconazole, on the other hand, was
used in a lower proportion of patients (from 6.8% to 16.7%) with the highest average
exposure in periods II and III. Lastly, a greater number of deaths were observed in periods
I and II, accounting for slightly higher mortality rates (2.5 deaths per 1000 patient days
(95% CI: 1.0–5.9) in period I and 3.5 per 1000 patient days (95% CI: 1.7–7.3) in period II).

3.2. Occurrence of HAIs

The prevalence of patients with at least one HAI was greater during the pandemic than
prepandemic (3.0% in period I, 3.4% in period II, 11.1% in period III, and 6.8% in period
IV), with the highest proportion of patients with at least one CLABSI or VAP in period
III (Table 2). A total of four and five HAIs were recorded in periods I and II, respectively,
whereas 16 and 11 HAIs were reported in periods III and IV, respectively. The most
frequently diagnosed infection was CLABSI in all periods except March 2020–February
2021, in which 50% of infections were VAP. An increase in the incidence rate of HAIs was
observed over time, with a peak in period III. After accounting for recurrent HAIs, similar
rates were observed.

Differentiating by type of HAI, the CLABSI and VAP incidence rates showed the same
trend, with the highest values from March 2020 to February 2021 (Figure 1). However, when
we stratified the HAI incidence rates by BW class, we found some differences: the lowest
BW classes (≤750 g and 751–1000 g) had the highest rates of HAIs in period IV (Figure 2A),
mostly CLABSI (Figure 2B); the middle BW classes (1001–1500 g and 1501–2500 g) showed
a small peak in period III (Figure 2A), mainly VAP (Figure 2C) and CLABSI (Figure 2B),
respectively. No HAI was diagnosed among patients in the highest BW class (>2500 g) in
any period (Figure 2A–C).
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CLABSI: Central Line-Associated Bloodstream Infection. VAP: Ventilator-Associated Pneumonia. 

Figure 1. Incidence rate of first healthcare-associated infection (HAI) occurring in patients admitted
to the neonatal intensive care unit of Umberto I teaching hospital of Rome between March 2018 and
February 2022 by study period.

 
CLABSI: Central Line-Associated Bloodstream Infection. VAP: Ventilator-Associated Pneumonia. 

Figure 2. (A–C) Incidence rate of first healthcare-associated infection (HAI) occurring in patients
admitted to the neonatal intensive care unit of Umberto I teaching hospital of Rome between March
2018 and February 2022 by study period.
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The etiology of HAIs across the four study periods varied (Figure 3). Serratia marcescens
was the pathogen responsible for half the HAIs diagnosed in period I (5.0%), whereas Kleb-
siella pneumoniae was primarily detected in period II (5.0%). By contrast, Staphylococcus
aureus (22.5%) and coagulase-negative Staphylococci (12.5%) were most frequently isolated
in period III, as well as in period IV, where infections mainly involved coagulase-negative
Staphylococci (27.5%), followed by Escherichia coli (5.0%). Other microorganisms, such as
Haemophilus influenzae, were less frequently detected in periods II and III. As for microor-
ganisms’ antimicrobial susceptibility patterns, out of 21 pathogens that could be classified
according to the Magiorakos criteria [16], no multidrug resistant (MDR) microorganism was
isolated in period I, whereas only one MDR isolate was found in period II (4.8%) and period
IV (4.8%), respectively. Conversely, the greatest number of MDR microorganisms were
isolated in period III (9 microorganisms, 42.9%), alongside an extensively drug-resistant
(XDR) microorganism (4.8%). On the other hand, out of the 16 isolates of coagulase-negative
Staphylococci, the number of such microorganisms resistant to oxacillin increased from 4 in
period III (25.0%) to 10 in period IV (62.5%), while only 1 isolate was found to be resistant
to both oxacillin and glycopeptides in period IV (6.3%).

Figure 3. Frequency of isolation of microorganisms (N = 40) responsible for the healthcare-associated
infections occurring in patients admitted to the neonatal intensive care unit of Umberto I teaching
hospital of Rome between March 2018 and February 2022 by study period.

3.3. Survival Analysis for First HAI

Kaplan–Meier estimates for the time of occurrence of the first HAI showed different
survival curves across the study periods (p = 0.042) (Figure 4). Survival at 30 days decreased
from 92.9% (95% CI: 79.3–97.7%) in period I to 82.6% (95% CI: 57.6–93.6%) in period II,
and it was further reduced in periods III and IV (60.0%, 95% CI: 35.4–77.8% and 78.3%,
95% CI: 54.4–90.6%, respectively).

A multivariable analysis (Table 3) showed that being hospitalized during the pandemic
periods was the main risk factor associated with the contraction of an HAI (period III, aHR:
4.88, 95% CI: 1.33–17.97; period IV, aHR: 6.45, 95% CI: 1.53–27.24). Also, mechanical
ventilation (aHR: 1.04, 95% CI: 1.02–1.06) was positively associated with the outcome. By
contrast, having a higher BW seemed to be a protective factor against HAIs (aHR: 0.99, 95%
CI: 0.98–0.99). Sex, type of delivery, respiratory distress syndrome, and previous use of
netilmicin and/or fluconazole did not appear to influence HAI onset.
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CLABSI: Central Line-Associated Bloodstream Infection. VAP: Ventilator-Associated Pneumonia 

Figure 4. Kaplan–Meier survival estimates for time-to-first healthcare-associated infection (HAI)
occurring in patients admitted to the neonatal intensive care unit of Umberto I teaching hospital of
Rome between March 2018 and February 2022 by study period.

Table 3. Multivariable Cox regression model for first healthcare-associated infection among patients
admitted to the neonatal intensive care unit of Umberto I teaching hospital of Rome between March
2018 and February 2022 (N = 503).

aHR 95% CI p-Value

Period
II (1 March 2019 to 29 February 2020) Ref.
I (1 March 2018 to 28 February 2019) 1.62 0.34–7.67 0.544
III (1 March 2020 to 28 February 2021) 4.88 1.33–17.97 0.017
IV (1 March 2021 to 28 February 2022) 6.45 1.53–27.24 0.011

Sex
Female Ref.
Male 1.08 0.49–2.37 0.843

Delivery
Spontaneous Ref.
Cesarean section 0.73 0.27–1.96 0.537

Birth weight, grams 0.99 0.98–0.99 0.030
Respiratory distress syndrome

No Ref.
Yes 1.86 0.76–4.52 0.172

Mechanical ventilation use, days 1.04 1.02–1.06 <0.001
Previous use of netilmicin

No Ref.
Yes 5.23 0.65–42.40 0.121

Previous use of fluconazole
No Ref.
Yes 0.89 0.33–2.44 0.828

aHR: adjusted Hazard Ratio. CI: Confidence Interval.
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4. Discussion

Among the indirect consequences of the COVID-19 pandemic, an increase in the inci-
dence of HAIs has been frequently reported, especially in some wards, such as ICUs [11,22].
However, most studies have focused on adult ICUs, while data on the impact of the pan-
demic on HAIs in NICUs are still scarce. This is probably because neonates have been
less affected by the SARS-CoV-2 infection, and the reorganization of NICUs was less pro-
nounced than in adult ICUs, which needed to cope with a high number of critically ill
patients [23]. Among others, starting from March 2020, our NICU limited parent visits as
much as possible to avoid overcrowding and reduce the risk of contagion for infants and
healthcare personnel. At the same time, the use of personal protective equipment during
patient management was mandatorily implemented. In addition, a surveillance protocol
based on periodical nasopharyngeal swabs for SARS-CoV-2 detection was established for
both parents and healthcare staff. However, in line with the results of Kharrart et al. [8], we
recorded an increase in the HAI incidence rate in our NICU during the pandemic, with a
peak in the first year (March 2020–February 2021). Therefore, concurrently with the mea-
sures taken to control the spread of the virus during the COVID-19 pandemic, it appears
that some factors led to less attention being paid to procedures designed to prevent and
control traditional HAIs, negatively affecting their incidence. Furthermore, the deficit in
individual preventive devices, particularly during the early months of the pandemic, may
have increased the fear of infection transmission thereby influencing the implementation of
prevention and control measures [24]. Alternatively, or in addition, the increased demand
for staff needed to manage COVID-19 patients led hospitals to reorganize their facilities
to meet clinical needs [25], and these adaptations may have forced hospitals to hire new
healthcare staff, including inexperienced personnel. When this happens in departments
such as the NICUs, the shortage of experienced and qualified staff can result in adverse
outcomes on newborns, including higher rates of HAIs, as previously documented [26,27].
However, further investigation is needed to determine the specific impact that the discussed
factors may have had on HAI acquisition in NICU settings.

As for the HAI type, both CLABSI and VAP rates increased during the pandemic,
even though the CLABSI increment was not significant in the univariate analysis, probably
due to reduced statistical power. Indeed, despite the lower number of neonates using
central lines in these years, the higher average exposure, especially in period III, may
at least partially explain the peak in CLABSI incidence recorded between March 2020
and February 2021 [4,28,29]. In addition, period III witnessed a S. aureus outbreak in our
NICU that accounted for most VAP recorded between May and July 2020. Gram-negative
bacteria, particularly S. marcescens and K. pneumoniae, were the pathogens most frequently
responsible for HAIs before the pandemic, in line with data from the literature in which
they were often involved in NICU outbreaks [30,31]. In contrast, during the pandemic
years, the most frequently detected pathogens were MDR S. aureus and oxacillin-resistant
coagulase-negative Staphylococci, usually the main causes of HAIs in infants [29,32,33]. This
change in the microorganism breakdown may help explain why, although more HAIs
occurred in periods III and IV, the infant mortality rate did not increase over this time. In
fact, the Gram-negative bacteria that circulated in the first two years of surveillance are
known to be potentially fatal in NICUs [34–37] compared to the Gram-positive bacteria
found in the other two periods, whose infections have recently become more manageable
and are less likely to result in patient death [38].

However, our study confirmed that a major risk factor for the occurrence of HAIs in
NICUs was low BW [39,40]. This is because such infants are particularly vulnerable to
bacterial infections given their immature immune system development, need for prolonged
hospitalizations, and need for monitoring, testing, and invasive treatments that circum-
vent the skin barrier’s defense mechanisms [41–44]. This applies to both the lowest BW
classes, that accounted for most infections registered throughout the study period, with
the highest HAI incidence rates recorded in the 751–1000 g class probably being the result
of a smaller number of patients days spent under surveillance compared to the ≤750 g
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class. Furthermore, while our results show that prolonged mechanical ventilation, which
requires the use of breathing circuits known to be important sources and breeding grounds
of pathogenic microorganisms [45], contributed to the occurrence of HAIs, variables related
to the patients’ demographic characteristics and clinical conditions did not influence the
outcome. These results partially contrast with those studies in which the male sex and
Cesarean section were found to increase HAI occurrence [46,47] but align with findings in
which respiratory distress did not show a direct association with HAI onset [47,48]. As for
antimicrobials, even though their use did not seem to affect HAI acquisition in our sample,
it is worth mentioning that they should be carefully prescribed, because their continued
consumption, when inappropriate, can lead to adverse events, including the selection and
emergence of highly resistant bacteria [49].

This study has several strengths and limitations. The main strength is the ability to
compare data over time. Because data were collected as part of a four-year continuous
surveillance system routinely carried out by the Department of Public Health and Infectious
Diseases, a potential bias in the results due to overworked NICU staff is unlikely. In
addition, to the best of our knowledge, this is one of the few studies that describes and
identifies risk factors related to HAI occurrence in a NICU during an emergency period,
such as the COVID-19 pandemic. In this regard, we plan to conduct new studies in the near
future on the occurrence of HAIs in NICU and ICU settings as the pandemic progresses. In
contrast, the first limitation is represented by the fact that we do not have data on the SARS-
CoV-2 positivity or negativity status of the infant mothers, even though all hospitalized
infants were tested and were SARS-CoV-2 negative. Second, patients discharged from the
NICU were no longer under surveillance, although only the most stable patients were
chosen for transfer. Third, even though we adjusted for the main risk factors, namely
demographic characteristics and use of invasive device and antibiotics, we may have not
fully accounted for clinical severity, meaning that some residual confounders may be still
present. However, this bias is likely to be constant across time periods. Lastly, we did
not study the impact of HAIs on patient mortality, although this was not a goal of our
research. Further studies should be conducted to address this issue, together with research
that analyzes hand hygiene compliance, which could be of interest to better understand the
mechanisms behind any increase or decrease in the incidence rates.

5. Conclusions

We found higher rates of HAIs in our NICU during the COVID-19 pandemic. This,
coupled with the fact that the microorganisms involved were different across the study
period, suggests a crucial role for patient management and underlines the importance
of implementing effective HAI prevention and control strategies [50,51]. Because it is
widely recognized that hand hygiene is a highly effective tool in the prevention and control
of HAIs [52], it is recommended that further efforts be made to promote adherence to
hygiene precautions and increase knowledge and awareness of these issues among NICU
healthcare workers.
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Abstract: Background: Rapid pathogen identification and appropriate antimicrobial therapy are
crucial in critically ill COVID-19 patients with bloodstream infections (BSIs). This study aimed to
evaluate the diagnostic performance and potential therapeutic benefit of additional next-generation
sequencing (NGS) of microbial DNA from plasma in these patients. Methods: This monocentric
descriptive retrospective study reviewed clinical data and pathogen diagnostics in COVID-19 ICU
patients. NGS (DISQVER®) and blood culture (BC) samples were obtained on suspicion of BSIs. Data
were reviewed regarding the adjustment of antimicrobial therapy and diagnostic procedures seven
days after sampling and analyzed using the Chi2-test. Results: Twenty-five cases with simultaneous
NGS and BC sampling were assessed. The NGS positivity rate was 52% (13/25) with the detection of
23 pathogens (14 bacteria, 1 fungus, 8 viruses), and the BC positivity rate was 28% (7/25, 8 bacteria;
p = 0.083). The NGS-positive patients were older (75 vs. 59.5 years; p = 0.03) with a higher prevalence
of cardiovascular disease (77% vs. 33%; p = 0.03). These NGS results led to diagnostic procedures
in four cases and to the commencement of four antimicrobial therapies in three cases. Empirical
treatment was considered appropriate and continued in three cases. Conclusions: In COVID-19
patients with suspected BSIs, NGS may provide a higher positivity rate than BC and enable new
therapeutic approaches.

Keywords: blood culture; sepsis; antimicrobial therapy; bacteremia; DISQVER®

1. Introduction

Since 2020, the coronavirus disease-2019 (COVID-19) has posed a serious burden on
the global healthcare system and especially on intensive care units (ICUs). The progressive
availability of vaccines, the emergence of less virulent strains, the growth of clinical expe-
rience, and the development of new treatments effectively decreased the number of ICU
admissions and overall mortality rates over the course of the pandemic [1–4]. However, in
critically ill patients requiring invasive mechanical ventilation, mortality rates remained
high throughout the later waves of the pandemic [5,6]. In particular, secondary infections,
such as bloodstream infections (BSIs) are strongly associated with poorer outcomes [7–9].

Delayed or inadequate antimicrobial treatment is associated with increased morbid-
ity and mortality rates in sepsis [10–12]. Consequently, the rapid initiation of empiric
antimicrobial therapy and the identification of the causative pathogen is crucial.

However, conventional, culture-based methods—which form the current gold-standard
for pathogen identification—suffer from limitations, such as delayed results and low test
sensitivity, especially with previous exposure to antibiotics [13–15]. Polymerase chain reac-
tion (PCR)-based techniques have been developed as rapid alternatives to culture-based
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methods, but these approaches often rely on targeted pathogen detection with limited
coverages [16].

Recently, next-generation sequencing (NGS)-based methods have emerged as powerful
diagnostic platforms for the detection of pathogens in critically ill patients [13,17,18]. The
concept of unbiased sequence analysis of circulating cell-free deoxyribonucleic acid (cfDNA)
from plasma allows for the identification of bacterial, fungal, and viral microorganisms in
one single test, including non-culturable pathogens (e.g., Tropheryma whipplei or Coxiella
burnetii) and irrespective of antimicrobial treatment. In particular, the DISQVER® pathogen
test (Noscendo GmbH, Duisburg, Germany) provides comprehensive data analysis and
allows differentiation between relevant pathogens and potential microbial contaminants,
such as coagulase-negative staphylococci (CNS), by calculating a sepsis-indicating quanti-
fier score [19]. Previous studies have shown a higher sensitivity of NGS-based methods
compared to blood cultures (BCs) in patients with suspected sepsis or BSIs, which is po-
tentially beneficial for the optimization of antimicrobial treatments [13,17,18]. However,
to date, only a few studies have addressed the clinical impact of complementary NGS
diagnostics in patients with either suspected sepsis or BSIs [13,20].

Given the high rate of secondary infections and associated increased mortality in
patients with severe COVID-19, we hypothesized that this group in particular would
benefit from improved pathogen diagnostics. The aim of this descriptive study was to
evaluate the diagnostic performance of NGS-based methods and their potential impact
on antimicrobial therapy in a cohort of critically ill COVID-19 patients. To the best of our
knowledge, this is the first study investigating the implementation of this new approach in
the diagnosis of BSIs in patients with severe COVID-19.

2. Materials and Methods

2.1. Setting and Patients

This retrospective, observational study was conducted between November 2020 and
March 2021 at a German 14-bed COVID-19 ICU (Department of Anesthesiology and
Intensive Care Medicine, University Hospital of Cologne, Germany). Included in this
study were adult patients (age ≥ 18 years) with confirmed SARS-CoV-2 infections requiring
ICU treatment. A confirmed SARS-CoV-2 infection was defined as a positive reverse
transcriptase PCR result obtained from nasopharyngeal swabs and/or lower respiratory
tract aspirates. Samples for BC and NGS were obtained when a BSI was suspected by the
attending physician based on the clinical signs and symptoms of sepsis. The study was
approved by the Ethics Committee of the Medical Faculty of the University of Cologne
(Reference No. 21-1444).

2.2. Blood Cultures

Blood samples were obtained either via sterile venipuncture or from a central venous
catheter (CVC) after thorough disinfection, according to the institutional standard. At
least two pairs of BCs (aerobic and anaerobic, volume 8–10 mL each) were obtained and
inoculated (BACTEC, Becton Dickinson, Heidelberg, Germany). The BC bottles were sent
to the institutional laboratory and analyzed as previously described [21]. Samples were
incubated for up to seven days and the institutional average time to positivity for this
method was 13 h.

2.3. Next-Generation Sequencing

Blood samples were drawn under the same conditions as mentioned above, collected
into stabilizing blood tubes (Cell-Free DNA BCT CE, Streck, La Vista, NE, USA), and
shipped at ambient temperature by a medical logistics service provider to a specialized
laboratory (Noscendo GmbH, Reutlingen, Germany). Blood samples were separated to
plasma by centrifugation at 1600× g for 10 min at 4 ◦C and the plasma supernatant was
transferred to a fresh reaction tube. Then, a second centrifugation step at 16,000× g for
10 min at 4 ◦C was performed, supernatants were again transferred, and plasma aliquots
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were further stored. Nucleic acid isolation, quality controls, and library preparation
were carried out as previously described [22]. Adequate positive and negative controls
accompanied all laboratory and sequencing procedures. All data generated were analyzed
using Noscendo’s DISQVER® platform, which comprises a curated microbial genome
reference database of over 16,000 microbial species, including bacteria, DNA viruses, fungi,
and parasites, while potential contaminations and commensals were discriminated from
infective agents based on statistical calculations [23]. The analysis time for this method
is specified as less than 24 h after the sample is received by the laboratory. Reports were
accessible to the treating clinician via an online portal after email notification.

2.4. Virology

Additional diagnostic tests for viruses from blood samples were only conducted if
viral DNA was detected by NGS and considered as potentially clinically relevant, or if
a viral infection was clinically suspected by the attending physician. The routine virus
detection panel for blood samples was performed by real-time PCR, as per institutional
protocol, and included herpes simplex virus type 1 and 2 (HSV-1/2), Epstein–Barr virus
(EBV), and cytomegalovirus (CMV).

2.5. Data Collection

Data were collected retrospectively through a standardized case report form from
electronic and paper medical records. Data included patient demographics, length of ICU
and hospital stay, major comorbidities, and discharge data. Clinical data obtained on
admission and on the day of sample collection included relevant laboratory data, such as
C-reactive protein (CRP), procalcitonin (PCT), and leucocytes, as well as the Sequential
Organ Failure Assessment (SOFA) score, therapeutic measures, such as mechanical venti-
lation, renal replacement therapy, and vasopressor support, antimicrobial treatment, and
infectious source control measures. Results from other routine microbiological tests (tra-
cheal secretions, drainage samples, urine, orsamples from surgical sites) were performed
within three days, either, before or after blood sample collection for NGS diagnostics were
included in the evaluation. Changes in antimicrobial therapy and infectious source control
procedures within seven days of NGS sampling were reviewed. Additionally, in patients
with viruses detected by NGS, medical records were screened for virological tests and
antiviral therapies.

2.6. Data Review

A panel composed of at least two intensivists and one microbiology specialist ex-
amined medical files, including clinical parameters, previous course of the disease, con-
sultations with infectious disease specialists, antimicrobial treatments, and results from
pathogen diagnostics. Results of the NGS analysis were assessed for clinical relevance and
categorized as to whether the results (1) provided any additional or unique findings, (2) led
to further diagnostic measures, or (3) affected antimicrobial therapy. The therapeutic impact
was further distinguished between (I) initiation of additional antimicrobial treatment, (II)
confirmation of therapy already initiated, or (III) discontinuation of ongoing antimicrobial
treatment. Identification of typical BC contaminants, such as CNS, was assessed for clinical
relevance. Contamination was assumed if the suspected isolates were considered as such,
either according to clinical documentation or were present in only one BC and no further
action was taken.

2.7. Statistics

Statistical analysis was performed using IBM SPSS statistics software version 28.0 (IBM
Corp., Armonk, NY, USA). Continuous data are presented as the median and interquartile
range, categorial data are presented as counts and percentages. Quantitative variables
were compared using the Mann-Whitney test, qualitative variables were compared using

17



J. Clin. Med. 2023, 12, 1466

the Chi-square test or Fisher’s exact test, as appropriate. A p-value < 0.05 was considered
statistically significant.

3. Results

3.1. Study Population

A total of 25 cases with simultaneous BC and NGS sampling were identified for
analysis. Demographic data and clinical variables are presented in Table 1. The median
(IQR) age was 70 years (56.5–76.5) and patients were predominantly male (16/25, 64%).
Patients with positive NGS results were older (75 vs. 59.5 years; p = 0.03) and a history
of cardiovascular disease was more common in these patients (77% vs. 33%; p = 0.03).
Other demographical or clinical variables were similar in cases with positive or negative
NGS results. The median (IQR) length of ICU stay was 20 days (11–33.5), and in-hospital
mortality was 64% (16/25). At the time of sampling, the median (IQR) SOFA score was
8 (6.5–10.5) with 52% of patients (13/25) requiring invasive mechanical ventilation and
88% of patients (22/25) depending on vasopressor support. Antimicrobial therapy was
administered in 56% of cases (13/25) and did not significantly affect NGS or BC positivity
rates (NGS p = 0.32, BC p = 0.67). All samples were collected ≥ 48 h after hospital admission.

Table 1. Demographic data and clinical variables at the time of sampling. Demographic and clinical
data showed no relevant differences regarding NGS positivity. Data are presented as the median
and interquartile range or as counts and percentages, as appropriate. CRP: C-reactive protein; ICU:
intensive care unit; IL-6: interleukin 6; NGS: next-generation sequencing; PCT: Procalcitonin; SOFA:
sequential organ failure assessment.

Variable Total (n = 25) NGS
p

Positive (n = 13) Negative (n = 12)

Age (years) 70.0 (56.5–76.5) 75.0 (70.0–78.5) 59.5 (49.5–71.5) 0.03
Male sex 16 (64) 8 (62) 8 (67) 1
Admission source
Emergency room 11 (44) 6 (46) 5 (42) 0.82
General hospital ward 7 (28) 4 (31) 4 (33) 0.67
Intermediate care unit 1 (4) - 1 (8) 0.48
Intensive care unit 6 (24) 3 (23) 2 (17) 0.65
ICU stay (days) 20.0 (11.0–33.5) 22.0 (11.0–44.5) 20.0 (11.3–29.0) 0.61
Mechanical ventilation (days) 13.0 (8.5–27.0) 18.0 (9.0–39.0) 12.0 (4.75–21.3) 0.34
In-hospital death 16 (64) 9 (69) 7 (58) 0.69
Comorbid conditions
Arterial hypertension 18 (72) 10 (77) 8 (67) 0.67
Cardiovascular disease 14 (56) 10 (77) 4 (33) 0.03
Pulmonary disease 4 (16) 3 (23) 1 (8) 0.59
Renal disease 3 (12) 2 (15) 1 (8) 1
Diabetes mellitus 5 (20) 3 (23) 2 (17) 1

Status at sampling
SOFA-Score 8.0 (6.5–10.5) 9.00 (6.0–11.5) 7.50 (6.3–8.0) 0.43
Ventilation
Oxygen support 8 (32) 2 (15) 6 (50) 0.10
Non-invasive ventilation 4 (16) 2 (15) 2 (17) 1
Invasive mechanical ventilation 13 (52) 9 (69) 4 (33) 0.07
Oxygenation (paO2/FiO2, mmHg) 144.0 (94.5–183) 144.0 (103–195) 144.0 (87.8–184) 0.74
Vasopressor therapy 22 (88) 12 (92) 10 (83) 0.59
Renal replacement therapy 8 (32) 6 (46) 2 (17) 0.20
Antimicrobial therapy 13 (52) 8 (62) 5 (42) 0.32
Laboratory values
Leucocytes (109/L) 12.4 (8.36–16.5) 12.2 (8.71–18.1) 12.48 (8.27–15.4) 1
Neutrophils (109/L) 8.13 (7.20–14.6) 8.13 (7.57–14.8) 9.430 (5.74–13.8) 0.74
Lymphocytes (109/L) 0.63 (0.46–1.33) 0.72 (0.48–1.60) 0.62 (0.42–1.09) 0.36
CRP (mg/L) 154 (82.2–219) 130 (66.9–203) 164 (120–252) 0.25
PCT (μg/L) 1.00 (0.40–3.60) 2.20 (0.45–5.45) 0.50 (0.23–1.38) 0.07
IL-6 (ng/L) 82.0 (35.0–686) 109 (35.0–686) 76.0 (34.0–869) 0.87
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3.2. NGS and BC Results

Results from 25 NGS tests and 61 sets of BC (minimum of two sets per case) from
25 COVID-19 ICU patients with suspected BSIs were assessed. At least one isolate was
detected by NGS or BC in 64% of cases (16/25) and the combination of NGS/BC found
31 microorganisms, including 22 bacteria, 1 fungus, and 8 viruses. An overview of all
detected isolates is presented in Table 2.

Table 2. Microorganisms detected by NGS, BC, and PCR. NGS detected 23 isolates (14 bacteria,
1 fungus, and 8 viruses) and provided positive results in 52% (13/25) of cases, whereas BC identified
eight bacteria in 28% (7/25) of cases. The most frequently detected bacteria were Enterococcus species
in NGS and coagulase-negative staphylococci in BC. Following the identification of viruses by NGS,
PCR confirmed four out of five viruses and detected two further isolates of HSV-1. † Coagulase-
negative staphylococci. BC: blood culture; HSV-1: herpes simplex virus type 1; NGS: next-generation
sequencing; PCR: polymerase chain reaction.

Microorganism NGS (n = 25) BC (n = 25)

Bacteria 14 8
Enterococcus faecium 4 1

Escherichia coli 2 1
Enterococcus raffinosus 1 -

Serratia marcescens 1 -
Klebsiella pneumoniae 1 -
Staphylococcus aureus 1 -

Helicobacter pylori 1 -
Bacteroides fragilis 1 -

Staphylococcus epidermidis † - 1
considered as contaminant
Staphylococcus epidermidis † - 3

Corynebacterium imitans 1 -
Xanthomonas campestris 1 -
Staphylococcus hominis † - 1
Staphylococcus capitis † - 1

Fungi 1 -
Candida parapsilosis 1 -

NGS (n = 25) PCR (n = 4)

Viruses 8 6
Epstein–Barr virus 4 2

Herpes simplex virus type 1 2 4
Cytomegalovirus 2 -

Accounting for all pathogens, NGS showed a statistically non-significant higher pos-
itivity rate than BC (NGS: 52%, 13/25 vs. BC: 28%, 7/25; p = 0.083). NGS identified
23 isolates in total (14 bacteria, 1 fungus, and 8 viruses), whereas BC only detected eight
bacterial species (p = 0.20).

Contamination of positive samples was less frequent in NGS (15%, 2/13) than in BC
(57%, 4/7; p = 0.12). Contaminants found in NGS were Xanthomonas campestris (n = 1) and
Corynebacterium imitans (n = 1), whereas contamination in BC was only caused by CNS
(n = 5). These isolates were excluded from the analysis.

The sensitivity for potentially relevant pathogens for NGS and BC combined was 48%
(12/25). A comparison of NGS and BC regarding potentially clinically relevant results
revealed that NGS provided significantly more positive results than BC (p = 0.01). NGS
returned positive results in 48% of cases (12/25) and identified 12 bacteria, 1 fungus, and
8 viruses. Three bacteria considered relevant were detected by BC in 12% of cases (3/25).
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3.3. Direct Comparison of NGS and BC

Excluding viruses from NGS results for a more direct comparison, positive results
were detected in 36% of cases (9/25) by NGS and in 12% of cases (3/12) by BC (p = 0.05).
Both methods returned positive results in three cases and agreed on two bacterial species
(Escherichia coli and Enterococcus faecium). In the remaining specimen, NGS and BC provided
inconsistent findings (NGS: Staphylococcus aureus, E. faecium, Serratia marcescens; BC: Staphy-
lococcus epidermidis). In nine cases with positive NGS results (seven bacteria, one fungus,
and seven viruses), BC analysis remained negative. In 13 cases, no clinically relevant
pathogen was found by either method.

3.4. Diagnostic Benefit of NGS

Compared to BC alone, additional NGS diagnostics provided further information in
44% of cases (11/25). NGS identified ten bacteria and one fungus that remained undetected
in simultaneously collected BC samples.

Even when including results from other routine microbiological tests, such as surgical
swabs, tracheal secretions, and urine, NGS identified four bacteria and one fungus, which
were not found in conventional diagnostics (E. faecium, n = 2; Bacteroides fragilis, n = 1;
Helicobacter pylori, n = 1; Candida parapsilosis, n = 1). NGS confirmed a systemic infection
in four cases by detecting six bacteria in the bloodstream, which were otherwise only
identified in samples taken directly from the septic focus (abdomen, n = 1, E. faecium,
Enterococcus. raffinosus; lung n = 3, E. coli, S. marcescens, S. aureus, Klebsiella pneumoniae).

Since routine screening for viraemia was not routinely performed, NGS revealed eight
viral isolates in seven specimens (EBV: n = 4; HSV-1: n = 2; CMV: n = 2), which would
otherwise have remained undetected.

3.5. Additional Viral Diagnostic

In four out of seven cases with positive viral NGS, additional PCR confirmed four
out of five viruses. EBV and HSV-1 were each confirmed in two out of two cases by PCR.
Additionally, HSV-1 was detected by PCR in two further samples, which were missed by
NGS. In one patient, positive HSV-1 NGS results led to the suspicion of herpes simplex
encephalitis, which was consequently excluded by PCR from cerebrospinal fluid after
lumbar puncture.

3.6. Antimicrobial Therapy

Results from additional NGS analysis affected therapy in 20% of all cases (5/25)
(Table 3, Figure 1). Identification of clinically relevant pathogens by NGS led to the
initiation of four antimicrobial therapies in three cases:

(1) Aciclovir was administered in two patients following positive NGS results for HSV-1,
with confirmation by PCR.

(2) Vancomycin treatment was started in two patients after the detection of E. faecium
by NGS.

Besides clinical factors, NGS further contributed to the continuation of empirical
antimicrobial therapy in three cases. Considering the lack of antimicrobial susceptibil-
ity testing, empirical antimicrobial treatment was assumed to be appropriate after NGS
provided the only identification of causative pathogens in blood samples. NGS did not
substantially contribute to the termination of therapy in any of these cases.
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Table 3. Contribution of NGS to the optimization of antimicrobial therapy. NGS results led to the
initiation of four targeted therapies in three cases. Aciclovir was administered in two cases after
HSV-1 was detected by NGS and confirmed by PCR. Vancomycin was started in two cases following
the detection of E. faecium by NGS. In three cases, following pathogen detection by NGS, ongoing
empiric therapy was considered appropriate and was continued accordingly. BAL: bronchoalveolar
lavage; BC: blood culture; EBV: Epstein–Barr virus; HSV-1: herpes simplex virus type 1; NGS:
next-generation sequencing; PCR: polymerase chain reaction.

ID Age/Sex
(Suspected)
Source of
Infection

Diagnostic Method Antimicrobial Therapy

NGS BC Other Empiric Contribution of NGS

N3 79/f Pulmonary
X.

campestris,
HSV-1

Negative Serum (PCR):
HSV-1 Meropenem Initiation of aciclovir

treatment

N8 70/m Pulmonary B. fragilis,
EBV Negative Serum (PCR):

EBV
Piperacillin/
tazobactam

Confirmation of empiric
therapy

N12 78/m Pulmonary
E. faecium,

HSV-1,
EBV

Negative Serum (PCR):
HSV-1 Meropenem Initiation of vancomycin

and aciclovir treatment

N19 31/m Unknown
S. aureus, S.
marcescens,
E. faecium

S.
epidermidis

BAL: S.
aureus Meropenem

Initiation of vancomycin
treatment, confirmation

of empiric therapy

N25 80/f Pulmonary
or wound

K.
pneumoniae Negative BAL: K.

pneumoniae Meropenem Confirmation of empiric
therapy

Figure 1. Diagnostic and therapeutic contribution of additional NGS considering BC positivity. BC
failed to detect relevant pathogens in 22 of 25 cases. In six of these cases, additional NGS led to
further diagnostic tests or contributed to the optimization of antimicrobial therapy. BC: blood culture;
BSI: bloodstream infection; NGS: next-generation sequencing.

4. Discussion

This retrospective study investigated the diagnostic performance and potential impact
on antimicrobial therapy of additional NGS pathogen diagnostics in COVID-19 ICU pa-
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tients. NGS was able to detect three times as many bacterial or fungal pathogens in blood
samples compared to BC alone (p = 0.05). Moreover, NGS detected a viral reactivation in
28% of patients, which would have remained undiscovered by standard diagnostic alone.
Based on these results, NGS directly led to the initiation of targeted antimicrobial therapy
in 12% of all cases and contributed to the continuation of appropriate therapy in 12% of
cases, considering the overall clinical context. NGS led to additional diagnostic procedures,
which potentially altered therapy.

In this study, bacterial BSIs were diagnosed by BC analysis in only 12% of cases despite
corresponding clinical symptoms. This may be due to the limitations faced by classical
culture-based methods: (1) low sensitivity, especially for slow-growing and fastidious
organisms, (2) interference due to prior antibiotic exposure, (3) contamination often led to
false positive results, and (4) long turnaround time, as standard culture methods typically
require 12–36 h for positive signaling and up to 72 h for accurate pathogen identification,
including antimicrobial susceptibility testing [13–15].

NGS analysis detected ten additional bacteria as well as one fungus compared to
BC in this study cohort. Furthermore, six bacteria were detected in the bloodstream,
which otherwise would have been regarded as localized infections (i.e., isolates were only
detected in routine non-blood samples). Previous studies reported a 1.5–5.2-fold increase
in sensitivity by NGS in patients with suspected sepsis compared to BC [13,17,18]. Our
results are in line with these previous studies and demonstrate a higher positivity rate of
NGS in the detection of bacteria or fungi compared to BC analysis, in COVID-19 patients
(36% vs. 12%, p = 0.05).

4.1. Confirmation of Positive BC Results by NGS

In only 3 of 25 cases were relevant pathogens detected by both BC and NGS. BC
confirmed NGS results in two cases, yet was unable to detect one clinically relevant
bacterium in one patient: S. epidermidis was isolated in two sets of BCs drawn from a
CVC in one patient, whereas NGS detected three different bacteria. These BC results were
considered catheter-related BSI according to clinical documentation and, consequently, the
CVC was removed, and ongoing antimicrobial treatment continued.

A putative lack of pathogens in NGS analysis might be explained by a technical
analysis algorithm. As described in a previous study, isolates might have been identified
by NGS but not reported due to a low read count and stringent threshold settings during
analysis [13]. Thus, low concentrations of pathogens prevent further analysis and might
lead to disagreement between the two methods [24]. Further research will be necessary to
address this question and possibly improve analysis algorithms.

4.2. Defining Antimicrobial Therapy Using NGS

This study examined the potential impact of NGS results on the choice of antimicrobial
treatment. In three cases, four antimicrobial therapies were initiated following positive
NGS results. In addition, NGS found pathogens in twelve cases, in which BC remained
negative. In three of those cases, empirical therapy was deemed appropriate, and no
adjustment seemed necessary. In some cases, the identification of additional pathogens
in the bloodstream might have even wider implications, as demonstrated in one case.
While conventional methods only found S. aureus in respiratory samples and BC remained
negative, NGS detected S. aureus DNA in the bloodstream. This could have warranted
a prolonged duration of antimicrobial therapy and further diagnostic procedures, such
as echocardiography to assess for endocarditis. Although this study was not designed
to demonstrate a significant benefit of NGS regarding therapy improvement, it can be
hypothesized that additional NGS diagnostics may lead to the optimization of antimicrobial
therapy in certain critically ill COVID-19 patients. However, given the high cost of NGS
compared to standard diagnostics and the still unclear overall limited therapeutic benefit,
the indication for the use of NGS should be carefully considered.
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4.3. Contamination

An unusually high rate of contamination by CNS in BC diagnostics was observed in
this study: CNS were detected in 16% of all specimens and in 57% of positive specimens,
which is significantly higher than the usual false-positivity rate reported in our annual
pathogen and resistance statistics. In two extensive reviews, performed before SARS-
CoV-2 emerged, the overall contamination rates of BC were notably lower and ranged
from only 0.6 to 12.5% [25,26]. During the pandemic, a general increase in contamination
rate in specimens from COVID-19 individuals was observed, presumably caused by a
high workload, newly trained staff, wearing full personal protective equipment, and time
pressures [27–30]. Since this study was conducted during the peak of the second and
third waves of the pandemic, these aspects may also have been major contributors to this
study. In contrast, no CNS were identified in any specimen by NGS. This circumstance may
reflect methodological differences. NGS analysis only targets cell-free DNA released by
degradation processes or immune system interaction. In cases of contamination, bacterial
cells remain mostly intact, avoiding DNA release, which consecutively leads to negative
NGS results. This clearly differs from the BC methodology, in which vital bacteria are
cultivated followed by positive signaling.

4.4. Value of NGS in the Diagnosis of Fungal Infections

Critically ill COVID-19 patients are at increased risk of developing secondary fungal
infections such as COVID-19-associated pulmonary aspergillosis and candidemia [31–36].
In this study, one isolate of C. parapsilosis was found only by NGS. However, the result
was not considered clinically relevant. According to current guidelines, the diagnosis of
candidemia could have warranted additional interventions, such as CVC removal and
ophthalmological examination [37]. However, recent studies reported inconsistent results
regarding the benefit of NGS in the detection of systemic fungal infections and larger
prospective studies will be needed to assess this question [13,17,18,24].

4.5. Value of NGS in the Diagnosis of Viral Infections

Reactivation of latent viruses is common in patients with sepsis and may be even more
frequent in patients with severe COVID-19 [38–43]. However, tests for viral infections in
clinical routines are lacking. In our study, the implementation of additional NGS analysis
led to the identification of 8 viruses in 25 patients, which would have been missed by
standard diagnostics. However, in the absence of a clinically apparent viral disease in most
cases, the clinical relevance and therapeutic implications of these results remain unclear.

In two patients, treatment with aciclovir was initiated following the identification of
HSV-1 by NGS. However, data regarding the prognostic implications of HSV reactivation
in patients with COVID-19 is inconclusive, while the only randomized controlled trial
on aciclovir treatment in non-COVID-19 patients found no benefit on morbidity or mor-
tality [31,39,40,44,45]. Whether viral reactivation of HSV or CMV in critically ill patients
reflects true viral disease (and, therefore, represents possible treatment strategies), or is
merely indicative of an immunocompromised state remains controversial and requires
further investigation.

4.6. Methodological Characteristics and Limitations of NGS

The relevance of the microorganisms detected by NGS often remains unclear. Clin-
ical experience and treatment recommendations are limited or lacking. Similar to other
molecular genetic detection methods, it is uncertain whether the detection of cfDNA cor-
responds to clinically relevant infection. The genomic material obtained could originate
from non-viable or commensal microorganisms and, therefore, might lead to false positive
results and mimic an active infection. Furthermore, molecular techniques, currently do
not allow for antimicrobial susceptibility testing [16]. In our institution, NGS currently
offers no advantage over culture-based diagnostics in terms of turn-around time for logistic
reasons. Improved workflows that might provide faster results in the future are currently
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under investigation [23]. Results of prospective studies showing a positive effect of NGS
on clinical outcomes and, thus, justifying the additional costs are still pending [22].

Identifying microorganisms of uncertain clinical relevance and lack of antimicrobial
susceptibility testing can result in antimicrobial overtreatment and prevent de-escalation
and rational use of antibiotics. These technical limitations demonstrate that NGS-based
analysis cannot be used as a substitute for cultural methods, but rather may be considered
as a complementary test in patients with severe COVID-19.

4.7. Limitations

This study suffers from numerous limitations, which are mainly attributable to the
retrospective study design and the limited cohort. As such, the study design was not
suitable to investigate the impact of additional NGS-based diagnostics on morbidity and
mortality. A very specific subgroup of patients with severe COVID-19 treated in the ICU
was examined, consequently, our results cannot be generalized to other patient groups.
The lack of routine screening for common viral infections impedes any direct comparison
of the two methods, while sample collection from different sites could lead to divergent
results between the methods. Significant differences in demographic variables, such as
age or pre-existing diseases, could constitute confounding factors and the small number of
individual pathogens precluded an analysis of the association between read count, outcome,
and clinical relevance. Despite a comprehensive review of clinical data and documentation,
important information may have been unavailable, potentially biasing the evaluation of
treatment decisions.

5. Conclusions

The results of our study suggest that NGS-based diagnostics might offer a higher
positivity rate than conventional culture-based methods and, therefore, may enable new
therapeutic approaches in critically ill COVID-19 patients. However, further experience
regarding the interpretation of the results is required and treatment decisions should be
carefully considered to avoid overtreatment. Larger, prospective studies will be necessary
to determine whether the identification of additional pathogens by NGS can improve the
outcome of critically ill ICU patients with severe COVID-19.
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Abstract: Background: High incidence of ventilator associated pneumonia (VAP) has been reported
in critically ill patients with COVID-19. Among these patients, we aimed to assess the incidence,
outcomes and risk factors of VAP recurrences. Methods: We conducted an observational retrospective
study in three French intensive care units (ICUs). Patients admitted for a documented COVID-19 from
March 2020 to May 2021 and requiring mechanical ventilation (MV) for ≥48 h were included. The
study main outcome was the incidence of VAP recurrences. Secondary outcomes were the duration
of MV, ICU and hospital length of stay and mortality according to VAP and recurrences. We also
assessed the factors associated with VAP recurrences. Results: During the study period, 398 patients
met the inclusion criteria. A total of 236 (59%) of them had at least one VAP episode during their
ICU stay and 109 (46%) of these patients developed at least one recurrence. The incidence of VAP
recurrence considering death and extubation as competing events was 29.6% (IC = [0.250–0.343]).
Seventy-eight percent of recurrences were due to the same bacteria (relapses). Patients with a VAP
recurrence had a longer duration of MV as compared with one VAP and no VAP patients (41 (25–56)
vs. 16 (8–30) and 10 (5–18) days; p < 0.001) and a longer ICU length of stay (46 (29–66) vs. 22 (12–36)
and 14 (9–25) days; p < 0.001). The 90-day mortality was higher in the recurrence group as compared
with the no VAP group only (31.2 vs. 21.0% (p = 0.021)). In a multivariate analysis including bacterial
co-infection at admission, the use of immunosuppressive therapies and the bacteria responsible for
the first VAP episode, the duration of MV was the only factor independently associated with VAP
recurrence. Conclusion: In COVID-19 associated respiratory failure, recurrences affected 46% of
patients with a first episode of VAP. VAP recurrences were mainly relapses and were associated with
a prolonged duration of MV and ICU length of stay but not with a higher mortality. MV duration
was the only factor associated with recurrences.

Keywords: COVID-19; ICU; ventilator-associated pneumonia; acute respiratory distress syndrome;
recurrence of VAP

1. Background

Patients admitted to the intensive care unit (ICU) because of severe forms of Coron-
avirus Disease 2019 (COVID-19) require invasive mechanical ventilation (MV) in up to 80%
of cases [1]. Unexpectedly high rates of ventilator associated pneumonia (VAP) have been
reported among these patients, reaching 50 to 80% according to the series [2,3]. Specific
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features of SARS-CoV-2 pneumonia seem to be involved as COVID-19 patients develop
more VAP than do Influenza patients, regardless the duration of MV [3]. Several mech-
anisms have been suggested to explain this increase in nosocomial bacterial pneumonia,
mainly the immune system impairment due to SARS-CoV-2 infection [4,5], the use of
corticosteroids [5–7], and the high incidence of ARDS with prolonged MV and recourse to
prone positioning [8,9].

Some series also pointed out the recurrence of several episodes of VAP in the same
patients [10,11]. Recurrence was most often due to the same pathogen (relapse), despite
a well conducted antibiotic treatment [10] and was associated with a poor prognosis.
However, these data were limited to patients under veno-veinous extracorporeal membrane
oxygenation (ECMO). No study specifically addressed the question of VAP recurrences
in patients with severe SARS-CoV-2 pneumonia despite the use of broad spectrum and
prolonged antibiotic treatments they are associated with [10–12].

We aimed to describe clinical and microbial characteristics of patients with a VAP
recurrence during COVID-19. Primary outcome was to determine the incidence of VAP
recurrences. Secondary outcomes were to describe their microbiological features, evaluate
their impact on the duration of MV, ICU and hospital length of stay and mortality and to
bring to light potential risk factors exposing to VAP recurrence.

2. Methods

2.1. Study Design and Population

We conducted an observational retrospective study in three ICUs from two university
hospitals in Southern France. From 1 March 2020 to 1 May 2021, all patients aged 18 or older,
admitted for acute respiratory failure related to a documented SARS-CoV-2 pneumonia
(from a nasopharyngeal or pulmonary sample RT-PCR) and requiring invasive MV for at
least 48 h were included. Patients for whom withholding of treatments was decided during
the first 48 h after ICU admission, aged under 18, deprived of liberty or without social
protection, refusing (patients or relatives) the use of medical data collected for routine care
were not included.

2.2. Definitions
VAP Diagnosis

VAP was diagnosed in patients having received MV for at least 48 h when the following
criteria were met [13,14]:

- New or progressive persistent infiltration on chest radiograph;
- At least two of the following: new onset of fever, purulent endotracheal aspirate,

leukocytosis or leucopenia, increased minute ventilation, arterial oxygenation decline,
need for increased vasopressor infusion to maintain blood pressure (for patients with
ARDS, for whom demonstration of radiologic deterioration is difficult, at least two of
the preceding criteria sufficed);

- A positive quantitative or qualitative culture from broncho-alveolar lavage (BAL),
protected distal sample (PDS) or endotracheal aspirate (ETA).

A positive bacterial culture on a respiratory sample without clinical sign of pneumonia
and without antibiotic treatment initiated was considered as a colonization.

2.3. Bacterial Co-Infection at ICU Admission

A bacterial co-infection was diagnosed when an invasive (BAL, PDS, ETA, blood
cultures) or non-invasive (sputum sample, multiplex PCR, Streptococcus pneumoniae or
Legionnella pneumophila antigenuria) sample was positive before ICU admission or within
the 48 h following it.

2.4. Relapse and Recurrence of VAP

Recurrence of VAP was defined as a new onset following a regression of clinical signs
(fever, expectorations, and vasopressor infusion), inflammatory biomarkers and infiltration
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on chest radiography after a complete adequate antibiotic treatment (at least one antibiotic
active against the documented bacteria). VAP recurrence was diagnosed on clinical signs
reappearance and at least one bacterial species growth at a significant concentration from
respiratory samples. Relapse was defined as a recurrence involving at least one of the initial
causative bacteria; otherwise, it was considered a superinfection.

2.5. Baseline Assessment and Data Collection

Data were collected from the patients’ electronic medical file. Demographic character-
istics, comorbidities, severity at ICU admission, date of SARS-CoV-2 RT-PCR positivity, date
of ICU admission, date of intubation and invasive MV, need for ECMO, antiviral treatment,
initial bacterial co-infection and antibiotics received at ICU admission, VAP with microbio-
logical documentation and recurrences, antibiotics received during the ICU stay, duration
of antibiotics treatment, duration of total invasive MV, ICU and hospital stay, status at day
28 (from the start of ICU hospitalization), day 90 (includes after hospital discharge), ICU
and hospital mortality were obtained. The use of immunomodulatory/immunosuppressive
(IS) therapies was also recorded:

Dexamethasone (at 6 or 12 mg per day) [15]
Methylprednisolone for persistent ARDS as described elsewhere [16]
Hydrocortisone (at 200 mg per day)
Interleukine-6 (Il-6) receptor antagonist (Tocilizumab) [17]
Interleukin-1(II-1) receptor antagonist (Anakinra) [18]
Janus Kinases (JAK) receptor antagonist (Ruxolitinib) [18]
The combination of several of them during the same ICU stay

2.6. Antibiotic Treatment

Empiric antibiotic therapy was started in case of VAP suspicion according to national
and international recommendations [19–22]. De-escalation was performed if possible as
soon as the results of microbiological investigations performed were available [21,23].

2.7. Management of Antibiotic Treatment

Antibiotic administration through prolonged infusions was used as it was part of
the routine care in each of the three ICUs. Empirical antibiotic treatment was considered
adequate when the patient received at least one antibiotic active against the responsible
pathogen [23].

Therapeutic drug monitoring was performed according to physicians’ decision.

2.8. Study Outcomes

The primary outcome was the incidence of VAP recurrences. The secondary outcomes
were the microbiological description of VAP recurrences, the percentage of antibiotic target
attainment (serum concentration above 4 times the minimal inhibitory concentration (MIC)
of documented bacteria), the evolution towards lung abscess, the impact of VAP and
recurrences on the duration of invasive MV, ICU and hospital length of stay and mortality
and the factors associated with VAP recurrences.

2.9. Statistical Analysis

Statistical analysis was performed using SPSS Version 20 (IBM SPSS Inc., Chicago,
IL, USA).

Continuous variables are expressed as mean ± standard deviation (SD) or as median
with interquartile range, and categorical variables are reported as count and percentages.
Comparisons between groups were performed using Student’s t-test or Mann–Whitney
U as appropriate. Comparisons of percentages were performed using Chi-square test or
(Fisher’s exact test, as appropriate).
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We performed a multivariate logistic regression analysis including non collinear
variables with p < 0.2 in univariate analysis to determine the influence of clinical parameters
on VAP recurrence.

Fine–Gray model was used to estimate the cumulative incidence of VAP recurrence
considering death and extubation as competing risks [24]. Analysis was performed using
the cuminc function from cmprsk r package.

We confirmed impact of variables on timing of VAP incidence by a COX model and
constructed Kaplan–Meier curves. Curves were compared with the Log Rank test.

The statistical significance was defined as p < 0.05.

3. Results

3.1. Patients’ Characteristics at ICU Admission

Study flow chart is presented in Figure 1. A total of 398 patients were included in
the final analysis. Table 1 shows the repartition of patients according to the occurrence
of VAP. During the ICU stay, 162 (40.7%) patients did not develop VAP (no VAP group),
127 (31.9%) had a single VAP episode (1 VAP group) and 109 (27.4%) had a recurrence
of VAP (2 or more episodes, recurrence group). A total of 236 (59%) patients had at least
one VAP and 109 (46%) of these patients developed at least one recurrence (65 patients
had 2 VAP and 44 patients had 3 VAP). The recurrence was diagnosed using BAL and
ETA in 44 and 65 cases, respectively. In the recurrence group, the median delay from first
to second VAP was 11.7 [5.0–17.0] days. Admissions were spread during the first three
waves of pandemics in France. A total of 264 (66.3%) patients received empirical antibiotics
at ICU admission without any difference between groups. An initial co-infection was
documented in only 44 (11.1%) patients and was more frequent in patients that presented a
VAP recurrence than in one VAP or no VAP groups (17.4% vs. 10.2% and 7.4% respectively;
p = 0.035). In the recurrence group, V/V ECMO was more frequently used than in the one
VAP and no VAP patients (34.9% vs. 14.2% and 13.6%; p < 0.001).

ECMO: extracorporeal membrane oxygenation; ICU: intensive care unit; IQR: in-
terquartile range; IMV: invasive mechanical ventilation; SAPS II: simplified acute physi-
ologic Score II; SD: standard deviation; SOFA: sequential organ failure assessment; VAP:
ventilator-associated pneumonia.

Figure 1. Study flow chart. ICU: intensive care unit; MV: mechanical ventilation; VAP: ventilator-
associated pneumonia.
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Table 1. Patients’ main characteristics at ICU admission according to the occurrence of VAP.

TOTAL
(n = 398)

0 VAP
(n = 162)

1 VAP
(n = 127)

>1 VAP
(n = 109)

p

Age, years ± SD 65 ± 12 63 ± 12 66 ± 12 66 ± 10 0.445
Male, n (%) 287 (72.1) 112 (69.1) 93 (73.2) 82 (75.2) 0.517

SAPS II, mean ± SD 40 (31–51) 40 (31–45) 40 (33–48) 42(34–51) 0.369
SOFA, mean ± SD 5 (3–8) 5 (3–7) 5 (3–8) 6 (4–8) 0.479

COMORBIDITIES, n (%)
Chronic Heart Failure 71 (17.8) 28 (17.3) 27 (21.3) 16 (14.7) 0.408

Chronic respiratory failure 48 (12.1) 20 (12.3) 16 (12.6) 12 (11) 0.923
Chronic kidney failure 29 (7.3) 9 (5.6) 12 (9.4) 8 (7.3) 0.450

Hypertension 193 (48.5) 80 (49.4) 58 (45.7) 55 (50.5) 0.731
Diabetes mellitus 140 (35.2) 51 (31.5) 45 (35.4) 44 (40.4) 0.323

Smoker 93 (23.4) 45 (27.8) 22 (17.3) 26 (23.9) 0.114
Obesity 161 (40.5) 72 (44.4) 43 (33.9) 46 (42.2) 0.174

History of neoplasm 42 (10.6) 15 (9.3) 15 (11.8) 12 (11) 0.766
Immunosuppression 39 (9.8) 15 (9.3) 11 (8.7) 13 (11.9) 0.671

Admission periods, n (%)
First wave 67 (16.8) 27 (16.7) 23 (18.1) 17 (15.6) 0.874

Second wave 144 (36.1) 53 (32.7) 48 (37.8) 43 (39.4) 0.474
Third wave 187 (47.0) 82 (50.6) 56 (44.0) 49 (45.0) 0.480

Time from hospital to ICU admission,
days, median (IQR) 3 (0–3) 3.2 (0–4) 1.7 (0–2) 2.9 (0–3) 0.68

IMV, n (%) 76 (19.1) 29 (17.9) 27 (21.3) 20 (18.3) 0.93
ECMO, n (%) 78 (19.6) 22 (13.6) 18 (14.2) 38 (34.9) <0.001

Antiviral agent a, n (%) 134 (33.7) 43 (26.5) 46 (36.2) 45 (41.3) 0.032
Antibiotic treatment, n (%) 264 (66.3) 114 (70.4) 80 (63) 70 (64.2) 0.21

Documented co-infection, n (%) 44 (11.1) 12 (7.4) 13 (10.2) 19 (17.4) 0.035

Data are presented as median and interquartile range or absolute value and percentage. p values in bold were
considered statistically significant. a remdesivir, lopinavir or ritonavir.

3.2. VAP and Recurrence Incidence

Figure 2 shows the cumulative incidence of VAP recurrence, considering death and
duration of MV (extubation) as competing events. The incidence of VAP recurrence was
29.6% (IC = [0.250–0.343]).

Figure 2. Estimated cumulative incidence of ventilator-associated pneumonia (VAP) recurrence
considering death and extubation as competing events. VAP: ventilator-associated pneumonia.
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3.3. Use of Immunosuppressive Therapies during the ICU Stays

Table 2 shows the use of IS therapies in each group. Patients in the recurrence group
were more often treated with methylprednisolone for persistent ARDS and received more
frequently a combination of two IS as compared with 1 VAP group and no VAP group
(p < 0.01).

Table 2. Immunomodulator/immunosuppressive (IS) therapies received during the ICU stay.

TOTAL
(n = 398)

0 VAP
(n = 162)

1 VAP
(n = 127)

>1 VAP
(n = 109)

IS therapy, n (%) 338 (84.9) 129 (79.6) a 108 (85) 101 (92.7) b

Dexamethasone, n (%) 324 (81.4) 129 (79.6) 103 (81.1) 92 (84.4)
Methylprednisolone, n (%) 104 (26.1) 25 (15.4) a 26 (20.5) a 53 (48.6) b,c

IL-1 receptor antagonist, n (%) 15 (3.8) 4 (2.5) 4 (3.1) 7 (6.4)
JAK receptor antagonist, n (%) 19 (4.8) 4 (2.5) 8 (6.3) 7 (6.4)

IL-6 receptor antagonist, n (%) c 75 (18.8) 12 (7.4) a,c 31 (24.4) b 32 (29.4) b

Combination of 2 IS, n (%) d 193 (48.5) 51 (31.5) a,c 63 (49.6) a,b 79 (72.5) b,c

Values in bold were considered statistically significant. Data are presented as absolute value and percentage. ICU:
intensive care unit; IL-1: interleukine 1; IL-6: interleukine 6; IS: immunosuppressive; JAK: janus kinase; VAP:
ventilator-associated pneumonia. a p < 0.01 vs. >1 VAP. b p < 0.01 vs. 0 VAP. c p < 0.01 vs. 1 VAP.

3.4. Microbiological and Pharmacological Results

Table 3 depicts the micro-organisms responsible of VAP. Gram-negative bacteria
(55.9%), especially Enterobacteriaceae, were predominant during the first VAP episode.
Non-fermenting Gram-negative bacteria (Pseudomonas aeruginosa and Stenotrophomonas mal-
tophilia) were majority during recurrences (54.2% of gram-negative bacilli). Gram-positive
pathogens (25.7%) were mainly methicillin-susceptible Staphylococcus aureus (MSSA) and
Enterococcus spp.

Table 3. Micro-organisms responsible for VAP (1st episode and recurrences).

1st VAP
(n = 338)

2nd VAP
(n = 165)

3rd VAP
(n = 69)

Gram-negative bacilli, n (%) 189 (55.9) 101 (61.2) 48 (69.6)

Enterobacteriaceae 139 60 22

Non-fermenting GNB 50 41 26

Gram-positive cocci, n (%) 87 (25.7) 31 (18.8) 8 (11.6)

MSSA 50 21 5

MRSA 6 3 1

Enterococcus spp. 14 6 2

Streptococcus spp. 17 1 0

Polymicrobial, n (%) 62 (18.3) 33 (20.0) 13 (18.9)

Antibiotic-multiresistant bacteria, n 11 (3.2) 14 (8.5) 14 (20.0)

ESBLE-producing Enterobacteriaceae 8 11 10

Carbapenem-resistant enterobacteriaceae 1 2 1

Multi-drug resistant Pseudomonas 2 1 3
n refers to the number of VAP episodes. Data are presented as absolute value and percentage of micro-organisms.
ESBLE: extended spectrum beta-lactamase; GNB: gram negative bacilli; MRSA methicillin-resistant Staphylococcus
aureus, MSSA methicillin-sensitive Staphylococcus aureus; VAP: ventilator-associated pneumonia

Seventy-eight percent of recurrences were relapses—i.e., involved the same bacteria—
despite appropriate treatment of the preceding VAP.
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Therapeutic drug monitoring was performed in 69 (54%) of 127 patients during first
VAP episode. Serum antibiotic concentrations reached therapeutic range according to
MIC90 in 50 (72.5%) patients. Noteworthy, the patients with VAP recurrence developed
more frequently lung abscesses, as compared with those with one VAP episode (16 (14.7%)
vs. 8 (6.2%); p < 0.001).

Multi-drug resistant is defined as non-susceptibility to ≥1 drug in ≥3 antimicrobial
categories.

3.5. Clinical Outcomes

Table 4 shows the clinical outcomes of patients according to the occurrence of VAP
and recurrence. A total of 19 patients were lost to follow-up. The recurrence group had
increased duration of invasive MV (41 (25–56) vs. 16 (8–30) and 10 (5–18) days; p < 0.001)
and ICU stay duration as compared with one VAP and no VAP groups (46 (29–66) vs. 22
(12–36) and 14 (9–25) days; p < 0.001). The 90-day mortality was higher in the recurrence
group as compared with the no VAP group, 31.2 vs. 21.0% (p = 0.021). There was no
mortality difference between the recurrence group and the 1 VAP group (p = 0.41).

Table 4. Clinical outcomes according to the occurrence of VAP and recurrence.

TOTAL
(n = 398)

0 VAP
(n = 162)

1 VAP
(n = 127)

>1 VAP
(n = 109)

p

OUTCOMES, days, median (IQR)
Duration of mechanical ventilation 17 (8–36) 10 (5–18) 16 (8–30) 41 (25–56) <0.001

VFD at D28 9 (0–19) 17 (8–22) 11 (0–19) 0 (0–1) <0.001
VFD at D60 41 (21–51) 48 (40–54) 42.5 (28–51) 17 (0–33) <0.001

ICU length of stay 23 (12–42) 14 (9–25) 22 (12–36) 46 (29–66) <0.001
Hospital length of stay 29 (18–49) 22 (14–36) 29 (17–44) 53 (32–75) <0.001

MORTALITY OUTCOMES, n (%)
ICU mortality 111 (27.9) 32 (19.8) 43 (33.9) 36 (33.0) 0.011
D28 mortality 69 (17.3) 30 (18.5) 30 (23.6) 9 (8.3) 0.006
D90 mortality 114 (28.6) 34 (21.0) 46 (36.2) 34 (31.2) 0.021

p values in bold were considered statistically significant. Data are presented as median and interquartile range
or absolute value and percentage ICU: intensive care unit; IQR: interquartile range; VAP: ventilator-associated
pneumonia; VFD: ventilator free days.

The predicted probability of death at day 90 was 33.9% (IC [26%; 44.2%]) for a patient
with no VAP, 33.5% (IC [25.6%; 43.9%]) with one VAP episode and 47.8% (IC [21.9%; 100%])
for a patient with a VAP recurrence.

3.6. Factors Associated with VAP Recurrences

Factors associated with VAP recurrence were evaluated among patients with at least
one VAP episode (one VAP and recurrence groups, n = 236). Age, SAPS2 score, SOFA score
at ICU admission, obesity, bacterial co-infection at ICU admission, IS therapy, antibiotic
target attainment, type of bacteria responsible for the first VAP, and duration of invasive
MV prior the first VAP were included in the univariate analysis. Variables that reached
p values of less than 0.20 in univariate analysis were included in the multivariate analysis
(Table 5).

The duration of MV was the only variable independently associated with VAP re-
currence. The specific role of IS therapies on the timing of second VAP occurrence was
assessed using a Cox regression model. We used univariate Cox model testing: (a) all IS
therapies, (b) only steroidal IS or (c) only non-steroidal IS on delay of VAP relapse. The
use of steroidal IS (i.e., dexamethasone or hydrocortisone or methylprednisolone) delayed
the second VAP by a mean of 5 days (20.0 [17.7–22.2] vs. 14.7 [12.6–16.7] days; p = 0.002)
(Figure 3a). Non-steroidal IS treatment shortened the delay of second VAP occurrence by a
mean of 5 days (15.1 [12.6–17.7] vs. 20.0 [17.8–22.2] days; p = 0.006) (Figure 3b).
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Table 5. Factors associated with VAP recurrence in univariate and multivariate analysis.

Univariate Analysis Multivariate Analysis

1 VAP
(n = 127)

Recurrence
(n = 109)

p Odds Ratio 95% CI p

Variable

Age, y 63 ± 12 64 ± 10 0.54

SAPS 2 40 (33–48) 42 (34–51) 0.13 1 0.98–1.03 0.62

SOFA a 5 (3–8) 6 (4–8) 0.20

Obesity, n (%) 43 (34) 46 (42) 0.22

IS treatment (at least one), n (%) 106 (83) 101 (93) 0.06 0.5 0.18–1.39 0.19

Steroidal IS, n (%) 42 (33) 74 (68) <0.001 0.75 0.37–1.52 0.43

Non steroidal IS, n (%) 39 (31) 39 (36) 0.46

Association of 2 IS, n (%) 62 (49) 79 (73) <0.001 0.66 0.34–1.27 0.21

Bacterial co-infection at ICU
admission, n (%) 12 (9) 19 (17) 0.08 0.64 0.26–1.56 0.32

Antibiotic target attainment b 20 (69) 30 (75) 0.07 0.94 0.43–2.09 0.89

Duration of MV 16 (8–30) 41 (25–56) <0.001 1.06 1.04–1.08 <0.001

First VAP documentation

Gram positive Cocci 51 42 0.72

Enterobacteriaceae 60 61 0.22

Non-fermenting negative Gram Bacilli 24 23 0.72

p values in bold were considered statistically significant. Quantitative variable are presented as mean ± standard
deviation or median and interquartile range. a On the day of ICU admission. b n = 29 for 1 VAP group and n = 40 for
recurrence group. CI: confidence interval; ICU: intensive care unit; IS: immunosuppressive/immunomodulatory;
MV: mechanical ventilation; SAPS2: Simplified Acute Physiology Score 2.

Concerning the produced product of the time (delay of VAP relapse) by the covariable,
p value was, respectively, 0.276 for all IS, 0.923 for steroidal IS and 0.220 for non-steroidal
IS, indicating for all models no gross violation of proportional hazard of Cox model.

(a) 

Figure 3. Cont.
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(b) 

Figure 3. (a): Cumulated survival probability before 2nd VAP occurrence according to the use
of steroidal IS treatment (subjects were censored at the time of VAP recurrence). (b): Cumulated
survival probability before 2nd VAP occurrence according to the use of non-steroidal IS treatment
(subjects were censored at the time of VAP recurrence). IS: immunosuppressive; VAP: ventilator-
associated pneumonia.

4. Discussion

In this cohort specifically addressing the question of VAP recurrences during COVID-
19 pneumonia, more than half of the patients developed at least one VAP episode and
46% of these patients had at least one recurrence. The incidence of VAP recurrence con-
sidering death and extubation as competing events was 29.6%. Enterobacteriaceae and
non-fermenting Gram-negative bacteria were mainly involved and 78% of VAP recur-
rences were relapses. Recurrences were associated with longer duration of MV and ICU
length of stay, although 90-day mortality was not affected. The duration of MV was the
only factor independently associated with recurrences, even after considering the use of
immunosuppressive therapies.

The high rate of VAP described in our series is in line with a recent review showing
that in COVID-19 patients, VAP incidence ranged from 21 to 85% [12]. In a large European
cohort, Rouzé et al. [3] reported a 51% incidence, significantly higher than in Influenza
patients. As a comparison, a 29% rate of VAP in non-COVID-19 ARDS patients was
described [21]. Few data are available on VAP recurrences, with rates ranging from 8 to
25% [3,25–28] in studies not designed to explore specifically this endpoint. In a highly
selected population of patients under V/V ECMO, Luyt et al. reported up to 59% of
recurrences [10].

We found that prolonged invasive MV was the only factor independently associated
with the risk of VAP recurrence. Although it is difficult to characterize the causal rela-
tionship between VAP and MV duration, several studies showed that COVID-19 patients
have an increased risk of VAP, independently of the duration of MV [3,10,28]. We assessed
here the role of immunosuppressive treatments. Previous studies suggested that dexam-
ethasone alone was not associated with an increased risk of VAP [2]. In our cohort, the
association of two IS therapies was used in 48.5% of patients, mainly a combination of
dexamethasone and tocilizumab and/or methylprednisolone for persistent ARDS. How-
ever, neither the treatment with one nor the combination of several IS were independently
associated with an increased VAP recurrence risk. This is of particular interest considering
that dexamethasone was a part of standard of care and tocilizumab was largely used in
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ICU patients [6,15,17,29]. Noteworthy, the use of non-steroidal IS therapies was associ-
ated with an earlier development of VAP recurrence. IL-6 antagonists cause a transient
but long-lasting immunosuppressive state, which may favor the occurrence of bacterial
superinfections, such as VAP. Conversely, the use of steroids was associated with a delayed
recurrence of VAP.

As described in the series from Luyt et al. [10], we found that 78% of recurrences were
relapses, mainly involving Enterobacteriaceae. This result questions the efficacy of first VAP
antibiotic treatment. However, when therapeutic drug monitoring was performed, target
attainment was reached in 72.5% of patients. It has been suggested that pulmonary vascular
endothelial inflammation and subsequent thrombosis might make the lung parenchyma
a favorable substrate for bacterial growth and prevent antimicrobial penetration [30,31].
Altogether, our findings highlight the need for secondary infection monitoring, [25–27].
The high rate of relapses in our patients also questions about the best duration of antibiotic
treatment in COVID-19 patients with bacterial co-infection. This seems a critical issue
since we observed an unexpected high number of lung abscesses (14.7%) in the recurrence
group, also reported in a previous cohort [32]. In our series, all patients with a first VAP
were treated for 7 consecutive days, as recommended [33–36]. The so-called COVID-19
related “immunoparalysis” [37] could also explain the high rate of relapses. Decreased
mHLA-DR expression is associated with the development of severe respiratory failure, and
presumably may contribute to pronounced susceptibility to bacterial superinfections [34].

VAP recurrence was associated with a prolonged invasive MV duration and ICU
length of stay although it did not affect 90-day mortality. Previous studies have shown that
VAP during COVID-19 ARDS were associated with a higher mortality [38,39]. As it has
been proposed in non-COVID-19 patients, VAP seems associated with prolonged duration
of invasive MV and prolonged ICU stay, whereas mortality is mainly driven by patients’
underlying conditions and illness severity [8].

Our study has several limitations. First, the retrospective design with inherently
associated bias. Second, the low rate of patients with serum antibiotic concentration
monitoring prevents determining the effect of under-dosing in relapses. Finally, the strong
association between patient’s severity, duration of MV and the use of immunosuppressive
treatments hardens to strongly conclude about VAP recurrence risk factors. In our analysis,
the weight of invasive MV duration over-rode other variables. In particular, the role of
immunosuppressive therapies deserves to be more deeply explored.

5. Conclusions

In this series, we found that nearly half of patients under invasive MV for COVID-19
pneumonia with a first VAP episode developed recurrences, which were relapses in most
cases. Patients with a VAP recurrence had a longer duration of invasive MV and ICU
length of stay but not a higher mortality. MV duration was the only factor associated with
VAP recurrences.
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Abstract: Background: The COVID-19 pandemic had a relevant impact on the organization of
intensive care units (ICU) and may have reduced the overall compliance with healthcare-associated
infections (HAIs) prevention programs. Invasively ventilated patients are at high risk of ICU-
associated infection, but there is little evidence regarding the impact of the pandemic on their
occurrence in non-COVID-19 patients. Moreover, little is known of antibiotic prescription trends
in the ICU during the first wave of the pandemic. The purpose of this investigation is to assess the
incidence, characteristics, and risk factors for ICU-associated HAIs in a population of invasively
ventilated patients affected by non-COVID-19 acute respiratory failure (ARF) admitted to the ICU
in the first wave of the COVID-19 pandemic, and to evaluate the ICU antimicrobial prescription
strategies. Moreover, we compared HAIs and antibiotic use to a cohort of ARF patients admitted
to the ICU the year before the pandemic during the same period. Methods: this is a retrospective,
single-centered cohort study conducted at S. Anna University Hospital (Ferrara, Italy). We enrolled
patients admitted to the ICU for acute respiratory failure requiring invasive mechanical ventilation
(MV) between February and April 2020 (intra-pandemic group, IP) and February and April 2019
(before the pandemic group, PP). We excluded patients admitted to the ICU for COVID-19 pneumonia.
We recorded patients’ baseline characteristics, ICU-associated procedures and devices. Moreover,
we evaluated antimicrobial therapy and classified it as prophylactic, empirical or target therapy,
according to the evidence of infection at the time of prescription and to the presence of a positive
culture sample. We compared the results of the two groups (PP and IP) to assess differences between
the two years. Results: One hundred and twenty-eight patients were screened for inclusion and
83 patients were analyzed, 45 and 38 in the PP and I group, respectively. We found a comparable
incidence of HAIs (62.2% vs. 65.8%, p = 0.74) and multidrug-resistant (MDR) isolations (44.4% vs.
36.8% p= 0.48) in the two groups. The year of ICU admission was not independently associated
with an increased risk of developing HAIs (OR = 0.35, 95% CI 0.16–1.92, p = 0.55). The approach
to antimicrobial therapy was characterized by a significant reduction in total antimicrobial use
(21.4 ± 18.7 vs. 11.6 ± 9.4 days, p = 0.003), especially of target therapy, in the IP group. Conclusions:
ICU admission for non-COVID-19 ARF during the first wave of the SARS-CoV-2 pandemic was
not associated with an increased risk of ICU-associated HAIs. Nevertheless, ICU prescription of
antimicrobial therapy changed and significantly decreased during the pandemic.

Keywords: healthcare-associated infections; multidrug resistance; COVID-19; acute respiratory
failure; mechanical ventilation; antimicrobial therapy; SARS-CoV-2 pandemic1
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1. Introduction

Healthcare-associated infections (HAIs) and HAIs-related septic shock are the leading
causes of death in noncardiac intensive care units (ICUs) and, despite advances in modern
intensive care, their incidence is still rising [1]. Several factors are associated with the
increase in HAIs, such as patients’ comorbidities, increased use of invasive devices, long-
lasting antibiotic therapies and frequent contact with healthcare personnel caring for
multiple patients [2–4].

The SARS-CoV-2 pandemic outbreak had an enormous impact on worldwide health,
causing over 533 million confirmed cases and over 6.3 million deaths worldwide by 12 June
2022 (according to the WHO Coronavirus disease situation report). Up to 25% of infected
patients were admitted to an ICU, 80% of them requiring invasive mechanical ventilation
(MV) [5,6]. The magnitude of the coronavirus disease 2019 (COVID-19) pandemic required
the reorganization of healthcare facilities, concerning both the increase of ICUs beds and
the improvement in human and material resources. These “new” ICUs were characterized
by the extensive use of personal protective equipment (PPE), increased workload and by
the presence of healthcare professionals deployed from other areas [7]. All these reasons
may have reduced the overall compliance with HAI prevention programs, independently
of COVID-19 infection [8,9].

Although the incidence of HAIs in the COVID-19 population has been extensively
studied [10–15], the indirect effect of the pandemic on the occurrence of HAIs in non-
COVID-19 acute respiratory failure patients is still unknown. An association between
hospitalization during the pandemic and HAIs was found in patients admitted to the
neurology ward and stroke units [16], but the impact of the pandemic on HAIs in ICU
non-COVID-19 ARF patients remains unknown.

Moreover, despite few data demonstrating an overall reduction in antibiotic use in
outreach patients, little is known regarding the ICU antimicrobial prescription trends
during the first wave of the COVID-19 pandemic.

We therefore hypothesized that the pandemic could have had indirect effects on ICU
antimicrobial prescription trends and on the incidence and characteristics of ICU-associated
HAIs, especially in the first wave of the pandemic.

To test this hypothesis, we assessed the incidence, characteristics and risk factors for
HAIs and the ICU antimicrobial management of patients admitted to the ICU for non-
COVID-19 acute respiratory failure requiring invasive mechanical ventilation during the
first wave of the COVID-19 pandemic (February–April 2020). Furthermore, we compared
this group to patients admitted to the same ICU during the same period in the year before
the pandemic (February–April 2019).

2. Materials and Methods

2.1. Study Population and Protocol

This is a retrospective, single-center, observational cohort study of patients admitted
to the ICU of the S. Anna University Hospital (Ferrara, Italy) over a period of 3 months
(February, March and April) of two consecutive years, before (2019) and during the first
wave (2020) of the COVID-19 pandemic. The first wave of the pandemic was defined as
the time from the first detected case (31 January 2020) to the start of reopening after the
national lockdown (26 April 2020). The study was approved by the institutional ethics
board of Area Vasta Emilia Centrale, site in IRCCS Azienda Ospedaliera—Universitaria
di Bologna, Policlinico S. Orsola-Malpighi (Protocol number 235/2022/Oss/AOUFe), and
informed consent was collected or waived if collection was not possible according to the
local regulations.

2.2. Inclusions and Exclusions Criteria

All consecutive patients admitted to the ICU during the study period were screened
for inclusion. The inclusion criteria were: age 18–90 years; invasive mechanical ventilation;
ICU admission for acute respiratory failure requiring invasive mechanical ventilation;
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and availability of a digital clinical record with detailed information on therapy and
devices used during ICU stay. Exclusion criteria were: incomplete or incorrect records;
unavailability of cultural samples data during ICU stay; presence of positive cultural
isolations on admission and ICU admission for COVID-19-related acute respiratory failure.

2.3. Study Protocol and Definitions

For all patients admitted to the ICU and meeting inclusion criteria, data about demo-
graphics (i.e., age, sex, height, weight), comorbidities, ICU entrance diagnosis, medication
before ICU admission, the Simplified Acute Physiology Score (SAPS) II, which is an index
of disease severity [17], and duration of hospital stay before ICU admission were collected.

We collected data on ventilatory features (duration of invasive and non-invasive
ventilation, oxygen therapy, tracheostomy and eventually prone positioning), invasive
device features (central venous line, midline and arterial line), and presence and duration of
laparostomy. Ventilatory free days (VFDs) were calculated as previously described [18]. As
concerns antimicrobial therapy, we defined it as prophylactic, empiric or target according
to the evidence of infection when the antimicrobial treatment was started. Specifically,
we defined as (1) prophylactic any antimicrobial therapy prescribed in the absence of any
sign and symptom of infection (e.g., fever, leukocytosis, increase of PCR/procalcitonin);
as (2) empiric any therapy initiated without any positive cultural isolation in presence of
signs and/or symptoms of infection; and as (3) target any therapy started after positive
cultural isolation.

We also defined days on antimicrobial therapy as the number of days on antimicrobial
treatment, independently of how many drugs were prescribed at the same time. Total an-
timicrobial use was defined as the cumulative sum of days on therapy for all antimicrobials
during ICU stay, as previously defined by Campbell et al. [19]. Outcomes regarding length
of ICU stay, mortality, microbiologic isolations (bloodstream, respiratory tract and urinary
tract cultures) and multidrug resistance were also collected.

We defined HAIs as infections acquired at least 48 h after ICU admission. Bloodstream,
respiratory tract and urinary tract microbial identification, antimicrobial susceptibility,
multidrug resistance and MIC interpretation were defined as previously described by
Cultrera et al. [10]. The isolations referring to blood, respiratory and urine cultures were
requested by the attending physicians for patients with suspected secondary infections
because of clinical and/or respiratory deterioration associated with suggestive laboratory
or radiological findings.

2.4. Statistical Analyses

Categorical variables are reported as frequency, while continuous variables as
mean ± standard deviation or median [interquartile range], according to data distri-
bution (normal/not normal). Considering the absence of evidence regarding HAIs in
non-COVID-19 patients during the first wave of the COVID-19 pandemic, we could not
calculate a priori the sample size and therefore aimed to enroll the higher number of pa-
tients admitted to the ICU during the study period. Patients were assigned to one of the
groups (PP and IP) based on the year of ICU admission.

Bivariate comparisons regarding nominal data were conducted using Pearson’s chi-
square test. The Shapiro–Wilk test was used to verify continuous variables distribution.
Student’s t-test and Mann–Whitney U test were used to compare the two samples (depend-
ing on normality distribution). Logistic regression technique was performed to evaluate
risk factors associated with HAIs, and the outcome was defined as presence/absence of
HAIs during ICU stay. The predictors inserted in the regression model were: the year of
admission, positive history of Diabetes Mellitus, Chronic Kidney Disease (CKD), smok-
ing, obesity (defined as BMI > 30), ICU length of stay, duration of invasive mechanical
ventilation and duration of steroid therapy.

A linear multiple regression was used to test the association of SAPS II, presence of
heart diseases, lung diseases, DM, CKD, year of ICU admission, duration of ICU stay, dura-
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tion IMV and admission to the ICU after surgery with total antimicrobial use. Significance
was set at p < 0.05. Statistical Analysis was performed using SPSS 24 (IBM Corp. Released
2016. IBM SPSS Statistics for Windows, Version 24.0. IBM Corp, Armonk, NY, USA) and
GraphPad Prism version 8.0.0 for Windows (GraphPad Software, San Diego, CA, USA,
www.graphpad.com, accessed on 1 June 2022).

3. Results

3.1. Baseline Population Characteristics

Figure 1 describes the patient selection process. Two-hundred and eleven patients were
admitted to the ICU during the study period and screened for inclusion. After evaluating
for inclusion and exclusion criteria, a total of 83 patients were included in the study. Their
main clinical characteristics are described in Table 1.

Table 1. Baseline characteristics at ICU admission, comorbidities, and entrance diagnosis.

Parameter PP, n = 45 IP, n = 38 p Value

Age (years) 71.4 ± 14.1 70.16 ± 10.5 0.66
Females (number) 18 (40%) 18 (47.4%) 0.50

Weight (kg) 75.7 ± 20.1 79.8 ± 16.1 0.32
Height (cm) 168.6 ± 10 168.5 ± 7.3 0.98

BMI (kg/m2) 26.5 ± 5.5 28.1 ± 5.7 0.19
Hypertension (yes) 32 (71.1%) 28 (73.7%) 0.79
Heart Disease (yes) 25 (55.6%) 13 (34.2%) 0.052
Pneumopathy (yes) 13 (28.9%) 9 (23.7%) 0.59

CKD (yes) 13 (28.9%) 3 (7.9%) 0.016
DM (yes) 10 (22.2%) 11 (28.9%) 0.48

Immunosuppression (yes) 7 (15.6%) 5 (13.2%) 0.76
SAPS II 47 ± 17.7 48.1 ± 16.5 0.77

Hospital stay before ICU (days) 4.1 ± 7 6.8 ± 26.3 0.52
Smoke 0.89

Current smokers 8 (22.2%) 7 (18.4%)
Former smokers 9 (25%) 11 (28.9%)

Reasons for ICU amission 0.35
Acute respiratory failure after surgery 25 (55.6%) 19 (50%)

Septic Shock 4 (8.9%) 10 (26.3%)
Pneumopathy 8 (17.8%) 3 (7.9%)
Neuropathy 4 (8.9%) 2 (5.3%)

Trauma 2 (4.4%) 2 (5.3%)
Heart Disease 1 (2.2%) 1 (2.6%)

Metabolic Disease 1 (2.2%) 0 (0%)
Other 0 (0%) 1 (2.6%)

Data are expressed as Mean ± SMean SD or Number (%), according to the data. PP, pre-pandemic; IP, intra-
pandemic; BMI, Body mass index; CKD, chronic kidney disease; DM, diabetes mellitus; SAPS II, Simplified Acute
Physiology Score II. Italic for categories.

When comparing the PP and the IP groups, the mean age of the two groups was
comparable (Table 1). No significant differences were observed either in anthropometric
parameters or comorbidities, with the sole exception of chronic kidney disease (p = 0.016).
No significant differences were seen in the ICU entrance diagnosis (p = 0.35) and in the
duration of hospital stay before ICU (p = 0.52, Table 1).

3.2. Clinical Features

The clinical characteristics during the ICU stay are resumed in Table 2. ICU length
of stay (p = 0.92), ICU mortality (p = 0.68), the duration of invasive ventilation (p = 0.41),
VFDs (p = 0.12) and the number of patients undergoing non-invasive ventilation, oxygen
therapy, tracheostomy and pronation were not different between the two groups.
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Figure 1. Flow diagram of patient selection process.

Table 2. Clinical features (outcomes, therapies, ventilatory, catheter and others) during ICU stay.

Parameter PP, n = 45 IP, n = 38 p Value

ICU length of stay (days) 7.7 ± 8 7.6 ± 5.9 0.92
Dead during ICU (yes) 9 (20%) 9 (23.7%) 0.68

Duration of Invasive Ventilation (days) 4.3 ± 5.5 5.2 ± 4.7 0.41

Ventilatory Free Days (days) 24 [19.5–27] 21.5
[7.5–26.2] 0.12

Non-Invasive Ventilation (yes) 2 (4.4%) 2 (5.3%) 0.86
Oxygen therapy (yes) 34 (75.6%) 28 (73.7%) 0.84
Tracheostomy (yes) 6 (13.3%) 2 (5.3%) 0.21

Prone positioning (yes) 1 (2.3) 1 (2.6) 0.92
Catheter Features

Patients with central venous line 42 (93%) 38 (100%) 0.10
Patients with midline 2 (4.4%) 0 (0%) 0.19

Patients with arterial line 44 (97.8 %) 35 (92.1%) 0.23
Central venous lines/patient during ICU stay 1 [1,2] 1 [1,2] 0.41

Site of first CVC cannulation 0.08
Subclavian 2 (4.4%) 3 (7.9%)

Jugular 36 (80%) 35 (92.1%)
Femoral 4 (8.9%) 0 (0%)

Presence of laparostomy (yes) 3 (6.7%) 5 (13.2%) 0.32
Duration of laparostomy (Days) 5 ± 4.6 2.6 ± 1.5 0.46

Steroid Therapy during ICU stay (nr. of patients) 30 (66.7%) 22 (57.9%) 0.41
Duration of Steroid Therapy during ICU stay (days) 7.5 ± 12.3 3.1 ± 5.8 0.038

Total Steroid Dosage (mg Hydrocortisone/kg) 16.3 ± 31.1 14.4 ± 38 0.81
Vasoactive drugs > 0.1 γ/Kg/min (number of patients) 26 (57.8%) 27 (71.1%) 0.21

Data are expressed as Mean ± SD, Median [IQR] or Number (%), according to the data. PP, pre-pandemic; IP,
intra-pandemic; CVC, central venous catheter. Italic for categories.

A similar number of patients between the two groups had a central venous line, a
midline and/or an arterial line. In the IP group, no patient had a first central venous
line inserted at the femoral site, consequently resulting in an increased number of jugular
and subclavian insertion sites, although this did not reach statistical significance. The
duration of steroid therapy was significantly shorter in the IP group (7.5 ± 12.3 days (PP)
and 3.1 ± 5.8 (IP) (p = 0.038)).
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3.3. Antimicrobial Therapy

In the IP group, the total antimicrobial use was significantly shorter (11.6 ± 9.4 days)
than in the PP group (21.4 ± 18.7 days, p = 0.003), while the days on antimicrobial therapy
were similar between the groups (6.6 ± 5.2 vs. 6.6 ± 4.2, p = 0.97, Table 3). The year of
ICU stay was also independently associated with total antimicrobial use when adjusting
for possible confounders in the regression model (Std. Beta 0.280, p = 0.003, Table S1). The
duration of 2nd and 3rd antimicrobials were significantly shorter in terms of days in the IP
group (p = 0.037 and p = 0.019, respectively).

Table 3. Antimicrobial therapy, cultural samples and infections in the study population, divided for
year of admission.

Parameter PP, n = 45 IP, n = 38 p Value

Total antimicrobial use (days) 21.4 ± 18.7 11.6 ± 9.4 0.003
Day on antimicrobial therapy (days) 6.6 ± 5.2 6.64 ± 4.2 0.97

Number of different antimicrobials/patients 2.67 ± 1.6 2.22 ± 1.2 0.16
Duration of 1st Antimicrobial (days) 6.7 ± 4.8 5.3 ± 3.7 0.13
Duration of 2nd Antimicrobial (days) 5.3 ± 5.4 3.3 ± 3.3 0.037
Duration of 3rd Antimicrobial (days) 4.9 ± 7.6 1.9 ± 3.3 0.019

Patients with HAIs 28 (62.2%) 25 (65.8%) 0.74
Cultural samples per patient 8.24 ± 7.8 7.84 ± 6.2 0.79

Positive cultural samples per patient 1 [0–2.5] 1 [0–3.2] 0.50
Patients with an MDR infection 20 (44.4%) 14 (36.8%) 0.48
MDR positive isolations/patient 0 [0–1] 0 [0–1] 0.52

Patients with MDR bloodstream infections 12 (26.7%) 8 (21.1%) 0.55
Patients with MDR respiratory infections 13 (28.9%) 7 (18.4%) 0.27

Patients with MDR urinary infections 1 (2.2%) 1 (2.6%) 0.90
Data are expressed as Mean ± SD, Median [IQR] or Number (%), according to the data. PP, pre-pandemic; IP,
intra-pandemic; MDR, multidrug-resistant.

A higher number of patients underwent prophylactic therapy (p = 0.03) and a lower
number of patients underwent empiric therapy (p = 0.05) in the PP group (Figure 2). Despite
this, the number of days for each therapy was not significantly different, except for target
therapy, which decreased from PP to IP (p = 0.03). No significative differences could be
found between the groups in the antimicrobial class prescription. Nevertheless, there was a
tendency towards an increased prescription of Penicillin and Carbapenems and a decreased
prescription of antifungals (Figure 3).

Figure 2. Comparison of different antimicrobial approaches before and during the pandemic. (a) Per-
centage of patients who underwent prophylactic, empiric and target therapy in the two study popu-
lations; (b) Number of days undergoing prophylactic, empiric and target therapy in the two years of
analysis, i.e., pre-pandemic (2019) and intra-pandemic (2020). PP, pre-pandemic; IP, intra-pandemic.
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Figure 3. Antimicrobial classes and relative percentages regarding every administered drug in the
two years of analysis (pre-Pandemic and intra-pandemic).

3.4. Cultural Isolations

There were no significant differences between the two groups in the number of cultural
samples/patient, positive cultural samples/patient and number of patients developing
HAIs and MDR infections, as shown in Table 3. Microbial isolations in blood, respiratory
tract and urinary tract were divided in families and differences are summarized in Table S2
and Figure S1. The only significant difference between PP and IP was the increased number
of Candida spp. isolations (p < 0.001) in the IP group, mostly isolated from the respiratory
and urinary tract.

3.5. Multivariate Analysis

The multivariate logistic regression analysis on risk factors associated with HAIs
is shown in Table 4. In the analysis, only CKD was significantly associated with HAIs
(p = 0.024), while being admitted to the ICU during the pandemic was not.

Table 4. Multivariate logistic regression analysis on risk factors associated with healthcare-associated
infections, with outcome defined as presence/absence of HAIs during ICU stay.

Multivariate Analysis

OR Sig.
95% C.I. for OR

Lower Upper

Year of admission (IP) 0.35 0.55 0.16 1.92
DM (yes) 0.65 0.53 0.17 2.50
CKD (yes) 14.40 0.024 1.43 146.26

Smoke (yes) 0.41 0.30 0.08 2.23
Former smokers (yes) 0.98 0.98 0.24 4.06

Tracheostomy (yes) 3.47 0.35 0.25 47.71
Obesity (yes) 0.50 0.31 0.13 1.95

ICU stay (days) 1.10 0.31 0.91 1.33
IMV duration (days) 1.22 0.09 0.97 1.55

Steroid therapy (days) 1.03 0.55 0.94 1.13
Reference in parenthesis; IP, Intra-Pandemic (2020); CKD, chronic kidney disease; DM, diabetes mellitus; ICU,
intensive care unit; IMV, invasive mechanical ventilation.

4. Discussion

In this study, ICU admission for non-COVID-19 acute respiratory failure requiring
invasive mechanical ventilation during the first wave of the COVID-19 pandemic was
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not associated with an increased risk of healthcare-associated infection. As concerns
multidrug resistance, no difference was observed in the number of patients developing
MDR infections, neither considering cumulative cultures, nor respectively comparing
bloodstream, respiratory tract, and urinary tract infections. Finally, we observed a change
into the approach to the antimicrobial therapy, with an increased attention to antibiotic
de-escalation and a lower total antimicrobial use.

Several studies explored the epidemiology of ICU infections during the COVID-19
pandemic. The overall increased incidence of HAIs reported during the pandemic [11]
could be related to environmental causes (new ICU beds in other spaces in the hospital or
ICU, incorporation of new doctors and nurses not previously trained in critical care, changes
in the standards of patient care, use of PPI during long shifts) [12] or to the immunological
and/or therapeutic characteristics of the COVID-19 infection [13]. Although HAIs in
COVID-19 patients are increased [14,15], the relative role of the environmental and/or
disease related factors is still not clear. By analyzing non-COVID-19 patients, we found
that HAI incidence did not increase during the first wave of the pandemic. Therefore, the
increased risk of HAIs already previously found in COVID-19 patients, as compared to non-
COVID-19 patients [11,20], may be related to the immunological dysregulation determined
by the SARS-CoV-2 virus [21] and/or to use of immunomodulatory drugs [22,23], more
than it is related to environmental reasons.

Baccolini et al. [11] observed a higher proportion of HAIs in COVID-19 patients,
compared to non-COVID-19 patients (admitted both before and during pandemic), but
did not compare HAIs between non-COVID-19 patients admitted before and during the
pandemic. They hypothesized a relation between better outcomes in non-COVID-19
patients and a less severe clinical situation on admission during the pandemic, due to social
lock-down measures and fear of becoming infected inside the hospitals. Shbaklo et al. [24]
observed a reduction in MDR infections during the first wave of the COVID-19 pandemic
(the same period as our observation) compared with an increase in the overall bacterial
infections during the late period of the pandemic. They attributed this to the growing
adherence to infection prevention and control (IPC) procedures [25–27], suggesting that
the COVID-19 pandemic may have raised awareness of the need to prevent HAIs and
increased the compliance of healthcare workers to IPC in the ICU. We can confirm these
findings as we found a comparable incidence of ICU HAIs before and after the start of the
COVID-19 pandemic. Moreover, we found no difference in the simplified acute physiology
score II (SAPS II) and in diagnosis on admission that were therefore comparable in gravity.

We also assessed the effect of the pandemic on the approach to antimicrobial therapy
in ICU patients with ARF. The antimicrobial approach is determined by antimicrobial
stewardship programs, listing among the objectives the sustainability of empirical and
target treatments (performed through antibiotic selection), dose adjustments, drug moni-
toring de-escalation and shortening duration to reduce multidrug resistance and selective
pressure [28]. We found that being admitted to the ICU in the before the pandemic period
was independently associated with a higher risk of antimicrobial use (Table S1). Despite
this, we observed no difference in the duration of ICU stay, mortality and number of MDR
infections after the shortening of both overall antimicrobial and target therapy in the IP
group, as confirmed by previous evidence [29].

Our findings on the tendency to reduced antimicrobial use during the pandemic are
in line with the data of the European Centre for Disease Prevention and Control (ECDC),
which showed a decrease in the total antibiotic consumption in humans between 2019
and 2020 in both community [30] and hospital settings [31]. Although the report does not
provide definite reasons for the reduction in antimicrobial prescription, the reasons may be
found in the increase in ICU-related antimicrobial stewardship programs [32] and probably
in the redistribution of resources for the ongoing pandemic, which led to a stricter tendency
in antibiotic prescription. Interestingly, we also reported a decrease in the duration of
steroid therapy during the first wave of the pandemic. Although the cumulative dose
was not different among groups, the therapy was shorter in the IP group. This may also
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be connected to a higher awareness of the side effects of prolonged steroid therapy on
HAIs and therefore is strongly linked to our findings on antibiotic prescription trends.
Nevertheless, although the duration of steroid therapy was different, it was not associated
with changes in HAI incidence. This could also be an issue considering the possible link
between corticosteroid therapy and HAIs previously reported for COVID-19 patients [33].

When analyzing the microbial species associated with HAIs, it was found that Candida
spp. was the only microorganism whose percentage of isolation increased between PP
and IP, becoming the most frequently isolated family of the IP group. Fungal deaths
increased during 2020–2021 compared with previous years, primarily driven by COVID-19,
particularly those involving Aspergillus spp. and Candida spp. [34]. Poor data are available
on non-COVID-19 patients admitted during the pandemic. Interestingly, the increase of
Candida spp. infections did not seem to affect the duration of ICU stay, MV and mortality.

Our study has some limitations. First, it is a retrospective single-center cohort study
evaluating a limited number of patients. Secondly, the classification of antimicrobial therapy
was conducted a posteriori by analyzing the medical records. Thirdly, since the number
of patients enrolled in our study is limited, the results must be considered exploratory.
Finally, we only evaluated a limited period during the COVID-19 pandemic. Since some
recommendations regarding antibiotic prescription changed over time [35], our findings
refers only to the first wave of the pandemic and cannot be applied to the other periods.

5. Conclusions

ICU admission during the first wave of the COVID-19 pandemic for non-COVID-19
acute respiratory failure was not associated with a higher risk of developing hospital-
associated infections. The first wave of the pandemic was characterized by an overall
reduction in antimicrobial use in non-COVID-19 patients. Furthermore, this reduction was
not related to an increase in hospital-acquired infections or to a worsening of ICU outcomes.
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Abstract: Suspicion of bacterial aspiration pneumonia (BAP) is frequent during generalized con-
vulsive status epilepticus (GCSE). Early identification of BAP is required in order to avoid useless
antibiotic therapy. In this retrospective monocentric study, we aimed to determine the incidence of
aspiration syndrome and BAP in GCSE requiring mechanical ventilation (MV) and factors associated
with the occurrence of BAP. Patients were older than 18 years and had GCSE requiring MV. To
distinguish BAP from pneumonitis, tracheal aspirate and quantitative microbiological criterion were
used. Out of 226 consecutive patients, 103 patients (46%) had an aspiration syndrome, including
54 (52%) with a BAP. Staphylococcus aureus represented 33% of bacterial strains. No relevant baseline
characteristics differed, including serum levels of CRP, PCT, and albumin. The median duration of
treatment for BAP was 7 days (5–7). Patients with BAP did not have a longer duration of MV (p = 0.18)
and ICU stay (p = 0.18) than those with pneumonitis. At 3 months, 24 patients (44%) with BAP and
10 (27%) with pneumonitis had a poor functional outcome (p = 0.06). In conclusion, among patients
with GCSE, half of the patients had an aspiration syndrome and one-quarter suffered from BAP.
Clinical characteristics and biomarkers were not useful for differentiating BAP from pneumonitis.
These results highlight the need for a method to rapidly differentiate BAP from pneumonitis, such as
polymerase-chain-reaction-based techniques.

Keywords: status epilepticus; intensive care unit; bacterial aspiration pneumonia; 3-month outcome

1. Introduction

Status epilepticus (SE) is broadly defined as a prolonged seizure and remains a com-
mon neurological emergency with an overall mortality approaching 20% [1]. Generalized
convulsive SE is considered as the worst type of SE and may lead to neurological injury
and risk of sequelae [2]. To an early seizure cessation, treatments could be aggressive and
contribute to worsening consciousness, such as benzodiazepine or sedatives [3]. In addition,
extra-neurological complications are frequent, especially respiratory infection, and may
impact the prognosis [4,5]. Aspiration is common in patients with impaired consciousness
and is probably more frequent in case of persistent convulsions [6]. Early identification of
bacterial aspiration pneumonia (BAP) is needed to avoid useless treatments. In addition,
BAP has been associated with acute respiratory distress syndrome and requires an early
antibiotic therapy [6]. However, in the absence of a microbiological sample, it is impossible
to differentiate BAP from pneumonitis. A previous study in patients with coma requiring
MV did not find a relevant difference between patients, highlighting the need for early
bacterial identification [7]. To our knowledge, no study has investigated the incidence
of BAP and factors associated with the occurrence of BAP in patients with generalized
convulsive SE requiring mechanical ventilation (MV).
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We hypothesized that the incidence of aspiration syndrome and BAP would be high
in a population at risk, as generalized convulsive SE patients are. Therefore, we conducted
this retrospective study to determine the incidence of aspiration syndrome and BAP in
order to identify factors associated with the occurrence of BAP and to study the impact of
aspiration syndrome and BAP on MV duration, intensive care unit (ICU) length of stay,
and 3-month outcomes.

2. Materials and Methods

2.1. Patients

From January 2013 to February 2022, we retrospectively screened all patients older
than 18 years who were admitted with a diagnosis of status epilepticus to the medical
ICU of Lille University Hospital and requiring mechanical ventilation. Patients were
screened to confirm the diagnosis of SE—meaning no other possible diagnosis could be
considered—and the absence of exclusion criteria.

2.2. Inclusion and Exclusion Criteria

The selected patients had generalized convulsive SE, defined as 5 or more minutes
of continuous clinical seizure activity or two seizures without a return to baseline in the
interval [2], and had received MV.

Exclusion criteria included post-anoxic SE due to the heterogeneity of their manage-
ment [8].

According to French law, this database was declared at the institutional data protection
board (DEC19-432, DEC20-354), and the study was approved by our local ethics committee
(CE SRLF 21-38). This research has therefore been performed in accordance with the ethical
standards laid down in the 1964 Declaration of Helsinki and its later amendments. The
authors have full access to all data and have the right to publish all data, separate and apart
from the guidance of any sponsor.

2.3. Data Collection

For each patient, demographic characteristics and medical history were recorded.
Severity at admission was defined using the Simplified Acute Physiology Score II (SAPS
II) with exclusion of age studied separately: higher scores indicated greater severity of
illness [9]. Clinical characteristics of SE were reported. Refractory status epilepticus was de-
clared if the initial treatment failure included at least one benzodiazepine (i.e., clonazepam)
and one intravenous long-duration antiepileptic drug (i.e., fos/phenytoin, levetiracetam,
valproic acid, or phenobarbital) prior to intubation [10]. The etiology of SE was defined
according to the international league against epilepsy (ILAE) classification: acute (e.g.,
stroke, intoxication, encephalitis), remote (e.g., poststroke, posttraumatic), progressive (e.g.,
brain tumor, dementias), and unknown [2]. Psychogenic non-epileptic seizure diagnosis
was based on a paroxysmal event without ictal epileptiform EEG changes [11]. Due to
a difficult diagnosis at ICU admission and a history of epilepsy frequently associated,
these patients were not excluded. We also defined groups of etiology as vascular (acute
SE related to ischemic or hemorrhagic stroke, cerebral venous thrombosis, and posterior
cerebral encephalopathy), toxic (acute SE related to metabolic disturbance, alcohol, drug
intoxication, or withdrawal), and brain tumor (progressive SE related to brain tumor).

Clinical, biological, radiological, and microbiological diagnostic criteria for BAP, as
well as clinical outcomes (duration of MV, ICU length of stay, ICU mortality, 3-month
mortality, and functional outcome), were collected. Functional outcome was evaluated by
modified Rankin Scale (mRS) [12] during a face-to-face visit or by a telephone interview
with the patient, the family, or the general practitioner. A poor functional outcome was
defined as mRS score > 1 and was different from the pre-SE mRS score.
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2.4. Definitions
2.4.1. Aspiration Syndrome

The diagnosis of aspiration syndrome was based on the presence of at least two of
the following criteria during the first 2 days after initiation of MV: body temperature of
more than 38.5 ◦C or less than 35.5 ◦C; leucocyte count greater than 12,000 cells per μL
or less than 4000 cells per μL, and purulent tracheal secretions; and the presence of new
or progressive infiltrates on the chest X-ray. Chest X-rays were reviewed by at least two
attending physicians. In the case of disagreement, a third physician was asked to interpret
the chest radiograph. Of note, we collected macroaspiration, defined by history of vomiting
before or during intubation, which was not required to define aspiration syndrome.

2.4.2. Bacterial Aspiration Pneumonia, Pneumonitis, and Ventilator-Associated Pneumonia

All aspiration syndromes were classified as [7]

• Bacterial aspiration pneumonia in the case of microbiological confirmation, with the
isolation in the endotracheal aspirate of at least 105 colony-forming units per mL.

• Pneumonitis, when endotracheal aspirate culture was sterile.

Ventilator-associated pneumonia (VAP) had the same diagnostic criteria as BAP but
occurred at least 2 days after starting MV.

2.4.3. Measurements of Serum Levels of C-Reactive Protein (CRP), Procalcitonin (PCT),
and Albumin during First 24 h after Admission

CRP was measured with the immunoturbidimetric method and a detection limit
of 0.3 mg/L. PCT concentrations were determined using an electrochemiluminescence
immunoassay with a detection limit of 0.02 ng/mL. Albumin concentrations were measured
with the immunoturbidimetric method. All measurements were performed with Cobas
8000 modular analyzer series (Roche Diagnostics, Rotkreuz, Switzerland).

2.5. Outcomes

The primary outcome was the incidence of bacterial aspiration pneumonia, occurring
during the first 2 days after starting invasive MV, among patients admitted to ICU with
generalized convulsive SE requiring MV. The secondary outcomes were the incidence
of aspiration syndrome in order to identify factors associated with BAP, as well as MV
duration, ICU length of stay, functional outcome, and death at 3 months.

2.6. Statistical Analysis

Categorical variables were expressed as numbers and percentages and were compared
with the use of ordinal chi-squared or Fisher’s exact tests, as appropriate. Continuous
variables were expressed as medians (interquartile ranges) and were compared with the
use of a t-test, Welch’s test, or Wilcoxon signed-rank test, as appropriate. A Shapiro–Wilk
test was used to distinguish between normal and abnormal distributions.

Logistic multivariable analysis was performed for the occurrence of BAP. To avoid
overfitting, only variables with p-values under 0.10 in the univariate analysis were con-
sidered for inclusion in the final model. Multicollinearity was assessed using variance
inflation factor with a cut-off at 4. Clinical relevance of variables was discussed. The fitness
was evaluated by Negelkerke’s R2.

All tests were two sided, and the statistical significance was defined by p-values under
0.05. Statistical analyses were performed with R statistical software, version 3.6.0 [13].
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3. Results

From January 2013 to February 2022, 246 patients were screened for eligibility. Among
them, 20 patients with postanoxic SE were excluded. Two hundred and twenty-six patients
were admitted to ICU with generalized convulsive SE requiring MV (Figure 1).

 

Aspiration syndrome
n = 103 (46%)

Generalized convulsive SE 
requiring mechanical ventilation

n = 226

No aspiration syndrome
n = 123 (54%)

20 Excluded
20 Post-anoxic SE

246 Patients assessed for eligibility

Pneumonitis
n = 37 (41%)

Bacterial aspiration pneumonia
n = 54 (59%)

No endotracheal aspirate
n = 12 (12%)

Figure 1. Flowchart. Abbreviations: SE, status epilepticus.

3.1. Patient Characteristics

The median age was 55 years (interquartile range, 43 to 68), and 146 (65%) patients
were males. A total of 109 (48%) patients had a history of epilepsy and 40 (18%) of
previous SE. Fifty-five (24%) patients were considered as refractory status epilepticus.
According to ILAE’s etiologic categories, 71 (31%) patients had a SE related to an acute
brain injury, 104 (46%) to previous and stable brain lesion (remote symptomatic), 31 (14%)
to a progressive brain injury, and 14 (6%) patients had an SE of unknown origin (Table 1).
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3.2. Comparison of Patients with and without Aspiration Syndrome

One hundred and three patients (46%) met the criteria for aspiration syndrome. Of
note, considering the overall cohort, these criteria were frequently found during the first
48 h of MV: 147 (66%) had abnormal body temperature, 160 (72%) had purulent tracheal
aspirates, and 171 (77%) had leukocytosis.

At admission, patients with aspiration syndrome had more frequently persistent
seizures (p = 0.001). Body temperature was similar (p = 0.90) and heart rate was higher in
patients with aspiration syndrome (p = 0.01). No other baseline characteristics differed,
especially SE characteristics and etiology. Interestingly, macroaspiration (p = 0.50) and
timing (p = 0.53) or reason (p = 0.54) for intubation were not associated with aspiration
syndrome (Table 1).

Regarding laboratory results, patients with aspiration syndrome had a lower Pa02/Fi02
ratio (p < 0.001), a higher serum level of CRP (p < 0.01), and a lower serum level of albumin
(p = 0.03). No difference was found for serum blood level of PCT (p = 0.13) and leukocyte
count (p = 0.54) (Table 1).

Aspiration syndrome was associated with a longer MV duration (p < 0.01) and ICU
length of stay (p = 0.01). Three-month mortality (p = 0.43) and poor functional outcome
(p = 0.36) did not differ between groups (Table 1).

3.3. Comparison of Patients with BAP versus Pneumonitis

Among patients with aspiration syndrome, 12 (5%) did not have endotracheal aspirate
and could not be classified as BAP or pneumonitis. These patients were excluded for
analysis concerning BAP and pneumonitis (Figure 1). Fifty-four patients (59%) had a BAP,
whereas others were considered as pneumonitis. Considering the overall cohort, 24% of
patients with GCSE presented a BAP.

Patients with BAP, in comparison with pneumonitis, were less likely alcoholic
(p = 0.02) and had a higher SAPS II at admission (p = 0.03). No other baseline charac-
teristics differed, especially SE characteristics and etiology (Table 2).

Table 2. Comparison of patients’ characteristics according to the diagnosis of BAP or pneumonitis.

Characteristics BAP (n = 54) Pneumonitis (n = 37) p-Value

Demographics

Age (years), median (IQR) 55 (42–67) 65 (48–71) 0.126
Male sex, n (%) 37 (69) 25 (68) 0.924

mRS score 0–1, n (%) 26 (48) 21 (57) 0.420
SAPS II (without age), median (IQR) 51 (38–58) 44 (28–58) 0.035

Medical history, n (%)

History of epilepsy 25 (46) 18 (49) 0.825
Previous status epilepticus 4 (7) 9 (24) 0.023

Alcohol 17 (31) 21 (57) 0.016
Use of proton pump inhibitor 19 (35) 13 (35) 0.996

Status epilepticus characteristics, n (%)

Continuous seizure 17 (31) 11 (30) 0.859
Refractory status epilepticus 11 (20) 9 (24) 0.655

Intubation before ICU admission 29 (54) 21 (57) 0.774
Intubation for respiration failure 34 (63) 17 (46) 0.108

Clinical characteristics at admission

Core temperature (◦C), median (IQR) 36.8 (36.1–37.1) 37.0 (36.3–37.8) 0.095
Heart rate (bpm), median (IQR) 96 (81–120) 111 (90–124) 0.191

Persistent seizures, n (%) 15 (28) 10 (27) 0.937
History of macroaspiration, n (%) 4 (7) 6 (16) 0.306 *
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Table 2. Cont.

Characteristics BAP (n = 54) Pneumonitis (n = 37) p-Value

Biological characteristics at admission, median (IQR)

Leukocyte count (109/L) 12.28 (9.58–15.31) 11.88 (9.53–15.68) 0.792
Serum CRP level (mg/L) 12 (2–36) 13 (0–31) 0.777

Serum PCT level (ng/mL) 0.17 (0.00–0.63) 0.14 (0.00–0.53) 0.869
Serum albumin level (g/L) 35 (32–39) 35 (31–37) 0.411

PaO2/FiO2 (mmHg) 281 (185–391) 263 (192–314) 0.344
Arterial lactate level (mmol/L) 1.85 (1.00–3.17) 2.40 (1.42–4.92) 0.306

Etiologic categories, n (%)

Acute symptomatic 15 (28) 13 (35) 0.455
Remote symptomatic 24 (44) 16 (43) 0.910

Progressive symptomatic 8 (15) 4 (11) 0.755 *
Unknown 6 (11) 4 (11) 0.964 *

Main etiologies, n (%)

Vascular 5 (9) 2 (5) 0.696 *
Toxic 9 (17) 9 (24) 0.368

Brain tumor 8 (15) 5 (14) 0.862

Categorical variables were expressed as number (percentage) and compared by a chi-squared test or Fisher’s
exact test when specified by *. Continuous variables were expressed as median (inter-quartile range), and a t-test
was performed (Welch or Wilcoxon tests, as appropriate). Missing values (BAP; pneumonitis): CRP, 6 (5;1); PCT,
19 (12;7); albumin, 7 (3;4); lactate arterial, 1 (0;1). Abbreviations: BAP, bacterial aspiration pneumonia; mRS,
modified Rankin scale; SAPS II, simplified acute physiology score; ICU, intensive care unit; CRP, C-reactive
protein; PCT, procalcitonin.

We found no difference concerning serum levels of CRP (p = 0.78), PCT (p = 0.87), and
albumin (p = 0.41) between patients with BAP and pneumonitis. The severity of hypoxia
estimated by the Pa02/Fi02 ratio and arterial lactate level did not differ between groups
(respectively, p = 0.34 and p = 0.31) (Table 2).

We did not perform a multivariable analysis due to the absence of clinical relevance.

3.4. Etiology of Bacterial Aspiration Pneumonia

Of the 54 patients with BAP, 71 different bacterial strains were identified. They are
presented in Table 3 with their antimicrobial susceptibility. Fifteen (28%) patients had a
polymicrobial BAP. The most represented bacteria were Staphylococcus aureus (18; 33%),
Haemophilus influenzae (13; 24%), Streptococcus pneumoniae (10; 19%) and Klebsiella pneumoniae
(9; 17%).

Table 3. Bacterial strains identified by endotracheal aspirate in patients with bacterial
aspiration pneumonia.

Type of Bacteria Bacteria
Number of

Isolates, n (%)
Resistance

Gram+ (30 bacteria isolated from 29 patients, 54 %)

Staphylococcus spp. Staphylococcus aureus 18 (33)
Methicillin-sensitive: 16

(penicillin-resistant: 8, tested in 10 isolates)
Methicillin-resistant: 2 *

Streptococcus spp.
Streptococcus pneumoniae 10 (19) Wild-type: 6

Decreased susceptibility to penicillin: 4

Streptococcus agalactiae 2 (4) Wild-type: 2
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Table 3. Cont.

Type of Bacteria Bacteria
Number of

Isolates, n (%)
Resistance

Gram− (41 bacteria isolated from 36 patients, 67 %)

Group 1, 2, and 5
enterobacterales

Klebsiella pneumoniae 9 (17)
Wild-type: 6

β-Lactamase: 1 *
ESBL: 2 *

Escherichia coli 7 (13)
Wild-type: 3

Low-production of β-lactamase: 1
Hyperproduction of β-lactamase: 3 *

Klebsiella oxytoca 1 (2) Wild-type: 1

Proteus vulgaris 1 (2) Wild-type: 1

Group 3
enterobacterales

Enterobacter cloacae 2 (4) Wild-type: 1 *
ESBL: 1 *

Hafnia alvei 1 (2) Wild-type: 1 *

Non-fermenting bacilli
Pseudomonas aeruginosa 2 (4) Wild-type: 2 *

Acinetobacter baumannii 1 (2) Wild-type: 1 *

Other bacteria

Haemophilus influenzae 13 (24) Wild-type: 12
β-Lactamase: 1

Moraxella catarrhalis 2 (4) β-Lactamase: 1
Wild-type: 1

Lelliottia amnigena 1 (2) ACA-resistant: 1 *

Pasteurella multocida 1 (2) Wild-type: 1

Of the 54 patients with BAP, 71 different bacterial strains were identified. Antimicrobial susceptibility was
defined, and * corresponds to ACA-resistant bacteria. Abbreviations: ESBL, extended spectrum beta-lactamase;
ACA, amoxicillin-clavulanic acid.

3.5. Antibiotic Therapy

A total of 158 patients (70%) were treated by antibiotic therapy: 138 (87%) for suspicion
of BAP and 20 (13%) for documented or suspected infection other than BAP.

Among patients with suspicion of BAP, 45 patients (33%) did not have an aspiration
syndrome and 120 (87%) were treated by ACA.

Among the 54 patients with BAP, 13 (24%) patients presented at least one bacterium
with no ACA-susceptibility. These patients more frequently had a colonization with ESBL-
producing bacteria (p = 0.01) and received more antibiotics during the 3 months before ICU
admission (p < 0.01) (Supplementary Materials Table S1). Among them, initial antibiotic
therapy was inappropriate in 11 patients (85%). None presented an acute respiratory
syndrome distress, or a septic shock or death related to respiratory infection.

The median duration of treatment for BAP was 7 days (5–7). In comparison with BAP,
patients with pneumonitis did not have a shorter duration of antibiotic therapy (p = 0.46).

3.6. Outcomes of BAP Versus Pneumonitis

Patients with BAP, as compared with those with pneumonitis, did not have a longer
duration of MV (p = 0.18) and ICU stay (p = 0.18). Three-month mortality was 17% versus
8%, respectively, in patients with BAP and pneumonitis (p = 0.20). Twenty-four patients
(44%) in the BAP group versus ten (27%) in pneumonitis group had a 3-month poor
functional outcome (p = 0.06) (Table 4).
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Table 4. Comparison of patients’ outcomes according to the diagnosis of BAP or pneumonitis.

Characteristics BAP (n = 54) Pneumonitis (n = 37) p-Value

Ventilator-associated pneumonia, n (%) 10 (19) 4 (11) 0.317
Mechanical ventilation duration (days), median (IQR) 3.39 (1.71–8.35) 2.37 (0.83–6.88) 0.179

ICU stay length (days), median (IQR) 6.83 (4.38–13.25) 6.46 (3.58–12.50) 0.180
ICU mortality, n (%) 6 (11) 1 (3) 0.234 *

Three-month poor functional outcome, n (%) 24 (44) 10 (27) 0.057
Three-month mortality, n (%) 9 (17) 3 (8) 0.198

Categorical variables were expressed as number (percentage) and compared by a chi-squared test or Fisher’s
exact test when specified by *. Continuous variables were expressed as median (inter-quartile range), and a t-test
was performed (Welch or Wilcoxon tests, as appropriate). Missing values (BAP; pneumonitis): 3-month outcomes,
3 (3;0). Abbreviations: BAP, bacterial aspiration pneumonia; ICU, intensive care unit.

4. Discussion

In the present study, we found the following: (1) Half the patients with generalized
convulsive SE requiring mechanical ventilation had an aspiration syndrome and one-
quarter suffered from BAP. (2) No clinical and laboratory characteristics allowed for the
separation of BAP from pneumonitis. In particular, biomarkers related to inflammatory
response such as serum CRP, PCT, and albumin were not associated with BAP and rather
were modified by aspiration syndrome, including pneumonitis. (3) Up to one-quarter
of bacteria isolated from tracheal samples was not sensitive to ACA, with no clinical
consequence (i.e., septic shock, acute respiratory distress syndrome). (4) Finally, we did
not find that BAP was associated with a poor functional outcome and death at 3 months
compared to pneumonitis.

Aspiration syndrome is a frequent condition occurring in cases of impairment of
consciousness [14]. In comparison with patients requiring MV for coma (epilepsy was the
etiology of coma in 14%), we found a higher frequency of aspiration syndrome and BAP [7].
This result could be related to a higher risk of aspiration during SE. Indeed, in our study,
persistent convulsions at admission were associated with aspiration syndrome. In another
study of patients requiring MV for coma (13% had a convulsive SE), the authors found a
higher frequency of aspiration syndrome (81 patients, 79%) and more BAP (45 patients,
44%) than in our cohort [15].

As previously described, aspiration syndrome was responsible for a longer duration
of MV and ICU stay, without impact on ICU mortality [7].

Differentiation BAP from pneumonitis is the keystone of antibiotic management in
order to avoid useless prescriptions and the emergence of resistant bacteria. In line with a
previous study, we found no relevant difference between BAP and pneumonitis, including
previous use of a proton pump inhibitor [7,16]. Serum levels of acute-phase proteins
of inflammation were not modified by BAP. PCT increases under various inflammatory
conditions, especially in the case of bacterial infections [17,18]. Some studies tried to use
PCT to distinguish pneumonitis from BAP with no significant difference [7,19]. Only
one study found that serum levels of CRP and PCT increased in cases of BAP with a
poor diagnostic value [15]. However, they compared BAP versus no BAP (including
pneumonitis and absence of aspiration syndrome), and the results could be biased by
the presence of patients without aspiration syndrome who do not have increased serum
levels of CRP and PCT [15]. Interestingly, early elevation of PCT is rather associated with
poor neurological outcome in acute brain injury, such as SE [20,21], post-cardiac arrest
syndrome [22], and stroke [23]. Currently, only microbiological culture of the tracheal
sample differentiates these two entities with a result obtained in 2–3 days [24]. One elegant
method to rapidly differentiate pneumonitis from BAP is to use polymerase chain reaction
(PCR)-based techniques [25,26]. The results could be obtained in a few hours, reducing
antimicrobial consumption in the ICU and breaking the vicious circle of multidrug-resistant
bacteria emergence [27]. Furthermore, in the case of SE, some experimental and clinical
data suggest that antibiotic therapy could increase the risk of symptomatic seizures in
combination with renal dysfunction, brain lesion, and epilepsy [28].
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Microbiology of BAP with a predominance of Staphylococcus aureus, Haemophilus
influenzae, and Streptococcus pneumoniae is in line with a previous study [29].

Infections in SE are already known as factors associated with poor outcome [5]. The
impact on MV duration and ICU stay is uncertain, in contrast to aspiration syndrome,
but could be increased in BAP [7,15]. Further, previous studies reported the absence
of significant relationship between BAP and ICU mortality [7,15]. However, our study
follow-up at 3 months highlighted a possible higher mortality and morbidity in BAP versus
pneumonitis. A large prospective study is needed to confirm these results.

Antibiotic therapy was frequently initiated for suspicion of BAP. However, one-third of
patients did not have aspiration syndrome. Two reasons could explain this early antibiotic
treatment: the presence of macroaspiration [30] and the elevation of inflammatory biomark-
ers such as serum levels of CRP and PCT. We found that macroaspiration, defined by
history of vomiting before or during intubation, was not predictive of aspiration syndrome;
and modifications of acute-phase proteins of inflammation, such as CRP and PCT were
associated with aspiration syndrome rather than BAP.

One-quarter of patients with BAP had at least one bacterium that was non-susceptible
to ACA. ACA, as alternative to ceftriaxone, is recommended for treatment of respiratory
infection occurring during the first 5 days after admission [31]. Antibiotics before ICU
admission and colonization with ESBL-producing bacterium are well known factors as-
sociated with ACA resistance [31]. In another study of early onset VAP (2–5 days after
mechanical ventilation starting, corresponding to ICU admission) in a French neuro-ICU,
the authors found 36% of patients with at least one bacterium resistant to ACA, mainly
in patients with antibiotics before admission [32]. These data are in line with previous
studies [31]. It seems important to determine new specific factors associated with ACA
resistance and to develop a PCR-based method to rapidly identify antimicrobial resistance.

The median duration of antibiotic therapy for suspicion of BAP was 7 days, in line with
the actual recommendation [33]. However, in the case of pneumonitis, we did not show
a shorter duration, probably due to the delay in obtaining the result of microbiological
culture and the fear of false-negative results [30]. In one study of patients with coma
requiring MV, discontinuation of antibiotic therapy when no microorganism was found did
not increase morbidity or mortality and tended to decrease the time with antibiotics during
first 8 days [7]. The excellent predictive value of PCR-based methods would be interesting
to use early on to differentiate pneumonitis from BAP, in order to avoid antibiotic treatment
or to allow early withdrawal in patients with negative results and so decrease antibiotic
consumption. This strategy is being studied in an ongoing randomized controlled trial
(NCT03763799).

Our study has some strengths. Patients were similar in their clinical presentation with
only GCSE. Post-anoxic SE was excluded due to the heterogeneity of their management [8].
The monocentric design contributed to a homogeneous management, especially in SE
treatment and BAP diagnosis. Baseline characteristics and the main results were in line
with previous studies [7,15]. Infection was considered only when confirmed by culture.

Our study also has some limitations. Monocentric design contributes to the small size
of the cohort and results should be applied only for generalized convulsive SE. However,
our main results are similar to those of a study including different causes of coma [7].
The long duration of data collection could impact the results. However, the methodology
to determine infection did not change during the study. The primary outcome was the
incidence of bacterial aspiration pneumonia, and a potential modification of bacterial
ecology could not affect this variable. We did not have a control group to compare incidence
of BAP between patients with SE and patients with impaired consciousness not due to SE.
No anaerobic microorganisms were identified by microbiological cultures. They may play
a role in BAP; however, they are often mixed with aerobic bacteria [29].
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5. Conclusions

In conclusion, among patients with generalized convulsive SE requiring MV, half
had criteria for aspiration syndrome and one-quarter of patients had a BAP. Clinical
characteristics and biomarkers, such as serum CRP, PCT, and albumin levels measured
during the first 24 h, were not useful to differentiate BAP from pneumonitis. Up to one-
quarter of bacteria isolated from tracheal samples were not sensitive to ACA, with no
clinical consequences despite inappropriate antibiotic therapy. BAP tended to be associated
with poor functional outcome and death at 3 months. Our results highlight the need for a
method to rapidly differentiate pneumonitis from BAP, such as PCR-based techniques.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/jcm11226673/s1, Table S1: Comparison of patients with BAP
according to amoxicillin/clavulanic acid susceptibility among causative pathogens.
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Abstract: Background: Our objective was to determine an optimal dosage regimen of meropenem in
patients receiving veno-arterial extracorporeal membrane oxygenation (V-A ECMO) by developing a
pharmacokinetic/pharmacodynamic (PK/PD) model. Methods: This was a prospective cohort study.
Blood samples were collected during ECMO (ECMO-ON) and after ECMO (ECMO-OFF). The population
pharmacokinetic model was developed using nonlinear mixed-effects modeling. A Monte Carlo simulation
was used (n = 10,000) to assess the probability of target attainment. Results: Thirteen adult patients
on ECMO receiving meropenem were included. Meropenem pharmacokinetics was best fitted by a
two-compartment model. The final pharmacokinetic model was: CL (L/h) = 3.79 × 0.44CRRT, central
volume of distribution (L) = 2.4, peripheral volume of distribution (L) = 8.56, and intercompartmental
clearance (L/h) = 21.3. According to the simulation results, if more aggressive treatment is needed
(100% fT > MIC target), dose increment or extended infusion is recommended. Conclusions: We established
a population pharmacokinetic model for meropenem in patients receiving V-A ECMO and revealed that
it is not necessary to adjust the dosage depending on V-A ECMO. Instead, more aggressive treatment
is needed than that of standard treatment, and higher dosage is required without continuous renal
replacement therapy (CRRT). Also, extended infusion could lead to better target attainment, and we could
provide updated nomograms of the meropenem dosage regimen.

Keywords: meropenem; extracorporeal membrane oxygenation; ECMO; dosage optimization;
population pharmacokinetics

1. Introduction

Veno-arterial extracorporeal membrane oxygenation (V-A ECMO) provides mechani-
cal circulatory support for patients with cardiopulmonary failure [1]. There have been expo-
nential increases in ECMO use and survival rates since 2009 [2]. However, infection is still a
common complication during ECMO because it requires the use of percutaneously inserted
devices with large-diameter catheters, and critically ill patients themselves are generally
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vulnerable to infection [2,3]. One observation study reported that 62.8% had a bloodstream
infection within 2 weeks of V-A ECMO, and both gram-positive and gram-negative bac-
teremia commonly occurred [4]. Biaazrro et al. also reported that the prevalence of infection
in adult patients with ECMO was 21%, which was higher than that of children (16%) and
neonates (8%). Also, V-A ECMO has higher risk of infectious complications than V-V
ECMO [5]. Therefore, successful prevention and treatment of infection by broad-spectrum
antibiotics is necessary in patients receiving V-A ECMO is [2,6].

It is well known that V-A ECMO affects the pharmacokinetics (PK) of several drugs [7],
altering their volume of distribution (Vd) and clearance (CL) because of inherent physio-
logical changes associated with ECMO and critical illness [8–10]. Non-pulsatile blood flow
from V-A ECMO reduces glomerular filtration rate, and consequently reduces the CL of
drugs [11]. Patients with profound cardiogenic shock during V-A ECMO commonly need
more aggressive volume support for hemodynamic stabilization [12], which widely alters
the effect of ECMO treatment on PK parameters. In addition, PK changes in patients receiv-
ing ECMO are dependent on the physicochemical properties of the drugs [13]. Therefore,
exact predictions of PK changes in V-A ECMO are difficult [14].

One of the commonly used broad-spectrum antibiotics, piperacillin-tazobactam, was
studied, and ECMO and CRRT increased, with Vd and the use of ECMO reduced CL [15].
The other study reported that use of ECMO increased both CL and Vd of cefpirome, another
broad-spectrum antibiotic. However, studies on the impact of ECMO on meropenem PK
showed conflicting results [16,17]. Shekar et al. reported that the CL was reduced during
ECMO, but Gijsen et al. said that the use of ECMO did not influence the PKs of meropenem.

Thus, the present study aims to describe the PK profiles of meropenem by comparing
patients receiving V-A ECMO with patients after stopping ECMO treatment. In addition,
optimal dosage regimens were determined according to individual characteristics by sim-
ulating various dosing scenarios in patients on both V-A ECMO and continuous renal
replacement therapy (CRRT).

2. Methods

This prospective cohort study was conducted from May 2016 to January 2019 in the
cardiac intensive care unit of Severance Hospital in Seoul, Korea. Adult patients (≥18 years)
receiving V-A ECMO and concomitantly receiving meropenem were included in this study.
Patients who were allergic to carbapenem or pregnant were excluded. Patients with normal
kidney function received 1 g meropenem q8h as an intravenous injection over 20 min as
per protocol. Patients with an estimated glomerular filtration rate (eGFR) of less than
30 mL/min/1.73 m2, as calculated by the Modification of Diet in Renal Disease (MDRD)
study equation, or patients on CRRT, received 1 g meropenem q12h.

The ECMO system consisted of a centrifugal blood pump with a controller (Capiox®

SP-101, Terumo Inc., Tokyo, Japan), a conduit tube (Capiox® EBS with X coating, Terumo
Inc., Tokyo, Japan), and an air-oxygen mixer (Sechrist® Industries, Inc., Anaheim, CA, USA).
It was connected percutaneously between the femoral vein and peripheral cannulation
of the femoral artery. If needed, continuous venovenous hemodiafiltration (CV-VHDF)
(Prismaflex®; Gambro Inc., Meyzieu, France) with a Prismaflex® ST100 filter was utilized
for CRRT. The ECMO and CRRT settings were recorded.

Data associated with demographics, renal and hepatic functions, blood chemistry,
vital signs, blood cell counts, and details of ECMO and CRRT were collected. As allowed
by the clinical situation, blood samples were collected during ECMO (ECMO-ON group)
through the existing radial arterial line at the following times: pre-dose (0 min); 0.5, 1, 3,
and 6 h after meropenem administration; and immediately before the next dose, according
to administration frequency (8 h or 12 h). If the patients were administered meropenem
after them weaning off of ECMO (ECMO-OFF group), blood samples were collected at the
aforementioned times. The actual sampling time was recorded. The blood samples were
collected in EDTA-coated tubes and immediately centrifuged (1500× g at 4 ◦C for 10 min).
The plasma samples were stored at −80 ◦C until analysis.
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Meropenem concentrations were measured using liquid chromatography-mass spec-
trometry (LC-MS, Ultimate 3000 RS-Q-Exactive Orbitrap Plus; Thermo Fisher Scientific,
Waltham, MA, USA) in the Yonsei Center for Research Facilities. The plasma samples were
deproteinized using acetonitrile with sulfamethoxine as an internal standard. The mixture
was vortexed for 10 s, and then centrifuged (10 min at 10,000× g), and the supernatant
was filtered using a 0.45-μm syringe filter. LC-MS was performed on an Acquity UPLC
BEH C18 column (1.7 μm, 2.1 mm × 100 mm; Waters, Milford, MA, USA) with a column
temperature of 40 ◦C and a flow rate of 0.4 mL/min. The mobile phase was comprised of
solvent A (0.1% formic acid in water) and solvent B (100% acetonitrile) with the following
elution gradient maintained at 90% A for 4 min, reduced to 5% A over 10 min, maintained
at 5% A for 1 min, increased to 90% A over 0.5 min, and maintained at 90% A for 1.5 min.
The lower limit of quantification was 0.1 mg/L. The inter- and intra-assay coefficients of
variation were <15%.

The population PK model was conducted based on non-linear mixed-effects modelling
using NONMEM (version 7.4.1; ICON Development Solutions, Dublin, Ireland) and Pirana
(version 2.9.7; Certara, Princeton, NJ, USA). The Xpose4 package (version 4.6.1; https:
//github.com/UUPharmacometrics/xpose4/releases (accessed on 1 March 2019)) in R
(version 3.5.3; http://www.r-project.org (accessed on 1 March 2019)) was used to visualize
and evaluate the models.

The plasma concentration-time profiles for meropenem were fitted to one-, two-, or
three-compartment models using the first-order conditional estimation method with the
interaction estimation option. Interindividual variability (IIV) of the PK parameters was
evaluated using an exponential variance model assuming a log-normal distribution. Resid-
ual unexplained variability (RUV) was tested using an additive, exponential, and combined
random error model. The model was selected based on a minimum objective function value
(OFV), validity of the estimated relative standard error (RSE), shrinkage of PK parameters,
and visual inspection of the goodness-of-fit plot. The likelihood ratio test was performed
in the NONMEM program to assess statistical significance between the nested models.
A decrease in the OFV of at least 3.84 was judged statistically significant for an added
parameter (p value < 0.05, χ2 distribution, degree of freedom = 1). For visual inspection,
the goodness-of-fit plot was expressed as the observed concentrations vs. population pre-
dictions (PRED) or individual predictions (IPRED), and conditional weighted residuals
(CWRES) vs. PRED.

To evaluate the influence of covariates on the meropenem PK parameters, the following
potential covariates were tested: demographic variables (sex, age, weight, and height),
ECMO-associated variables (during ECMO or weaned off of ECMO and ECMO flow
rate [LPM, liters per minute]), CRRT-associated variables (use of CRRT, blood flow rate,
CRRT 6 h prior to urine output, dialysate flow rate), complete blood count (absolute white
blood cells, red blood cells, hemoglobin, and platelets), renal function (serum creatinine
[SCr], blood urea nitrogen [BUN], creatinine clearance (CrCL) estimated via the Cockcroft-
Gault equation, and eGFR estimated via the MDRD equation), liver function (alanine
transaminase, aspartate aminotransferase, and total bilirubin), biomarkers of inflammation
(C-reactive protein and procalcitonin), blood pressure, tympanic body temperature, and
social variables (smoking status and alcohol consumption). In addition, to reflect the
inherent correlation between patient status and improvement in critical illness between the
ECMO-ON and ECMO-OFF groups, we tested the time since ECMO initiation and ECMO
termination as an individual covariate. Most data were tested as time-varying covariates,
except fixed variables, such as sex, age, and smoking status, which were considered
time-independent.

Covariates were evaluated using linear, exponential, power, and proportional models
based on the stepwise covariate modelling (SCM) process. If needed, the continuous
covariates were centered on their median values. For forward selection, a p value < 0.05
(OFV reduction of >3.84) and for backward elimination, a p < 0.01 (OFV increase of >6.64)
were considered to measure significance. The final covariate model selection was based
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on biological or clinical plausibility, RSE, shrinkage of PK parameters, a condition number
of <1000, and visual improvement in the goodness-of-fit plot.

To evaluate the precision and robustness of the final PK model, an automated sampling
importance resampling (SIR) algorithm (sampling = 5000, resampling = 1000, five iterations)
and a prediction-corrected visual predictive check (pcVPC) were carried out using the Perl
Speaks NONMEM toolkit version 4.9.0. (Uppsala University, Uppsala, Sweden) [18,19].
The medians with 95% confidence intervals for the replicates from the SIR algorithm were
compared with the estimated PK parameters from the final model. Furthermore, the
simulated pcVPC results with the 5th percentile, median, and 95th percentile curves were
visually assessed.

Monte Carlo simulations were performed using the estimated PK parameters to
assess the effect of the screened covariates on the predicted meropenem concentrations
(n = 10,000). Intravenous intermittent infusion (II) over 20 min. and intravenous extended
infusion (EI) over 3 h and 6 h were simulated by the following dosage regimens: 1 g q12h,
2 g q12h, 0.5 g q8h, 1 g q8h, and 2 g q8h over a 24-h period since the first meropenem
administration. In addition, intravenous continuous infusion (CI) over 8 h (q8h) of 0.5, 1,
and 2 g were simulated. The % fT > MIC was determined for each simulated subject by
linear interpolation. The PTA was calculated by counting subjects achieving more than
40% fT > MIC and 100% fT > MIC; the dosage scenario that achieved PTA above 90% was
considered to be efficient. The MIC, the clinical breakpoint for meropenem, that was used
was 2 mg/L for susceptible strains and 8 mg/L for resistant strains according to EUCAST
(ver. 10.0, Växjö, Sweden, valid from 1 January 2020).

Ethical Aspects

The study was approved by the Severance Hospital Institutional Review Board (ap-
proval number: 4-2014-0919) and conducted in accordance with the principles of the
Declaration of Helsinki and national and institutional standards and was registered at Clini-
caltrials.gov (NCT02581280). Written informed consent was obtained from the unconscious
participants’ legally acceptable representatives.

3. Results

Thirteen patients were included in our study, and eleven of them received V-A ECMO
because of acute myocardial infarction (MI). Five patients received CRRT concomitantly
among the six patients in the ECMO-ON group; two patients received CRRT among the
nine patients in the ECMO-OFF group. Two patients were sampled repeatedly based on
their ECMO status. The median values of age, weight, SCr, and APACHE II score were
55 years, 65.8 kg, 1.2 mg/dL, and 30, respectively, at the initiation of ECMO. The median
value of eGFR was 70.4 mL/min/1.73 m2, and the eGFR of all patients not receiving CRRT
was above 30 mL/min/1.73 m2 (Table 1).

Table 1. Demographic information and baseline characteristics of all enrolled patients.

ECMO
Patient
No. *

Age
Range

(yr)
Sex Wt (kg) Ht (m) Diagnosis

SCr
(mg/dL)

CRRT
eGFR

(mL/min/
1.73 m2)

APACHE
II Score

Length of
Hospital

Stay
(Days)

On

1 45–49 M 74.6 1.73 Acute MI na # yes na # 34 15
2 50–54 M 74.6 1.70 Acute MI, na # yes na # 32 27
3 50–54 M 82.9 1.68 Acute MI na # yes na # 44 40
4 55–59 F 69.9 1.64 Acute MI na # yes na # 30 200
5 70–74 M 93.3 1.70 Acute MI na # yes na # 36 21
6 50–59 M 53.1 1.68 Acute MI 1.06 no 76.5 29 36
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Table 1. Cont.

ECMO
Patient
No. *

Age
Range

(yr)
Sex Wt (kg) Ht (m) Diagnosis

SCr
(mg/dL)

CRRT
eGFR

(mL/min/
1.73 m2)

APACHE
II Score

Length of
Hospital

Stay
(Days)

Off

4 * 55–59 F 67.4 1.64 1.2 no 49.6 30 200
6 * 55–59 M 53.1 1.68 0.88 no 94.9 29 36
7 50–54 F 48.2 1.46 Acute MI na # yes na # 37 75
8 75–79 M 53.9 1.60 Acute MI na # yes na # 40 75
9 45–49 M 61.1 1.72 Acute MI 1.3 no 64.3 22 21

10 55–59 F 60.0 1.62 VF arrest 0.5 no 127.3 30 29

11 55–59 M 77.5 1.68 Acute MI,
VF arrest 2.0 no 36.5 28 37

12 50–54 M 63.0 1.62 VF arrest 0.7 no 120.4 26 36
13 65–69 M 67.4 1.68 § Acute MI 1.3 no 60.3 14 23

55
(53–58)

67.4
(57–74.6)

1.68
(1.63–1.70)

1.2
(0.7–1.56)

70.4
(57.6–101.3)

30
(28.5–35)

36
(25–57.5)

* The same number represents the same patient according to the ECMO status. § The mean value was used because
data were missing. # Not listed because it is CRRT-dependent. ECMO, extracorporeal membrane oxygenation;
CRRT, continuous renal replacement therapy; M, male; F, female; Wt, weight; Ht, height; SCr, serum creatinine;
eGFR, estimated glomerular filtration rate according to Modification of Diet in Renal Disease Study equation;
VF, ventricular fibrillation; MI, myocardial infarction; yr, year.

The time profile of meropenem plasma concentrations was best fitted by a two-
compartment model with IIV on CL and peripheral volume of distribution (V2). The
RUV was best explained by an exponential error model. After stepwise selection, the use
of CRRT for CL was included in the final PK model; the CL of the patients receiving CRRT
was lower than that of the patients not receiving CRRT (ΔOFV = 16.8, condition number
= 164.5). As covariates, the use of ECMO and the time since ECMO initiation and ECMO
termination were not selected by the SCM process, because they were not shown to be
statistically significant and did not improve the goodness-of-fit of the model. The CrCL and
eGFR were not selected for the same reason. The final PK model is described as follows.

CL (L/h) = 3.79 × 0.44CRRT; (1)

where the use of CRRT = 1, no use of CRRT = 0

V1 (L) = 2.4 (2)

V2 (L) = 8.56 (3)

Q (L/h) = 21.3 (4)

where V1 is the central volume of distribution and Q is the intercompartmental clearance.
The values of CL from Equation (1) were 3.79 L/h and 1.67 L/h in patients with

CRRT and without CRRT, respectively. The parameter estimates and SIR results with
95% confidence intervals are presented in Table 2. All ETA shrinkage values were <40% in
the final model. All parameters had acceptable RSE values, except for the IIV of V2. The
goodness-of-fit plots are shown in Figure S1. Both population and individual predictions
were distributed uniformly across the line of equality. The plots of CWRES vs. PRED did
not show any trends. The pcVPC plot showed that approximately 10% of the observed data
was positioned outside of the 5th to 95th percentiles of the predicted data, which suggested
that the predictive performance of the final model was adequate (Figure 1).
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Table 2. Parameter estimates of the base model and final model.

Parameter

Base Model Final Model

Population Estimate
(RSE)

Population Estimate
(RSE)

SIR Median
(2.5th–97.5th Percentile)

Fixed effects (θ)
CL (L/h) 2.65 (32%) 3.79 (26%) 3.77 (2.69–5.37)
Central volume of distribution, V1 (L) 2.53 (21%) 2.4 (38%) 2.76 (0.59–4.84)
Peripheral volume of distribution, V2 (L) 9.61 (38%) 8.56 (22%) 8.36 (5.59–12.93)
Intercompartmental clearance, Q (L/h) 20.8 (9%) 21.3 (17%) 19.94 (9.37–33.41)
θCRRT on CL - 0.44 (30%) 0.45 (0.29–0.62)

Random effects (% CV)
Interindividual variability (ω2)
CL 69.4 (36%) 47.1 (49%) 49.2 (32.2–74.2)
V2 61 (103%) 44 (154%) 51.1 (7.7–108)
Residual unexplained variability (σ2) 49.7 (18%) 47.3 (21%) 49.0 (40.9–60.2)

RSE, relative standard error; CV, coefficient of variation; SIR, sampling importance resampling.

Figure 1. Prediction-corrected visual predictive check plot. The prediction-corrected visual predictive
check plot shows that the 5th to 95th percentiles of the predicted data overlap most of the observed
data based on time since meropenem dose. Open diamonds, plasma meropenem concentrations;
solid line, median; lower and upper dashed lines, 5th and 95th percentiles of the observed data,
respectively; shaded areas, 95% confidence intervals for simulated predicted median, 5th percentile,
and 95th percentile constructed from 5000 simulated data sets of individuals from the original data set.

The final PK model was used for the Monte Carlo simulation (n = 10,000), and the
simulated PTA vs. MIC profiles for various dosage scenarios are shown in Table S1. Almost
all dosage scenarios were sufficient to achieve a PTA above 90% at 40% fT > MIC, regardless
of the administration frequency, route (II, EI, or CI), pathogen susceptibility, or use of CRRT.
Target PTAs could be more readily achieved with EI or CI than with II; when comparing
EI over 3 h with EI over 6 h, there was little noticeable difference in achieving target
PTAs. However, when more aggressive treatment was needed (i.e., PTA above 90% at
100% fT > MIC), achieving the target PTA was difficult in the simulated scenarios using II.

The recommended dosage regimens are shown in Table 3. Whether on ECMO or not,
the standard doses of meropenem in patients with normal kidney function (1–2 g q8h II)
and those in patients receiving CRRT (1 g q12h II or 0.5 g q8h II) were sufficient to cover
both susceptible (MIC = 2 mg/L) and resistant (MIC = 8 mg/L) pathogens. Moreover, lower
doses (0.5 g q8h for patients with normal kidney function and 0.5 g q8h for patients during
CRRT) can also be recommended via EI or CI. If more aggressive treatment is needed, EI or
CI is generally recommended. In patients not receiving CRRT, 2 g q8h EI over 6 h or CI
is recommended against resistant pathogens. When the patients receiving CRRT require
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aggressive treatment against resistant pathogens, the minimum recommended dose is 1 g
q8h EI or 0.5–1 g q8h CI.

Table 3. Recommended dose regimen for meropenem.

Target

Normal Therapy (40% fT > MIC) More Aggressive Therapy (100% fT > MIC)

For Susceptible
Pathogens

(MIC = 2 mg/L)

For Resistant
Pathogens

(MIC = 8 mg/L)

For Susceptible
Pathogens (MIC = 2 mg/L)

For resistant Pathogens
(MIC = 8 mg/L)

without CRRT 1–2 g q8h II
0.5 g q8h EIs or CI

1–2 g q8h II
0.5 g q8h EIs or CI 1–2 g q8h EIs or CI 2 g q8h EI over 6 h or CI

with CRRT
1 g q12h II
0.5 g q8h II

0.5 g q8h EIs or CI

1 g q12h II
0.5 g q8h II

0.5 g q8h EIs or CI

1 g q12h II
0.5 g q8h II

0.5 g q8h EIs or CI

1 g q8h EIs
0.5–1 g q8h CI

The bold doses indicate the standard dosage regimens in the manuscript. II, intravenous intermittent infusion over
20 min; EIs, intravenous extended infusions over 3 h and 6 h; EI, intravenous extended infusion; CI, intravenous
continuous infusion; CRRT, continuous renal replacement therapy.

4. Discussion

This prospective cohort study was designed to develop a population PK model for
meropenem in patients receiving V-A ECMO, and to explore the appropriate dosage
regimen of meropenem by analyzing the probability of target attainment using Monte
Carlo simulations. In our final PK model, a two-compartment model best fit the time
course of plasma meropenem concentrations. This study revealed that the use of ECMO
did not have a significant impact on the PK of meropenem. Meanwhile, meropenem CL was
0.44 times lower in patients with CRRT than in patients without CRRT (kidney
function >30 mL/min/1.73 m2); however, the contributing factors related to CRRT did not
help improve the final PK model. As the result of PTA assessment, the standard dose of
meropenem was deemed sufficient to cover both susceptible and resistant pathogens in
patients receiving CRRT (1 g q12h II or 0.5 g q8h II) or in patients with preserved renal
function (1–2 g q8h II) regardless of ECMO. However, if aggressive treatment was needed,
EI over 3–6 h or CI instead of II or incremental dosing was appropriate. These results can
help provide a clinically appropriate dosage regimen for meropenem in patients receiving
both V-A ECMO and CRRT.

In our study, CL decreased in patients receiving CRRT regardless of V-A ECMO
treatment. Meropenem is reported to be excreted mainly by the kidneys, and renal function
indices, such as eGFR estimated by the MDRD Study equation and CrCL estimated via the
Cockcroft-Gault equation, were also found to have a positive relationship with meropenem
CL [16,17]. We assessed the relationship between renal function and meropenem CL in
the univariate analysis among non-CRRT patients. However, renal function indices were
excluded as covariates because they did not improve robustness of the PK model, which
differed from CRRT added to CL as a covariate. This result may be explained by the small
number of patients enrolled in the present study and the fact that almost all included
patients without CRRT had eGFR > 30 mL/min/1.73 m2. In our final PK model, eGFR was
not selected as a covariate; however, this does not indicate that dose adjustments according
to estimated renal function are not required.

No covariates, including the use of V-A ECMO, affected the Vd of meropenem in
our PK model. Patients undergoing V-A ECMO generally need vigorous volume support
including resuscitation fluid and transfusion, owing to the initial circuit priming volume
and their hemodynamic instability [20]. This could lead to increased circulating volume,
but meropenem is relatively hydrophilic, and has low protein binding affinity [21], thus,
its sequestration on the ECMO surface may not be high. Because of these properties, V-A
ECMO may have little effect on the Vd of meropenem despite the larger circulating volume.
Other investigators have also reported similar results, in that the use of ECMO did not
influence the Vd of meropenem [16,17].
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Moreover, our findings showed that V-A ECMO did not significantly alter the PK
of meropenem, consistent with the results of previous PK studies in patients receiving
meropenem during both V-A and V-V ECMO [16,22]. Hanberg et al. studied population
PKs of meropenem in 10 patients and they reported that standard dosing is enough during
ECMO treatment [16]. Another case-control study said that PK changes of β-lactam antibi-
otics are not significant in patients on ECMO [22]. Other β-lactam antibiotics, which have
similar pharmacokinetic characteristics reported conflicting results. One study reported
larger dose is necessary for cefepime in patients receiving ECMO [23], as well as the previ-
ous study of cefpirome [24]. On the contrary, ECMO did not affect the PKs of ceftriaxone
and standard dosing was sufficient [25]. Such high hydrophilic antibiotics showed different
changes in PK, and individual PK studies of each antibiotic is necessary. A recent review
suggested that the PK change in ECMO patients was more reflective of critical illness
than the ECMO device [14]. Therefore, the PK changes observed for meropenem might
be affected not by ECMO use, but by critical illness, which includes renal and hepatic
hypoperfusion, hypoxia, and systemic inflammation. Thus, therapeutic drug monitoring is
recommended [13,14].

The optimal PK/pharmacodynamics (PD) index to assess the bactericidal activity
of meropenem is the percentage of the time in which the total drug concentration is
above the MIC of a pathogen during the antibiotic dosing interval (f T > MIC) [26–29].
A f T > MIC of 40% is frequently used for maximum bactericidal effect, as reported by a
recent in silico study [29,30], but this is still controversial. Several clinical studies recom-
mend therapeutic drug monitoring to ensure 100% f T > MIC for beta-lactams in critically ill
patients [31–33]. Other reports have suggested that PK targets maintain plasma beta-lactam
concentrations of more than 4 times the MIC (f T > 4 × MIC) for the optimal treatment of
severe infections [34,35].

In our study, the current standard dosage recommendation was still effective, but EI
or CI provided better PTA and either infusion is recommended when aggressive treatment
is needed. The clinical benefits of prolonged administration of beta-lactams, which display
time-dependent activity, have previously been shown [36–39]. One issue in the prolonged
administration of meropenem is time-and temperature-dependent degradation [40–42].
However, data from several studies have suggested that >90% meropenem remains in vitro
after 5–6 h at room temperature [40,42]. Also recent evidence suggests that meropenem
degradation during CI is insignificant at the end of a 12-h dosing interval at room tem-
perature [43]. Therefore, we suggest that EI over 3 h or 6 h would be better than CI if the
PK/PD target were to be attained, since meropenem stability during infusion would not be
a concern.

To the best of our knowledge, this study is the first to investigate the PK changes
in meropenem by comparing patients during V-A ECMO with those weaned off of V-A
ECMO and to suggest the optimal dosage of meropenem according to various scenarios
between ECMO and CRRT. However, this study was limited by the relatively small sample
size conducted in a single center and, therefore, the data may not have provided robust PK
parameter estimates. We attempted to use the ECMO-OFF group as a control to directly
compare the effects on ECMO and reduce IIV between the control and intervention groups.
However, only two patients could be included in both the ECMO-ON and ECMO-OFF
groups because meropenem is not a first-line antibiotic according to our hospital protocol.
Finally, our PK model was restricted to patients receiving V-A ECMO and CRRT, which
is merely one mode of ECMO and CRRT. Therefore, the applicability of our results to all
modes of ECMO is limited.

5. Conclusions

In conclusion, we established a PK/PD model for meropenem in patients receiving
ECMO. Moreover, we suggest optimized dosage regimens to provide adequate bactericidal
activity. The standard dosage regimen (1–2 g q8h II) was sufficient to treat both susceptible
and resistant pathogens. If more aggressive therapy is needed, a dose increment or EI over
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3–6 h is recommended. These findings will contribute for the considerations of meropenem
dosing in patients receiving V-A ECMO.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11226621/s1, Figure S1: Goodness-of-fit plots of the final
population model for meropenem; Table S1: Probability of target attainment for 10,000 simulated
subjects given meropenem.
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Abstract: Superinfections are a fundamental critical care problem, and their significance in severe
COVID-19 cases needs to be determined. This study analyzed data from the Lean European Open
Survey on SARS-CoV-2-Infected Patients (LEOSS) cohort focusing on intensive care patients. A
retrospective analysis of patient data from 840 cases of COVID-19 with critical courses demonstrated
that co-infections were frequently present and were primarily of nosocomial origin. Furthermore,
our analysis showed that invasive therapy procedures accompanied an increased risk for healthcare-
associated infections. Non-ventilated ICU patients were rarely affected by secondary infections.
The risk of infection, however, increased even when non-invasive ventilation was used. A further,
significant increase in infection rates was seen with the use of invasive ventilation and even more so
with extracorporeal membrane oxygenation (ECMO) therapy. The marked differences among ICU
techniques used for the treatment of COVID-19-induced respiratory failure in terms of secondary
infection risk profile should be taken into account for the optimal management of critically ill COVID-
19 patients, as well as for adequate antimicrobial therapy.

Keywords: COVID-19; SARS-CoV-2; multidrug-resistant pathogens; bacterial infections; fungal
infections; secondary infections; intensive care medicine; ventilation; ECMO

1. Introduction

COVID-19, a pulmonary disease from an infection with the single-stranded RNA virus
SARS-CoV-2, has evolved into a global pandemic since March 2020. Clinical manifestation
is highly variable. Asymptomatic courses, mild respiratory diseases, severe pneumonia,
and severe organ dysfunction that can be accompanied by shock and death have been
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described [1–6]. A certain proportion of patients develop an increased respiratory rate
(>30/min), a decrease in oxygen saturation with hypoxemia, and respiratory insufficiency,
which requires intensive care, usually due to dyspnea [3–7].

During the course of the pandemic, specific therapies for COVID-19 have been de-
veloped. However, the corresponding drugs should be applied within the first days after
infection [8]. Relative risk reduction with respect to hospitalization or adverse outcome by
the administration of antivirals or neutralizing monoclonal antibodies was described with
the initiation of therapy at 3 to a maximum of 6 days after symptom onset [8]. Therefore, in
an intensive care unit (ICU), only supportive treatment options are available to alleviate
symptoms. In severe respiratory failure, intubation and invasive ventilation is the standard
therapy in clinical practice [9]. It is a life-saving measure and usually ensures a safe airway
and sufficient oxygenation, along with carbon dioxide elimination [9]. Early intubation
counteracts the progressive deterioration of lung function due to increased respiratory
stress [4,6]. It has also been reported that the critical delay of intubation in the event of
failure of non-invasive ventilation options is associated with a poorer prognosis [4,6]. How-
ever, invasive ventilation may be the cause of ventilator-associated lung injury [6,7,9]. In
addition, the safe airway required for invasive ventilation can promote serious, even lethal,
infections [10]. The scientific literature, therefore, also contains reports recommending the
avoidance of intubation as long as it is not essential [11].

Patients with viral infections are known to be predisposed to secondary infections [12–16].
In particular, bacteria may benefit from viral infections, and even those that are nor-
mally harmless could turn into opportunistic pathogens. The viral facilitation of bacterial
pathogenesis is based on complex and multifactorial processes that, ultimately, promote
bacterial adherence, disrupt epithelial layers, lead to the displacement of commensal
bacteria, and subvert the host immune response [16]. There are multiple reports associ-
ating SARS-CoV-2 with co-infections of, primarily, bacterial but also fungal origin. The
most common bacterial microorganisms in respiratory cultures from COVID-19 patients
are Pseudomonas aeruginosa, Klebsiella species, Staphylococcus aureus, Escherichia coli, and
Stenotrophomonas maltophilia [13,14]. The main fungal pathogens identified are Aspergillus
and Candida species, but there are also reports of secondary infections with Mucormycetes,
Histoplasma spp, Cryptococcus spp, and Pneumocystis jirovecii [12]. Alarmingly, such sec-
ondary infections have been linked to a severe clinical course with possible poor out-
come [15,16].

Infections are a common problem in ICUs. A critical condition, an impaired immune
response, and invasive treatments (i.e., mechanical ventilation and catheterization) all pose
risk factors for nosocomial infections [10,17–21]. It is of concern that secondary infections
in viral diseases of the respiratory tract, such as influenza, have been described as causes of
morbidity and mortality [22–25]. However, the prevalence and clinical impact of healthcare-
associated infections of bacterial or fungal nature in COVID-19 patients treated in ICUs is
not well-understood and constitutes a serious knowledge gap. There is also insufficient
knowledge on whether bacterial colonialization present on admission impacts disease
severity and outcome. More data on community-acquired colonializations, as well as
nosocomial infections in ICUs, are needed to optimize the management and treatment of
the most severe COVID-19 cases. This could not only help to save lives but also to improve
antimicrobial stewardship [26–29].

The aim of the present study is to unravel the prevalence of community-acquired colo-
nializations with multidrug-resistant bacteria, as well as healthcare-associated secondary
bacterial and fungal infections, in critically ill COVID-19 patients treated at an ICU. The
primary objective was to determine whether (i) there is an association between a patient’s
infection status and the ventilation therapy used and whether (ii) co-infections are related
to mortality. The secondary objectives are to examine the frequency of use and the clinical
benefit of antimicrobial therapy in critically ill COVID-19 patients.
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2. Materials and Methods

2.1. Patient Cohort

This study analyzed patient data from the Lean European Open Survey on SARS-CoV-
2-Infected Patients (LEOSS) cohort [30]. The LEOSS project represents a non-interventional,
multicenter network that aims at addressing the lack of in-depth knowledge on the epidemi-
ology and clinical course of COVID-19. Established in March 2020, the LEOSS registry en-
closes data mainly on hospitalized COVID-19 patients. In the LEOSS protocol, patients can
be included via PCR confirmed diagnosis or rapid antigen tests as an acceptable alternative.
Detailed information on LEOSS can be found on the project’s website (https://leoss.net,
accessed date: 5 August 2022). The study was registered at the German Clinical Trials
Register (DRKS, No S00021145).

Clinical data are reported in an electronic case report form (eCRF) using the online
platform ClinicalSurveys.net, which was developed by the University Hospital of Cologne
(UHC), Germany, and is hosted by QuestBack, Oslo, Norway, on servers of the UHC [31].
Anonymized patient data are added to the LEOSS registry retrospectively at the end of
the acute treatment setting, i.e., when either the treatment is completed or the patient
has died. In order to ensure anonymity in all steps of the analysis process, an individual
LEOSS Scientific Use File (SUF) was created, which is based on the LEOSS Public Use File
(PUF) principles described in Jakob et al. [31]. Re-identification is prevented by vertical
(categorical assessment of numerical variables) and horizontal data aggregation (data
aggregation within the phases of disease). Categorization is based on four phases, which
can be roughly characterized as asymptomatic or mild symptoms (uncomplicated phase),
need for oxygen supplementation (complicated phase), need for critical care (critical phase),
and the recovery phase. A detailed description of the clinical phases as defined in the
LEOSS registry, as well as of the recorded data items, can be found on the project’s website
(https://leoss.net; accessed on 4 August 2022) and in [32].

2.2. Study Design

This analysis included data of 840 patients who were documented by a LEOSS partner
site between 23 March 2020 and 12 October 2020 due to COVID-19 disease diagnosed
and treated between February 2020 and October 2020. Only patients who reached the
critical phase according to the definitions of the LEOSS database [32] during the course
of their COVID-19 disease were included in the analysis. The onset of the critical phase
was declared if at least one of the following criteria was present: need for catecholamines,
life-threatening cardiac arrhythmia, need for unplanned mechanical ventilation (invasive
or non-invasive), prolongation (>24 h) of planned mechanical ventilation, liver failure with
Quick <50% or INR >3.5, a qSOFA score of ≥2, or acute renal failure with need of dialysis.
Dedicated intensive care data items were developed by a working group of specialized
intensive care physicians (LEOSS Intensive Care Group) and implemented in the LEOSS
registry. From this set, the following data items were analyzed: (i) the colonialization status
of the patients with regard to multidrug-resistant pathogens at baseline, i.e., day of positive
SARS-CoV-2 diagnosis (multidrug-resistant, Gram-negative bacteria (3MRGN/4MRGN),
methicillin-resistant Staphylococcus aureus (MRSA), and vancomycin-resistant enterococci
(VRE)), as well as bacterial and fungal superinfections in the critical phase; (ii) the ventila-
tion treatments performed (non-invasive ventilation, invasive ventilation, or extracorporeal
membrane oxygenation (ECMO)); (iii) the medications used; and (iv) the outcome (recov-
ery or death). 3MRGN and 4MRGN are enterobacteriaceae, Pseudomonas aeruginosa, and
Acinetobacter baumannii exhibiting resistance to three or four of these antibiotics or antibiotic
groups: piperacillin, carbapenems, quinolones, and cephalosporins of the third generation.
Two endpoints were defined: (i) the prevalence of community-acquired colonializations
and healthcare-associated secondary infections in patients in need of or receiving a spe-
cific ventilation therapy (non-invasive ventilation, invasive ventilation, or ECMO) and
(ii) the effect of community-acquired colonializations and healthcare-associated secondary
infections on patient outcome.
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2.3. Statistical Analysis

All data were presented as categorical variables (numbers and percentages). To
compare categorical variables, Pearson’s chi-squared or Fisher’s exact test was used where
appropriate. The level of significance was set at p < 0.05. The data management, statistical
analysis, and computation of figures were conducted using R (R Development Core Team,
Vienna, Austria, Version 4.1.1, 2021).

3. Results

3.1. Characteristics of the Study Population

From February 2020 to October 2020, 840 SARS-CoV-2-positive diagnosed patients
were admitted to an ICU at a LEOSS study site (Table 1). The majority of the patients were
between 46 and 85 years old (85.1%; 715/840), and 6.7% (56/840) were older than 85 years.
A total of 602 of the 840 patients (71.7%) were male; the only age group without a male
predominance was the 85+ age group. The most common comorbidities were hyperten-
sion (61.0%, 512/840), diabetes mellitus (28.1%; 236/840), chronic kidney disease (17.3%;
145/840), coronary artery disease (16.7%; 140/840), and atrial fibrillation (16.0%; 134/840).
Only 13.9% of the patients (117/840) had no documented comorbidities; one comorbidity
was documented for 22.0% of the patients (185/840), and multiple comorbidities (up to
14) were reported in 64.1% of the patients (538/840). Mechanical ventilation therapy was
used in the vast majority of patients. In 21.5% of the patients (181/840), an attempt at
non-invasive ventilation failed, requiring intubation; in 37.0% of the patients (311/840),
intubation was performed without prior non-invasive ventilation. Exclusive non-invasive
ventilation was documented in 10.4% of the patients (87/840). Extracorporeal membrane
oxygenation (ECMO) was required in 13.6% of the patients (114/840). Still, 17.5% of the
patients (147/840) did not receive mechanical ventilation therapy. The majority of the
patients (66.2%, 556/840) had a length of stay in the ICU of 0–3 weeks; 264 of 840 patients
(31.4%) received intensive care for 4–9 weeks, and for 2.4% of the patients (20/840), a length
of treatment in the ICU exceeding 9 weeks was documented. The overall mortality rate
was 46% (386/840).

Table 1. Epidemiological data of the total cohort, as well as subcohorts, subdivided according to the
type of ventilation performed. ECMO: extracorporeal membrane oxygenation.

Total Cohort
Subcohort: No

Ventilation

Subcohort:
Non-Invasive

Ventilation

Subcohort: Invasive
Ventilation

Subcohort: ECMO

Patient count 840 147 87 492 114
Age range (years) <1 to >85 <1 to >85 36 to >85 9 to >85 26 to 85

Gender distribution
(male/female) 602/238 92/55 60/27 357/135 93/21

Number of comorbidities 0 to 14 0 to 14 0 to 11 0 to 12 0 to 7
Length of stay in ICU (weeks) 0 to 10 0 to 10 0 to 6 0 to 10 0 to 10
Length of ventilation (weeks) up to 9 - up to 6 up to 9 up to 9

Mortality rate (%) 46.0 53.7 39.1 41.1 62.3

3.2. Community-Acquired Colonializations with Multidrug-Resistant Bacteria

Complete or at least partial information on colonializations with multidrug-resistant
pathogens at baseline (say of positive SARS-CoV-2 diagnosis) was available for 71.2% of
the patients (598/840). Among these, colonialization with 3MRGN was documented in
2.8% of the cases, with MRSA in 2.6% of the cases and VRE in 4.1% of the cases. However,
the majority of the patients (75.1% of the cases) were declared free of colonialization with
these bacteria on presentation. Information on 4MRGN was captured in the dataset, but so
few infections were reported that details were not made available in the LEOSS Scientific
Use File to maintain patient anonymity.

Examining in detail the patient subcohorts grouped by ventilation therapy performed
(i.e., no ventilation, non-invasive ventilation, invasive ventilation, or ECMO) indicated no
fundamental differences in colonialization prevalence with multidrug-resistant pathogens
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(Figure 1). Thus, the data did not support the hypothesis that a community-acquired
colonialization with a multidrug-resistant pathogen increased the risk of a critically ill
COVID-19 patient to require invasive ventilation or ECMO therapy.

Figure 1. Prevalence of community-acquired colonializations with multidrug-resistant bacteria in
patients critically ill with COVID-19 who received no ventilation therapy or were treated with non-
invasive ventilation, invasive ventilation, or ECMO (extracorporeal membrane oxygenation). Shown
are the proportions of patients who were colonized with (A) 3MRGN (multidrug-resistant Gram-
negative bacteria), (B) MRSA (methicillin-resistant Staphylococcus aureus), or (C) VRE (vancomycin-
resistant enterococci), or those where (D) no colonization was found.

Furthermore, the data demonstrated no association between a pre-existing colonializa-
tion with a multidrug-resistant bacterium and mortality in critically ill COVID-19 patients
(Figure 2). No significant difference in colonialization status was observed between recov-
ered and deceased patients (Figure 2).

Figure 2. Prevalence of community-acquired colonializations with multidrug-resistant bacteria
in recovered and deceased patients critically ill with COVID-19 (total cohort). MRGN: multidrug-
resistant Gram-negative bacteria; MRSA: methicillin-resistant Staphylococcus aureus; VRE: vancomycin-
resistant enterococci.
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3.3. Healthcare-Associated Bacterial and Fungal Infections

Information on hospital-acquired bacterial and fungal infections of critically ill patients
in the ICU was available for 806 cases (96.0% of the total cohort). Overall, secondary
bacterial infection was documented for 326 patients in the critical phase (40.4% of the cases),
and secondary fungal infection was documented for 118 patients in the critical phase (14.6%
of the cases).

Remarkably, a comparative analysis of patient cohorts subdivided by ventilation
therapy revealed significant differences in infection status (Figure 3). Healthcare-associated
secondary infections with bacteria or fungi had an above-average prevalence in ECMO
patients (bacterial co-infections in 60.5% of cases and fungal co-infections in 27.5% of
cases). As such, ECMO patients were affected by nosocomial infections more frequently
than invasively ventilated patients, in whom secondary co-infections with bacteria were
documented in 43.1% of cases and with fungi in 15.4% of cases. However, a further
lower, below-average prevalence of nosocomial infections was reported for the cohort
of non-invasively ventilated patients (secondary bacterial co-infections in 23.0% of cases
and secondary fungal co-infections in 6.9% of cases). In patients who did not receive
ventilation, hospital-acquired bacterial co-infections were seen in 17.7% of cases and fungal
co-infections in 0.9% of cases. These data support the hypothesis that invasive therapy
procedures accompany an increased risk for healthcare-associated infections.

Figure 3. Prevalence of secondary infections in patients critically ill with COVID-19 who received no
ventilation therapy or were treated with non-invasive ventilation, invasive ventilation, or ECMO.
Shown are the proportions of patients with (A) bacterial and (B) fungal infections of nosocomial origin.
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There were no significant differences in the frequencies of secondary bacterial or
fungal infections when comparing critically ill COVID-19 patients who died or reached
the recovery phase (Figure 4). Thus, no effect of hospital-acquired infections on outcome
became apparent.

Figure 4. Prevalence of secondary bacterial and fungal infections in recovered and deceased patients
critically ill with COVID-19 (total cohort).

3.4. Antimicrobial Therapy: Frequency of Use and Clinical Benefit

Antibiotic use data were available for only 285 critically ill patients with COVID-19
treated in the ICU (33.9% of the total cohort), an alarmingly low figure in terms of antimi-
crobial stewardship. An in-depth review of the pharmacologic treatment of these patients
found that antibiotic treatment was the most frequently administered medication, even
preceding epinephrine and sympathomimetics (Figure 5). Therefore, antibiotic therapy
was administered in the vast majority of cases (88.4%), although bacterial infection was
documented in just 40.4% of the overall patients and 47.6% of this particular patient subset.

Figure 5. Medication used in intensive care for patients critically ill with COVID-19.

A detailed examination of the patient cohorts subdivided by ventilation therapy
revealed that almost all the ECMO patients (95.7% of cases) received antibiotic treatment.
In the case of invasive ventilation, antibiotics were administered in 91.8% of the patients.
Substantially less frequently, but still at a high level, antibiotics were used in non-invasively
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ventilated patients (71.9% of cases) and patients who did not receive ventilation therapy
(75.0% of cases).

There was no difference in antibiotic use frequency between patients who died as
a result of COVID-19 infection and those who reached the recovery phase. However,
considering the high rate of antibiotic use, especially in intubated patients and patients
on ECMO therapy, no valid conclusion can be drawn from this as to the clinical benefit of
antibiotic treatment. While empiric antibiotic treatment might prevent the development of
nosocomial infections, it also impedes microbial pathogen detection and, therefore, hinders
specific anti-infective therapy when needed.

4. Discussion

In the present study, the relations between the colonization with nosocomial bacteria,
the rate of nosocomial infections, the necessity to undergo ventilation, and the mode of
ventilation were examined for COVID-19 patients treated in an ICU. The results of the study
showed that colonializations with 3MRGN, MRSA, and VRE were similar in non-ventilated
patients and patients undergoing non-invasive, invasive, and oxygenation ventilation, indi-
cating that colonization was not associated with ventilation or its invasiveness. Moreover,
a colonization with multi-resistant bacteria was not associated with a fatal outcome. On
the other hand, the number of nosocomial infections significantly correlated with the inva-
siveness of the ventilation modus, indicated by the finding that the lowest infection rates
were observed in non-ventilated COVID-19 patients, while the highest numbers occurred
in patients oxygenated with ECMO. However, these infections were not related with a
fatal outcome.

Since the outbreak of the pandemic, the field of COVID-19 has evolved. Vaccines
have been developed that are proven to reduce the need for ICU treatment in the case
of a breakthrough infection [33]. Furthermore, there are now drug treatment strategies
that, when initiated in a timely manner, can have a mitigating effect on disease severity
and, thus, counteract the need for critical care [8]. However, a significant number of
patients still develop respiratory insufficiency requiring admission to an ICU and targeted
ventilation. The present study clearly demonstrated that such treatment was associated with
an increased risk of secondary infections, with the invasiveness of the ventilation technique
used being an influential variable. This is even more important as no correlation between
patient characteristics, such as age or comorbidities, and the occurrence of secondary
infections was found.

Infections pose a significant problem in ICUs [10,19,34–36], especially in patients with
viral respiratory infections. In severe influenza, for example, bacterial co-infections have
been described in up to 20% to 30% of cases, and superinfections have been associated with
pronounced disease severity and a higher risk of death [17,26,28,29,34–36]. Consequently,
in critically ill COVID-19 patients, the prevalence of bacterial and fungal co-infections, their
impact on the clinical course, and appropriate antimicrobial therapy in a primarily viral
disease are of particular importance.

Since the very beginning of the pandemic, co-infections of COVID-19 patients have
been reported [18,19,35–39]. It needs to be noted that the several studies reporting superin-
fections have not distinctly distinguished between community-acquired and healthcare-
associated infections, thus limiting the validity of these studies. Our study, however, clearly
showed that the vast majority of patients had no evidence of colonialization with bacterial
multidrug-resistant microorganisms at baseline, and only a single-digit percentage of pa-
tients was affected by colonialization with 3MRGN, MRSA, or VRE at hospital presentation.
Thus, for the group of COVID-19 patients with a critical course, it resulted that colonization
at the time of diagnosis of SARS-CoV-2 infection was rare, especially with regard to the most
clinically relevant multidrug-resistant pathogens. Indeed, other studies have also reported
low rates of early infection and, rather, direct the focus to nosocomial infection [17,34].
Reported rates of secondary bacterial infections in critically ill ICU patients with COVID-19
have ranged from 8.1% to 42.8% [13,17,18,34–39]. There is also a wide range of reported
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infection rates with respect to secondary fungal infections. As such, a meta-analysis of eight
studies related to COVID-19 patients treated in an ICU setting reported an infection rate of
9.6% (95% CI 6.8–12.4) [37]. Specifically, in mechanically ventilated COVID-19 patients, a
multicenter prospective cohort study found a rate of invasive fungal infections of 26.7% [40].
One can only speculate as to the causes of the wide range of case numbers reported. Work-
load, unfavorable physician- or nurse-to-patient ratios, and a lack of laboratory capacity,
especially in the early months of the pandemic, might have partially limited the capability
for widespread infection control. For additional consideration, especially for critically ill
ICU patients, the true prevalence of secondary infections may be underestimated due to
the untimely deaths of these patients. In any case, our study provided clear evidence that
nosocomial infections of bacterial and fungal origin were common in COVID-19 patients
receiving intensive care and warrant awareness and adequate management. There is a
need for the proper diagnosis and effective treatment of not only bacterial but also fungal
infections in COVID-19 patients receiving intensive care.

Critically ill COVID-19 patients undergo a variety of invasive interventions in the
ICU, such as mechanical ventilation and catheterization, which promote bacterial and
fungal infections [10,13,17,19,21,26,38,39,41] and are described to be more frequently sub-
ject to additive bacterial and fungal infections compared to patients treated in regular
wards [13,35–39]. We were, therefore, interested in the impact of the level of therapeutic
invasiveness on the prevalence of healthcare-associated infections. Indeed, our data clearly
proved that non-ventilated ICU patients were at low risk for secondary infections. The
risk of infection increased markedly, even when non-invasive ventilation was used. A
dramatic rise in the proportion of patients with nosocomial infections was seen with the use
of invasive ventilation, and even more so with ECMO therapy. Actually, in ECMO-treated
patients, healthcare-associated bacterial infections were present in about two-thirds of cases
and healthcare-associated fungal infections in nearly one-third of cases. Our data provided
evidence that the techniques used in intensive care for the treatment of COVID-19-induced
respiratory insufficiency differed significantly with respect to risk profiles for secondary
infections. Based on these data, close infection control is recommended, especially when
invasive methods are required.

There is ongoing discussion as to whether secondary infections impact mortality in
COVID-19 patients. Some studies have reported an association of nosocomial infections
with adverse outcome, whereas other studies have found no such correlation [19,20,37,39,41,42]. In
our study, the rates of secondary infections of surviving and deceased COVID-19 patients
were not significantly different. The same was true for community-acquired colonialization
with 3MRGN, MRSA, and VRE. Patient-associated factors, such as pre-existing conditions,
may be critical in determining whether co-infections ultimately impact survival. In a risk
analysis, Silva et al. already showed that co-infections increased the risk of death, specif-
ically in patients with obesity, cardiovascular disease, or diabetes mellitus [41]. Obesity,
cardiovascular disease, and diabetes mellitus are known risk factors for a critical course of
SARS-CoV-2 infection and are common in ICU patients (as in the present study cohort).
This raises the possibility of a vicious circle. Large cohort studies are needed to investigate
this in detail, with particular priority on ICU patients, given their high risk of developing
secondary infections.

Several guidelines, such as those from the World Health Organization (WHO) and
the Surviving Sepsis Campaign, advocate the use of empiric antibiotics in patients with
severe COVID-19 [7,43]. This explains why, in our study, the absolute majority of pa-
tients (88.4%) were treated with antibiotics, despite the fact that only half of these pa-
tients had a positive finding of bacterial infection. Other studies have consistently re-
ported hospitalized COVID-19 patients receiving antimicrobial therapy in 50% to 100% of
cases [13,15,18,20,26,27,34,36,38]. The undifferentiated use of antimicrobial agents is known
to increase selection pressure and may promote the spread of resistant bacterial strains.
Indeed, there are concerns that the increased usage of antibiotics in the context of the
COVID-19 pandemic may worsen the issue of multidrug-resistant pathogens
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worldwide [27–29,34]. Strict adherence to antibiotic stewardship programs, effective im-
plementation of infection control procedures, and maintenance of established hygiene
standards need to be upheld even in pandemic settings. This is particularly true for ICUs,
as invasive treatments are key to the development of secondary infections, as illustrated by
the present study.

Our study has certain limitations. Due to its retrospective nature, data availability
was limited to the medical records added to the LEOSS registry. We did not have infor-
mation of interest, such as the presence of antibiotic resistance or the type, dosage, and
timing of antibiotic, antifungal, or immunosuppressant drugs. Accordingly, we could not
make statements on these potential influencing factors. This study included ICU patients
suffering from COVID-19 from Europe, predominantly Germany, which may limit the
generalizability of our findings.

5. Conclusions

Healthcare-associated infections are common in critically ill COVID-19 patients treated
in ICUs. Our study highlighted the importance of the type of intensive care treatment when
it came to nosocomial infections. Patients receiving invasive ventilation had markedly
increased rates of secondary bacterial and fungal infections compared with those receiving
non-invasive treatment. Another distinct increase in infection rates was documented in
ECMO-treated patients. This knowledge should inform future treatment decisions in
the ICU.
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Abstract: Since the beginning of the COVID-19 pandemic, the impact of superinfections in intensive care
units (ICUs) has progressively increased, especially carbapenem-resistant Acinetobacter baumannii (CR-
Ab). This observational, multicenter, retrospective study was designed to investigate the characteristics
of COVID-19 ICU patients developing CR-Ab colonization/infection during an ICU stay and evaluate
mortality risk factors in a regional ICU network. A total of 913 COVID-19 patients were admitted to the
participating ICUs; 19% became positive for CR-Ab, either colonization or infection (n = 176). The ICU
mortality rate in CR-Ab patients was 64.7%. On average, patients developed colonization or infection
within 10 ± 8.4 days from ICU admission. Scores of SAPS II and SOFA were significantly higher in the
deceased patients (43.8 ± 13.5, p = 0.006 and 9.5 ± 3.6, p < 0.001, respectively). The mortality rate was
significantly higher in patients with extracorporeal membrane oxygenation (12; 7%, p = 0.03), septic
shock (61; 35%, p < 0.001), and in elders (66 ± 10, p < 0.001). Among the 176 patients, 129 (73%) had
invasive infection with CR-Ab: 105 (60.7%) Ventilator-Associated Pneumonia (VAP), and 46 (26.6%)
Bloodstream Infections (BSIs). In 22 cases (6.5%), VAP was associated with concomitant BSI. Colonization
was reported in 165 patients (93.7%). Mortality was significantly higher in patients with VAP (p = 0.009).
Colonized patients who did not develop invasive infections had a higher survival rate (p < 0.001). Being
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colonized by CR-Ab was associated with a higher risk of developing invasive infections (p < 0.001). In a
multivariate analysis, risk factors significantly associated with mortality were age (OR = 1.070; 95% CI
(1.028–1.115) p = 0.001) and CR-Ab colonization (OR = 5.463 IC95% 1.572–18.988, p = 0.008). Constant
infection-control measures are necessary to stop the spread of A. baumannii in the hospital environment,
especially at this time of the SARS-CoV-2 pandemic, with active surveillance cultures and the efficient
performance of a multidisciplinary team.

Keywords: Acinetobacter baumannii; Acinetobacter infections; intensive care unit; COVID-19; SARS-CoV-2;
nosocomial infections; carbapenems; multidrug resistance; antimicrobial drug resistance; critical care

1. Introduction

The Gram-negative aerobic bacillus Acinetobacter baumannii (A. baumannii) primarily
causes hospital-acquired infections in especially fragile patients with prolonged hospi-
talization and with long-term exposition to broad-spectrum antibiotic treatment. It is
characterized by disinfection resistance, and its high pathogenicity is increased by the
production of a polysaccharide capsule and by the ability to form biofilms [1]. Furthermore,
due to the acquisition of multiple antimicrobial resistance, especially to carbapenems, it has
been recognized as a major public health concern [2] and considered as “priority 1” (critical)
in the World Health Organization (WHO)’s first list of “priority pathogens” resistant to
antibiotics, including the 12 families of bacteria most dangerous for human health and for
which new antimicrobials are urgently required [3].

It is well known that A. baumannii exhibits a wide variety of mechanisms of resistance
to antibiotic agents, as differential clones had been isolated in Europe [4]. A. baumannii
includes several mechanisms of resistance such as lipopolysaccharide expression disorders,
permeability alterations due to porins, and the production of active efflux pumps. In partic-
ular, resistance to carbapenems is related to numerous beta-lactamases with carbapenemase
activity, including type OXA carbapenemases—both constitutive or acquired. Moreover, a
transmissible resistance mechanism of colistin, called mobile colistin resistance (MCR), was
discovered. Up to ten families with MCR and more than 100 variants of Gram-negative
bacteria have been reported worldwide. Even though few have been reported from Acineto-
bacter spp. and Pseudomonas spp., it is important to closely monitor the epidemiology of
MCR genes in these pathogens [1,4].

A. baumannii can survive for long periods on surfaces, including human skin and dry
surfaces (up to 33 days) [5], and this ability might facilitate its persistence in intensive care
units (ICUs), rightly considered as the epicenters of carbapenem-resistant A. baumannii (CR-
Ab) infections [6,7]. Some specific factors may increase the potential of cross-transmission:
the heavy colonization of the patient, the colonization of the surfaces surrounding the
patients, and the total number of patients colonized in the unit at the same time [8]. CR-Ab
also has a further important feature, namely its tendency to generate outbreaks, generally
transmitted through the hands of healthcare workers, contaminated equipment, and the
healthcare environment [7,9,10].

The most frequently reported risk factors for CR-Ab infections are prior colonization,
the severity of illness, the need for mechanical ventilation (particularly in case of prolonged
duration), immunosuppression, malignancies, chronic pulmonary diseases, respiratory failure
on admission, previous antimicrobial therapy, previous sepsis in ICU, previous use of car-
bapenems and third generation cephalosporins, long ICU stay [11], and a consequent greater
degree of exposure to infected or colonized patients in the hospital environment [12,13].

Overall, CR-Ab is accountable for more than 12% of the cases of hospital-acquired
bloodstream infections (BSI) in the ICU, with wide geographic variations: it is frequent
in Southern Europe, Middle Eastern countries, Asia, and South America, whereas it is
rare in Northern European countries and Australia [14]. CR-Ab is a common cause of
ICU-acquired pneumonia, particularly late-onset pneumonia [15].
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Since the beginning of the COVID-19 pandemic, the impact of superinfections in
ICU patients has progressively increased and many studies have shown that the rate
of BSIs [16] and Ventilator-Associated Pneumonia (VAP) [17] is raised compared to that
observed in non-COVID-19 patients [18–21]. It has also been reported that the prevalence of
Gram-negative multi-drug resistant organisms, especially A. baumannii, known to increase
mortality, seems to have escalated [22,23].

In Italy, various experiences of multidrug-resistant (MDR) bacterial infection in COVID-
19 and its impact on patient outcomes have been published, [24] but few describe specifically
A. baumannii cases. Several studies showed that MDR infection arose after a median time of
8 [4–11] days and the incidence rate ratio of MDR infection in ICU increased in the COVID-19
period [25,26].

Despite the above evidence and the interest in superinfections from multidrug-resistant
pathogens, particularly CR-Ab in ICU patients with COVID-19 [27], to date, no multicenter
study has been conducted with the aim of better describing the phenomenon.

The present multicenter retrospective study was designed to investigate the character-
istics of COVID-19 ICU patients who developed CR-Ab colonization or infection during
their ICU stay and evaluate risk factors for ICU mortality in a regional ICU network.

2. Materials and Methods

2.1. Study Design and Population

This was an observational, multicenter, and retrospective study. Nineteen COVID-
19 ICUs in the Piedmont Region, Italy, were invited to participate in an observational,
multicenter, retrospective study to describe the incidence of colonization and infection
with CR-Ab in SARS-CoV2 pneumonia patients admitted to ICUs between 1 July and
31 December 2021.

The data sources were the hospital administrative records and the Microbiology Lab-
oratory database. Data acquisition and analysis were performed in accordance with the
protocols approved by the local Ethics Committee (Ethics Committee: Comitato Etico Inter-
aziendale A.O.U. Città della Salute e della Scienza di Torino—A.O. Ordine Mauriziano—
A.S.L. Città di Torino; ethics approval number 0031285). Written informed consent was
waived according to Italian regulations due to the retrospective nature of this study. The
study was conducted according to the guidelines of the Declaration of Helsinki.

All consecutive adult (≥18 years) patients admitted to the ICU and presenting CR-Ab
colonization or infection during the study period were enrolled. All patients were followed
up until the hospital discharge to compute: ICU, 28-day and overall mortality, length of
ICU and hospital stay.

2.2. Context

During the study period, several infection control programs were active in the ICUs
involved, with specific leadership and scope. Surveillance cultures (tracheal aspirate,
rectal swab, urinary culture) were performed weekly; universal screening for carbapenem-
producing Enterobacterales (CPE) and A. baumannii using rectal swabs was performed upon
admission to the ICU and then once a week. In mechanically ventilated patients, the
surveillance of respiratory samples (tracheal aspirates or bronchoalveolar lavage) was also
performed at least once a week, with some differences between the different centers. Blood
cultures or bronchoalveolar lavage cultures were performed on clinical decision.

2.3. Definitions

Pneumonia by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)
was defined based on real-time polymerase chain reaction (RT-PCR) on at least one low
respiratory tract specimen [28].

The occurrence of colonization and/or infection with A. baumannii was assessed from
the date of ICU admission to ICU discharge. It was considered only once at the time of the
first incidence of a positive sample. Colonization was defined as bacterial isolation without
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clinical signs or symptoms suggestive of infection. Infection was defined according to the
Centers for Disease Control and Prevention (CDC) criteria [29]. Carbapenem resistance
was defined according to the EUCAST criteria [30].

All episodes of VAP and/or BSI, as well as the development of septic shock with the
requirement of vasoactive drugs [31], were registered according to the European Centre for
Disease Prevention and Control (ECDC) current definitions [32].

2.4. Microbiology

A. baumannii and CPE strains from blood, respiratory, and rectal samples were collected
in accordance with active surveillance screening and following local guidelines. Rectal
swabs were collected from hospitalized patients and screened for CPE by combining
culture-based detection and the identification of carbapenemase type.

We identified CR-Ab according to the European Committee on Antimicrobial Suscep-
tibility Testing (EUCAST) criteria of carbapenem resistance. Cultures were analyzed with
the BD BACTECTM FX system (Becton Dickinson) according to EUCAST breakpoint tables.
The identification of microorganisms was conducted with mass spectrometry MALDI-TOF
(Matrix-Assisted Laser Desorption Ionization Time-of-Flight) and VITEK®, whereas suscep-
tibility to antibiotic molecules was tested using VITEK 2 (VITEK® according to EUCAST
breakpoint tables). The whole-genome sequencing of CR-Ab isolates collected from blood
cultures and respiratory samples was not available in the pandemic context. The clonal
relationship of CR-Ab isolates was currently not investigated.

2.5. Statistical Analysis

Data were entered and analyzed using SPSS version 27. Statistical significance was
defined as less than 0.05. Descriptive analysis was reported as frequencies, percentages,
means, and standard deviations. Categorical variables, demographics, and clinical charac-
teristics were compared against mortality using the Chi-squared test. Continuous variables
were tested for normality by the Kolmogorov–Smirnov test. Non-normally distributed
variables were evaluated using the Mann–Whitney test.

Significant values in the univariate analysis were evaluated with a multivariate model:
a logistic regression model for mortality to assess independent predictors. The odds ratio
was reported with corresponding 95% confidence intervals.

3. Results

Sixteen ICUs joined the data collection. Four of them had no cases of CR-Ab in COVID-19
patients. The first data collection was completed in May 2021. The review of the data by
independent investigators was completed in the months of June–September 2021.

During the study period, 913 COVID-19 patients were admitted to the participating
ICUs. Of them, 19% became positive for CR-Ab, either colonization or infection (n = 176).
The ICU mortality rate in patients with A. baumannii was as high as 64.7% (n = 112) (Table 1).

Table 1. Demographic and general characteristics of COVID-19 ICU patients with CR-Ab.

Variable
(n; %)

Total
176 (100%)

Survived
61 (35.3%)

Dead
112 (64.7%)

p-Value

Demographics
Males 136 (78.6) 48 (67.6%) 88 (78.6%) 0.986
Age 65.35 ± 10.3 62.84 ± 10.7 66.44 ± 10 <0.001
BMI 30.8 ± 7.3 31.33 ± 7.4 30.83 ± 7.36 0.858
Ex-smoker 8 (4.5) 4 (6.5) 4 (3.5) 0.372
Smoker 8 (4.5) 3 (4.9) 5 (4.5) 0.892
Obese 52 (29.5) 20 (32.8) 32 (28.6) 0.563
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Table 1. Cont.

Variable
(n; %)

Total
176 (100%)

Survived
61 (35.3%)

Dead
112 (64.7%)

p-Value

Comorbidities
Cardiovascular disease 118 (67) 38 (62.3) 80 (71.4) 0.218
Diabetes 39 (22.1) 12 (19.7) 27 (24.1) 0.505
Hematologic disease 2 (1.1) 1 (1.6) 1 (0.9) 0.661
Chronic pulmonary disease 22 (12.5) 6 (9.8) 16 (14.3) 0.401
Renal failure 15 (8.5) 5 (8.1) 10 (8.9) 0.870
Active neoplasm 7 (4) 2 (3.3) 5 (4.5) 0.705
Autoimmune disease 18 (10.2) 6 (9.8) 12 (10.7) 0.857
Immunodepression 4 (2.3) 2 (3.3) 2 (1.8) 0.532
Clinical characteristics
ICU length of stay 24.27 ± 17.9 25.7 ± 20.58 24.1 ± 18.22 0.930
Days to infection/colonization from
hospital admission 17.31 ± 13.3 17.2 ± 13.44 17.31 ± 12.34 0.718

Days to infection/colonization from
ICU admission 10.69 ± 8.4 10.63 ± 8.38 10.69 ± 8.42 0.585

Referral 54 (30.7) 17 (27.9) 37 (33) 0.483
ECMO 13 (7.4) 1 (1.6) 12 (10.7) 0.031
SAPS II 42.28 ± 13.37 41.6 ± 13 43.88 ± 13.5 0.006
SOFA 8.3 ± 3.7 6 ± 2.6 9.5 ± 3.6 <0.001
ARDS on admission 165 (93.2) 59 (96.7) 106 (94.6) 0.534
Septic shock 67 (38.1) 6 (9.8) 61 (54.5) <0.001
Colistin sensitive 159 (90.3) 53 (86.9) 106 (94.6)

0.074Colistin resistant 14 (7.9) 8 (13.1) 6 (5.3)
Carbapenem-resistant 122 (69.3) 46 (75.4) 76 (67.8) 0.479
Invasive infections
CR-Ab VAP 105 (59.6) 29 (47.5) 76 (67.8) 0.009
CR-Ab BSI 46 (41.1) 14 (22.9) 32 (28.6) 0.424
CR-Ab + co-infection
K. pneumoniae—KPC 29 (16.5) 11 (18) 18 (16.1) 0.726
MRSA 8 (4.5) 3 (4.9) 5 (4.5) 0.892
VRE 7 (4) 3 (4.9) 4 (3.6) 0.668
Enteric pathogens 55 (31.2) 18 (29.5) 37 (33) 0.634
Colonization
CR-Ab 165 (93.7) 58 (95) 104 (92.8) 0.567
Cp-K.pneumoniae 14 (7.9) 4 (6.5) 10 (8.9) 0.585
VRE 1 (0.6) 1 (1.6) 0 0.174
E.coli 2 (1.1) 2 (3.2) 0 0.054
Candida spp 8 (4.5) 3 (4.9) 5 (4.5) 0.892
MRSA 5 (2.8) 1 (1.6) 4 (3.6) 0.469
Other 74 (42) 28 (45.9) 46 (41.1) 0.587
Combination treatment with colistin
Total colistin treatment 100 (56.8) 33 (54) 67 (59.8) 0.466
Colistin monotherapy 10 (5.7) 1 (1.6) 9 (8) 0.085
Meropenem 37 (21) 16 (26.2) 21 (18.7) 0.252
Ampicillin sulbactam 32 (18.1) 9 (14.7) 23 (20.5) 0.349
Rifampicin 30 (17) 9 (14.7) 21 (18.7) 0.507
Tigecycline 15 (8.5) 2 (3.2) 13 (11.6) 0.063
Vancomycin 7 (4) 3 (4.9) 4 (3.6) 0.668
Ceftazidime-avibactam 7 (4) 1 (1.6) 6 (5.3) 0.236
Only colonized/infected vs. mortality
CR-Ab colonized (without infection) 47 (26.7) 25 (40.9) 22 (19.6) <0.001
CR-Ab infected (without colonization) 11 (6.2) 3 (4.9) 8 (7.1) 0.567

List of abbreviations: intensive care unit, ICU; carbapenem-resistant Acinetobacter baumannii, CR-Ab; number, n;
Body Mass Index, BMI; extracorporeal membrane oxygenation, ECMO; Simplified Acute Physiology Score, SAPS;
Sequential Organ Failure Assessment, SOFA; Acute Respiratory Distress Syndrome, ARDS; Ventilator-Associated
Pneumonia, VAP; Bloodstream infection, BSI; K.pneumoniae producing KPC; methicillin-resistant Staphylococcus
aureus, MRSA; vancomycin-resistant Enterococcus, VRE. bold was used for p < 0.05.
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The majority of patients were males (136; 78.6%), with a median age of
65 ± 10.3 years. The average Simplified Acute Physiology Score (SAPS) II and Sequential
Organ Failure Assessment (SOFA) scores were 42 ± 13.37 and 8.3 ± 3.7, respectively. Lead-
ing comorbidities were cardiovascular diseases (118 patients, 67%), obesity (52 patients,
29.5%), diabetes (39 patient, 22.1%), and chronic pulmonary disease (22 patients, 12.5%).
Around 31% of patients were transferred from one hospital to another; 93.2% of them
presented acute respiratory distress syndrome upon ICU admission. The mean length of
stay in the ICU was 24 ± 18 days. On average, patients developed colonization or infection
within 10 ± 8.4 days from ICU admission.

The scores of SAPS II and SOFA were significantly higher in the deceased patients
(43.8 ± 13.5, p = 0.006 and 9.5 ± 3.6, p < 0.001, respectively). Furthermore, the mortality rate
was significantly higher in patients with extracorporeal membrane oxygenation (ECMO; 12;
7%, p = 0.03), septic shock (61; 35%, p < 0.001), and in elders (66 ± 10, p < 0.001) (Table 1).

Among the 176 patients enrolled in the study, 129 (73%) had invasive infection with
CR-Ab, distributed as follows: 105 (60.7%) VAP and 46 (26.6%) BSI. In 22 cases (6.5%), VAP
was associated with concomitant BSI. Colonization was reported in 165 patients (93.7%).
Of note, 118 patients previously colonized by CR-Ab developed invasive infections, while
11 patients developed infection without any known previous colonization. Mortality was
significantly higher in patients with VAP (p = 0.009). Colonized patients who did not
develop invasive infections had a higher survival rate (p < 0.001; Table 1). Being colonized
by CR-Ab was associated with a higher risk of developing invasive infections (p < 0.001).

Co-infections with carbapenem-resistant Klebsiella pneumoniae and enteric pathogens
were seen in 29 (17%) and 55 (32%) patients, respectively.

Most of the CR-Ab isolates (159, 90.3%) were sensitive to colistin. Colistin was used to
treat the majority (100, 56.8%) of the patients. Most commonly, it was administered with
meropenem, ampicillin-sulbactam, and rifampicin (21%, 18.1%, and 17%), respectively.
However, no difference in mortality rate was observed between different therapies.

In the multivariate analysis (Table 2), risk factors that were significantly associated
with mortality were age (OR = 1.070; 95% CI (1.028–1.115) p = 0.001) and CR-Ab colonization
(OR = 5.463 ic 96% 1.572–18.988 p = 0.008).

Table 2. Multivariate analysis for mortality.

Variables p Value OR
95% C.I.for EXP(B)

Lower Upper

Age 0.001 1.070 1.028 1.115

SAPS II 0.145 1.022 0.992 1.053

VAP 0.451 1.568 0.487 5.049

CR-Abcolonization 0.008 5.463 1.572 18.988
List of abbreviations: Simplified Acute Physiology Score, SAPS; Ventilator-Associated Pneumonia, VAP;
carbapenem-resistant Acinetobacter baumannii, CR-Ab. bold was used for p < 0.05.

4. Discussion

Bacterial and fungal superinfections represent a severity factor with a high impact on
the morbidity and mortality of critically ill patients with COVID-19 [33,34]. This aspect is
even more essential in countries burdened by a high rate of multidrug-resistant bacteria,
such as Italy [35], where an increasing number of CR-Ab infections have been seen in the
last years.

In the present multicentric study, conducted on 16 ICUs in the Piedmont region
during the COVID-19 pandemic, it was found that 19% of ICU COVID-19 patients became
positive for CR-Ab, either colonization or infection, during an ICU stay. Although the
whole-genome sequencing of CR-Ab isolates was not available in the pandemic context
and the clonal relationship of CR-Ab isolates was currently not investigated, this elevated
percentage and some epidemiological factors deserve very high attention. Furthermore,
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the mortality rate in patients with CR-Ab was as high as 64.7%, significantly higher than
the overall mortality in critically ill COVID-19 patients [36].

To the best of our knowledge, this is the first multicenter regional study reporting the
impact of CR-Ab colonization and severe infection in ICUs during the COVID-19 pandemic.
Interestingly, our analysis refers to the so-called Italian “second-wave” of the pandemic,
when the global emergency scenario of the first months of the pandemic had extensively
changed. A recent multicenter, cross-sectional study compared the rates of colonization
and infection with carbapenemase-producing Enterobacterales (CPE) and/or CR-Ab in two
study periods, pre and during the COVID-19 pandemic. No significant change in either
incidence rate ratios and weekly trends in CPE colonization and infection was observed,
while the incidence rate ratios of colonization and infection with CR-Ab increased by
7.5- and 5.5-fold, respectively, during the COVID-19 period. A clonal lineage was demon-
strated and appointed for the occurrence of horizontal transmission [26].

Other authors previously highlighted that, during the first wave of the COVID-19
pandemic, several factors could have favored the emergence and spread of antimicrobial-
resistant bacteria in hospitals [25], such as the overload of hospitalized patients, especially
in intensive care, favoring patient-to-patient transmission [37]; the initial overuse of an-
tibiotics for suspected bacterial co/super-infections [38]; the possible delay in providing
microbiological culture and sensitivities results due to the COVID-19 overload [39]. During
the first months of the pandemic, in several countries, including Italy, a lack of appropri-
ate protective personal equipment and health personnel hired on an emergency basis to
respond to the COVID-19 pandemic, sometimes impeding adequate training in infection
prevention and control, were common. However, that may not be completely true in the
period of our study, when the first pandemic phase with its need for reorganization was
already over.

Other factors may have contributed to the described spread of CR-Ab infections.
First of all, the need for the referral of critically ill patients (e.g., requiring ECMO [40])

and the high number of patients transferred from one hospital to another may have facili-
tated the dissemination of cases at the regional level. Even the structural characteristics of
ICUs (new, re-opened, or already functioning before the COVID-19 pandemic) may also
have played a role, in terms of spaces dedicated to patients and workstations, devices, and
hospital pathways between departments (e.g., emergency department, radiology). In fact,
CR-Ab cross-transmission between equipment (ventilators, infusion pumps, hemodialysis
machines, ultrasound devices) and COVID-19 patients may also partly explain the onset of
this outbreak.

Focusing on the identification and characterization of Enterococcus faecium, Staphylo-
coccus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
and Enterobacter spp. (ESKAPE) bacteria and their possible clonal spread in medical
devices, patients, and medical personnel in the ICU, a recent work [41] has shown that 91%
of the analyzed sites were colonized by bacteria (pathogenic and commensal), where S.
aureus and A. baumannii MDR showed a high incidence, and A. baumannii MDR showed a
clonal distribution in surfaces, patients, and health personnel.

It is in fact known that even when there is the scrupulous protection of medical
personnel to avoid the transmission of SARS-CoV-2 from patients to health personnel, the
transmission of other pathogens such as ESKAPE bacteria is not automatically avoided. In a
previous study in ICUs, it was shown that the bacterial recontamination of contact surfaces
occurred after 4 h after standard cleaning with detergents with chlorine-releasing agents,
isopropyl alcohol, and sodium hypochlorite [42]. Moreover, COVID-19 critically ill patients
often require prolonged hospitalizations, and it is known that staying in an intensive care
setting for a long time—as well as immunosuppression, the need for prolonged previous
antibiotic therapies, and the invasiveness of care—are known risk factors for infections
with multidrug-resistant pathogens.
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In our analysis, the median ICU length of stay was high (24.27 ± 17.9 days), with
a time lag before the development of colonization or the onset of invasive infection of
17.31 ± 13.3 days of hospital stay and 10.69 ± 8.4 days of ICU stay, respectively.

Some other factors must be taken into account in the analyzed population. Certainly,
patient severity had an impact on mortality, with statistical significance for the need for
ECMO support, higher SAPS and SOFA scores, and the presence of septic shock as infection
presentation. Similar to other settings, the use of steroids might be related to a higher risk of
developing MDR infection [43]. Concerning the impact of VAP in CR-Ab infected patients,
the diagnosis of VAP may have been made difficult by the presence of the radiological and
clinical signs of COVID-19 pneumonia, which made it even more difficult to apply the
classical criteria and the consequent definition of VAP.

The presence of colonization preceding the infection represented, in our series, a risk
factor with respect to mortality. It is well known from the literature that colonization does
not require any “pre-emptive” therapy if the patient has no clinical signs of infection, but
these data confirmed the finding that colonization remains one of the main risk factors for
invasive infections and represent a “wake up call” regarding the frailty of our patients.
Therefore, implementing an early pre-emptive therapy in cases of known colonization, at
the time of clinical worsening, is one of the main steps to improve survival in this setting.

As previously reported in the literature, the role of combination therapy is widely
debated in the absence of definitive evidence [44,45]. The data are insufficient for a more
completed analysis, but the unmet need for new and effective therapies is of paramount
importance considering the mortality of these critically ill patients.

The presence of multi-bacterial co-infections is a further interesting fact, able to describe
not only the fragility of the patients but also the delicate hospital ecology and to reinforce
the need for effective and strict control measures. In particular, the combination of various
Gram-negative pathogens describes the context of our ICUs and may be the consequence of
the high use of empiric broad-spectrum antibiotic therapies used in COVID patients not only
at home but also in the early stages of hospitalization.

Our study has several limitations. First, the retrospective nature of the study and
therapeutic management on the risk of A. baumannii infection. Secondly, the lack of data on
the total number of COVID-19 ICU patients did not allow a comparison of risk factors and
outcomes. Third, as the clonal relationship was not investigated, it is impossible to define
the common origin of the burden of infections or a relationship, at least in the high number
of referral patients. Moreover, it was not possible to obtain a cumulative antibiogram
for antibiotic classes to show the overall sensibility of different strains. Finally, the local
epidemiology and the need to re-organize the capacity, spaces, and staff of our ICUs during
the pandemic could limit the generalizability of our results.

5. Conclusions

The need to not neglect antimicrobial stewardship principles during the COVID-19
pandemic has already been recently underlined [46], as well as the importance of enhancing
infection control activities directed against antimicrobial resistance. In continuity with this
message, our study remarks on the need to pursue antimicrobial stewardship principles
during the COVID-19 pandemic, and infection control activities targeted against the spread
of antimicrobial resistance inside and between hospitals.

During a pandemic, not only in the first phases, but especially later in the time course,
infection control activities should be revised and eventually re-modulated according to
the new organizational structures. Constant infection-control measures are necessary
to stop the spread of A. baumannii in the hospital environment, prevent outbreaks, and
lower mortality rates, especially at this time of the SARS-CoV-2 pandemic. Stricter barrier
measures need to be implemented, increasing the effectiveness of screening and surveillance
for A. baumannii, especially when resistant to carbapenems. The active surveillance culture
and efficient performance of a multidisciplinary team will be highly important in detecting
and controlling the CR-Ab outbreak in COVID-19 ICUs.
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Abstract: Multidrug resistance has become a serious threat for health, particularly in hospital-
acquired infections. To improve patients’ safety and outcomes while maintaining the efficacy of
antimicrobials, complex interventions are needed involving infection control and appropriate phar-
macological treatments in antibiotic stewardship programs. We conducted a multicenter pre-post
study to assess the impact of a stewardship program in seven Italian intensive care units (ICUs).
Each ICU was visited by a multidisciplinary team involving clinicians, microbiologists, pharmacol-
ogists, infectious disease specialists, and data scientists. Interventions were targeted according to
the characteristics of each unit. The effect of the program was measured with a panel of indicators
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computed with data from the MargheritaTre electronic health record. The median duration of em-
pirical therapy decreased from 5.6 to 4.6 days and the use of quinolones dropped from 15.3% to 6%,
both p < 0.001. The proportion of multi-drug-resistant bacteria (MDR) in ICU-acquired infections fell
from 57.7% to 48.8%. ICU mortality and length of stay remained unchanged, indicating that reducing
antibiotic administration did not harm patients’ safety. This study shows that our stewardship pro-
gram successfully improved the management of infections. This suggests that policy makers should
tackle multidrug resistance with a multidisciplinary approach based on continuous monitoring and
personalised interventions.

Keywords: antibiotic stewardship; multidrug resistance; intensive care units; healthcare-associated
infections; infection control; electronic health record; education in medicine; appropriateness of antibiotic

1. Introduction

The efficacy of antimicrobials still saves the vast majority of patients suffering from
bacterial or fungal infections. However, their use, overuse and mainly inappropriate use in
and outside hospitals, as well as in livestock, favours the emergence of resistance. Resistant
bacterial species threaten health and cause related morbidity and even mortality [1]. This
has become a general emergency in hospitals and in general medical practice—although
with significant geographical differences [2]. However, it is recognised that judicious use of
antimicrobials is a cornerstone of the containment of multidrug resistance (MDR) [3].

Antibiotic stewardship programs (ASPs) are accepted worldwide as a must to im-
prove patients’ safety and outcomes, while maintaining the efficacy of antimicrobials by
withholding the selective pressure driving antibiotic resistance (ABR) [4]. ASP comprises
a bundle of interventions to improve several aspects of a complex decision-making pro-
cess [5] involving organisation, prevention of transmission, diagnosis of infection, handling
of microbiological investigations, optimisation of drug prescriptions [6], and duration
of treatments.

There is general agreement on the urgent need for effective ASP, the best bundle
composition, and the best way to implement these programs and to maintain the benefit
over time. Most published stewardship programs, using very different methods, report
success in achieving specific goals [7–14]. However, better management of infections
calls for the design and achievement of several goals: reduction of the circulation and
transmission of MDR [15] microorganisms and more appropriate use of drugs (sparing of
carbapenems, limitation of quinolones and other broad-spectrum drugs, and appropriate
site, dose, and duration of treatments).

Intensive care units (ICUs) present unique challenges for ASP due to their crucial
position in the chain of antibiotic resistance: they admit critical and chronically ill patients
frequently colonised by MDR microorganisms, transferred from hospital wards and nursing
homes [16]. ICU doctors use antimicrobials generously, and return survivors with a greater
or even unit-acquired MDR burden to the hospital and the community [17]. However, ICU
personnel, having experienced how difficult it is to treat patients with MDR infections,
do frequently pay closer attention to the MDR problem. ASPs have often been optimised
in ICUs in recent years, with attempts also to develop the multidisciplinary aspect by
including infectious diseases, microbiologists, and pharmacists in the projects.

In 2017 the Italian Group for the valuation of Intervention in Intensive Care Units
(GIViTI, giviti@marionegri.it) started a multi-ICU project to control antibiotic resistance
through a complex peer-to-peer intervention and extended monitoring with a common
electronic health record (EHR), MargheritaTre (M3) [18] as a potential continuous antibiotic-
stewardship tool.

The aim of this before/after project, intended as a pilot study, was to assess the efficacy
of an ASP in a multicenter study. Specific goals of the ASP were reduction of the overall
antibiotic pressure, sparing of the essential anti-MDR-drugs (e.g., carbapenems, colistin,
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linezolid), reduction of the use of quinolones, optimisation of drug administration, and
improvement of appropriateness of antibiotic treatment. Appropriateness was assessed
across several dimensions, focusing on infections with valid diagnostic specimens, microbi-
ological diagnoses and pharmacologic properties as tissue penetration of the prescribed
drugs. These actions, together with prevention of transmission, should yield the very
ambitious achievement of reducing MDR infections. Considering the complexity of such a
project, the ASP intervention was designed by a multidisciplinary team and agreed with
the representatives of the participating ICUs.

The performance of each center was evaluated through a set of indicators designed to
monitor several dimensions in the management of infections. The ASP interventions were
tailored to each ICU on the basis of data collected during the first year of the project (before
the intervention) and discussed with a panel of experts at on-site visits. The impact of the
ASP over the year of observation was assessed by comparing the values of the indicators
before and after the intervention. A further year of observation was planned to verify how
long the benefits, if any, lasted.

2. Methods

2.1. Study Design

We ran a multicenter pre-post study to assess the impact of a stewardship program
in ICUs. The program was based on a plenary meeting with representatives from ICUs
and on-site audits. The impact of the program was measured by comparison of a panel of
indicators computed before and after the intervention.

2.2. Participating Units

Participation in the study was voluntary, but limited to units working with the software
M3, integrated with the laboratory information system. M3 is an EHR developed by a
multidisciplinary team involving IT specialists, researchers, physicians, and nurses from the
GiViTI network. It was designed to support clinical practice in ICUs and ensure high-quality
data for research purposes [18]. M3 is property of Istituto di Ricerche Farmacologiche Mario
Negri IRCCS (Milano, Italy) and GiViTI (Ranica, Italy).

2.3. Study Population

The study population comprised all patients admitted to seven general Italian ICUs
of different sizes and case-mix. The study took place between January 2017 and February
2020 and had 12 months of data collection (see the Supplementary Materials for the list of
ICUs and their characteristics).

2.4. Data Collection and Management

All data (clinical and microbiological diagnoses, laboratory tests, and treatments)
were automatically acquired from the M3 EHR, without further intervention of the ICU
physicians, limiting the risk of biases.

Information in M3 is primarily stored in structured or partially structured form to facil-
itate data analysis. Automatic services import patients’ parameters and results of chemical
and microbiological tests from monitors, ventilators, blood–gas analyser devices, and from
the hospital information systems. M3 stores patients’ data in a local PostgreSQL database in
each hospital. Data are then encrypted and transferred in pseudonymised form to a server
at the GiViTI coordinating center at the Mario Negri Institute for Pharmacological Research.

For this project we extracted the following variables from M3 databases: present-
at-admission or ICU-acquired infection, site of infection, microbiological diagnosis and
sensitivity pattern, where available, antimicrobials employed (drug, start and end dates
of treatment, drug combinations), the rationale for antibiotic prescription (prophylaxis,
targeted or empirical therapy), and length of ICU stay.
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2.5. Phases of the Project

The study was coordinated and monitored by a study board nominated by the GiViTI
steering committee. The members of the board were chosen for their expertise in critical
care medicine, infectious diseases, clinical microbiology, and data science. The board
defined the project’s specific objectives and designed all the phases of the intervention.

Definition of the indicators: The study board designed all indicators to measure several
dimensions related to the management of infections in ICUs (resistance patterns of the
isolated microorganisms to drug classes, appropriateness of drug use, clinical decisions).
When needed, the EHR M3 was modified to collect the variables employed to calculate
those indicators.

Plenary session: A kick-off meeting was organised with representatives of the ICUs (nurses,
intensivists, microbiologists, infectious disease specialists, pharmacists/pharmacologists) to
share the objectives of the project, to describe its phases, and to recall and discuss standard
strategies for infection control in the ICU and what is known to limit the emergence of
antimicrobial resistance. This course was structured with plenary lectures and workgroups
based on case records extracted from the EHR of the ICUs. The indicators to describe and
quantify the measured data were discussed in this meeting.

To build a common multidisciplinary background, the topics discussed in the meet-
ing aimed to update knowledge about risk stratification, diagnosis of infection, antibiotic
prescription for community- and hospital-acquired infections, PK/PD optimisation, in-
terpretation of antibiotic sensitivity tests for classical and novel diagnostic technologies,
communication strategies with the laboratories, and information from biomarkers. The
importance of environmental cleanliness and prevention of transmission were stressed as
fundamental issues

On-site visits and follow up: All ICUs were visited between October 2018 and February
2019 by experienced members of the study board. The multidisciplinary visiting team
involved an intensivist, a clinical microbiologist, an infectious disease specialist, and a
data scientist from the coordinating team. Each visit lasted a whole day. The morning was
dedicated to visiting the ICU and the microbiology laboratory to study the organisation of
clinical activities and the decision-making. In the afternoon, pre-intervention data were
evaluated, and critical aspects were identified and discussed. In a final de-briefing, the ICU
members and the peers agreed on and fixed the goals to be achieved in one year. During
this year each ICU could consult the clinical experts.

Final evaluation of the results: One year after the visit data from each center were
processed and the indicators computed, each center received a report comparing its own
performance to all the other ICUs.

The results were presented in a GiViTI meeting organised in online format due to
COVID-19 restrictions in Italy.

2.6. Outcomes

The success of the stewardship program was evaluated through the following indica-
tors. Mortality and ICU length of stay were used as safety parameters to make sure that the
intervention did not harm patients.

2.6.1. Frequency of Patients with MDR Infections

Ratio of patients with at least one infection due to MDR bacteria according to the
definition of Ref. [15] to the total number of infected patients. This endpoint was strati-
fied by infections present at ICU admission or acquired during the ICU stay. Infections
whose symptoms appeared during the first 48 h in the ICU were considered infections
at admission.
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2.6.2. Median Duration of Empirical Therapy and Prophylaxis

Kaplan–Meier curves were built to assess the duration of empirical therapies and pro-
phylaxis (antimicrobial treatments aiming to avoid infections, including perioperative prophy-
laxis), censoring patients with ongoing therapies at discharge (see Supplementary Materials).

2.6.3. Inappropriateness of Antibiotics by Penetration into the Site of Infection

Ratio of inappropriate antibiotic therapies regarding tissue penetration to the num-
ber of antibiotics prescribed, based on a recent systematic review [19]. An antibiotic is
considered inappropriate when it cannot reach the site of the infection.

2.6.4. Inappropriateness of Antibiotics by Microorganism Resistance Pattern

Ratio of inappropriate antibiotic therapies to the number of antibiotics prescribed. An
antibiotic is considered as inappropriate if the bacteria causing the infection are intrinsically
resistant [20] or resistant according to susceptibility tests [21–24].

2.6.5. Use of Fluoroquinolone Antibiotics

Proportion of patients who received at least one fluoroquinolone.

2.6.6. Inappropriate Prescriptions of Carbapenems

Ratio of inappropriate prescriptions of carbapenems to the total number of treatments
with these drugs. Treatment with carbapenems is considered inappropriate when the
microorganism causing the infection was responsive to other molecules with a more limited
spectrum or anti-MDR specificity such as penicillin or cephalosporins.

2.6.7. Inappropriate Prescriptions of Colistin

Ratio of inappropriate prescriptions of colistin to the total number of treatments with
these drugs. Treatment with colistin is considered inappropriate when the microorganism
causing the infection was responsive to penicillin, cephalosporins, and carbapenems.

2.6.8. Inappropriate Prescriptions of Linezolid

Ratio of inappropriate prescriptions of linezolid to the total number of linezolid thera-
pies. Empirical therapies in patients with acute renal failure were considered appropriate.
Therapies in patients with SNC infection by Gram + bacteria or any infection due to MRSA
or VRE were deemed appropriate.

The board of experts used three additional indicators to condense the results (before
and after) in each ICU concerning patients’ outcomes and drugs used.

- Antibiotic pressure: Proportion of days of ICU stay when patients received any
antibiotic therapy.

- Average ICU length of stay.
- ICU mortality.

2.7. Statistical Analysis

Categorical variables are reported as frequency and percentage, continuous vari-
ables as mean and standard deviation (SD) or median and interquartile range (IQR),
as appropriate.

Chi-squared and Wilcoxon rank-sum tests were applied to compare proportions and
distributions of continuous variables, respectively, with a significance level of 0.05.

To take into account stratification by ICU, the results of the indicators before and after
the intervention were compared using Cochran–Mantel–Haenszel, stratified Mann–Whitney,
and stratified log-rank tests for proportions, distribution of continuous variables, and
Kaplan–Meier curves, as appropriate, with a significance level of 0.05.

All analyses were done with R, version 3.6 (R Core Team, R Foundation for Statistical
Computing, Vienna, Austria).
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3. Results

The indicators were evaluated for data collected in 2018 on 2901 patients to assess the
performance of the seven ICUs before the ASP intervention. The program’s efficacy was
assessed by comparing the same indicators on data collected for a whole year after the site
visits for 3389 patients. The patients’ main characteristics are reported in Table 1.

The indicators computed in the pre- and post-intervention phases are compared in
Table 2. Improvement was obtained on the frequency of infections caused by MDR bacteria
(39.5% post-intervention vs 44.9% pre-intervention), especially for ICU-acquired infections
(48.8% vs. 57.7%). The frequency of MDR in infections on admission and acquired in ICU for
each center are plotted in Figure 1a,b, before (dashed) and after (solid) the ASP intervention.
The horizontal lines indicate the overall average. Although the Cochran–Mantel–Haenszel
tests are not significant, the changes are substantial and the percentage of MDR in ICU-
acquired infection decreased in all but one of the participating ICUs.

Table 1. Descriptive table (pre-/post-) main demographics, comorbidities, infections present at ICU
admission and infections acquired during ICU stay. Significant levels are indicated as * p < 0.05,
** p < 0.01, *** p < 0.001.

Total (6290) Pre-Intervention (2901) Post-Intervention (3389) p-Value

Median Age (Q1, Q3) 66 (51, 77) 67 (52, 77) 65 (51, 76) 0.003 ***

Male 3816 (60.7%) 1755 (60.5%) 2061 (60.8%) 0.80

ICU Outcome 1011 (16.1%) 471 (16.2%) 540 (15.9%) 0.75

Comorbidities

Hypertension 2818 (48.9%) 1321 (48.4%) 1497 (49.4%) 0.48

Severe Obesity
(BMI > 35) 979 (17.0%) 440 (16.1%) 539 (17.8%) 0.10

Arrythmia 839 (14.6%) 391 (14.3%) 448 (14.8%) 0.64

Type 2 Diabetes 1018 (17.7%) 460 (16.9%) 558 (18.4%) 0.13

BPCO 840 (14.6%) 401 (14.7%) 439 (14.5%) 0.81

Tumor 683 (11.9%) 348 (12.8%) 335 (11.0%) 0.05 *

Myocardial Infarction 531 (9.2%) 241 (8.8%) 290 (9.6%) 0.34

Moderate/Severe
Renal Failure 450 (7.8%) 193 (7.1%) 257 (8.5%) 0.05 *

NYHA 2, 3 450 (7.8%) 208 (7.6%) 242 (8.0%) 0.62

Vasculopathy 409 (7.1%) 239 (8.8%) 170 (5.6%) <0.001 ***

No comorbidities 1069 (18.6%) 552 (20.2%) 517 (17.1%) 0.002 **

Infections on admission

Pneumonia 579 (9.7%) 286 (10.6%) 293 (9.0%) 0.04 *

Clinical sepsis 226 (3.8%) 98 (3.6%) 128 (3.9%) 0.56

Peritonitis 241 (4.1%) 118 (4.4%) 123 (3.8%) 0.24

Urinary tract infections 116 (1.9%) 50 (1.9%) 66 (2.0%) 0.64

Skin/soft-tissue
Infection 102 (1.7%) 45 (1.7%) 57 (1.8%) 0.81
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Table 1. Cont.

Total (6290) Pre-Intervention (2901) Post-Intervention (3389) p-Value

No infections 4488 (75.4%) 2009 (74.6%) 2479 (76.1%) 0.16

ICU acquired infections

Pneumonia 599 (9.5%) 285 (9.8%) 314 (9.3%) 0.45

Lower respiratory
tract infection 211 (3.4%) 103 (3.6%) 108 (3.2%) 0.43

Clinical Sepsis 100 (1.6%) 49 (1.7%) 51 (1.5%) 0.560
Primary bloodstream

infection 128 (2.0%) 60 (2.1%) 68 (2.0%) 0.86

Urinary tract infection 95 (1.5%) 39 (1.3%) 56 (1.7%) 0.32

Table 2. Endpoints with % pre-/post- (aggregated) and p-values for all indicators. Significant levels
are indicated as * p < 0.05, *** p < 0.001.

Pre-Intervention Post-Intervention p-Value

Frequency of patients with MDR infections (N/D) 44.9%
(315/701)

39.5%
(305/772) 0.11

On admission (N/D) 27.7%
(131/473)

25.5%
(135/529 0.59

ICU acquired (N/D) 57.7%
(203/352)

48.8%
(189/387) 0.09

Median (IQR) duration of empirical therapy (D) 5.6 days
(1275)

4.6 days
(1406) <0.001 ***

Median duration of prophylaxis (D) 2.3 days
(589)

2.0 days
(584) 0.06

Inappropriateness of antibiotics by penetration into
the site of infection (N/D)

2.3%
(49/2117)

1.9%
(49/2619) 0.26

Inappropriateness of antibiotics by microorganism
resistance pattern in empirical therapy (N/D)

16.2%
(57/351)

17.3%
(67/387) 0.84

Inappropriateness of antibiotics by microorganism
resistance pattern in targeted therapy (N/D)

3.8%
(19/507)

4.8%
(29/606) 0.29

Use of quinolones (N/D) 15.3%
(251/1637)

6.0%
(105/1737) <0.001 ***

Inappropriate prescriptions of carbapenems in
empirical therapy (N/D)

45.2%
(19/42)

36.9%
(24/65) 0.51

Inappropriate prescriptions of carbapenems in
targeted therapy (N/D)

36.7%
(18/49)

55.3%
(42/76) 0.07

Inappropriate prescriptions of colistin in
targeted therapy

27.6%
(8/29)

40%
(2/5) 0.61

Inappropriate prescriptions of linezolid (N/D) 54.9%
(82/150)

69.8%
(127/182) 0.01 *

Average ICU Length of stay (D) 5.5 days
(2901)

5.4 days
(3389) 0.07

ICU Mortality (N/D) 16.2%
(471/2901)

15.9%
(540/3389) 0.54
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(a)

(b)

Figure 1. %MDR on admission (panel (a)) and %MDR in ICU-acquired infections (>48 h, panel (b))
for the participating centers, pre- (dashed line) and post-intervention (solid line). The horizontal line
indicates the average.

The median duration of empirical therapy and prophylaxis was reduced from 5.6 to
4.6 days (p < 0.001) and from 2.3 to 2.0 days (p = 0.06), respectively. The median duration
of empirical therapy before the intervention ranged from about 4 to 8 days in the seven
ICUs. This decreased in all the ICUs, significantly in four of them (Figure 2a). Regarding
prophylaxis, the behaviour of the ICUs differed widely (Figure 2b). The two ICUs with the
longest durations before the intervention improved their performance, coming close to the
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average of all the centers. The duration of prophylaxis significantly increased only in one
ICU, nonetheless remaining well below the average.

(a)

(b)

Figure 2. Median duration of empirical therapy (a) and prophylaxis (b) for the participating centers,
pre- (dashed line) and post-intervention (solid line). The horizontal line indicates the average. The
use of quinolones more than halved. Before the intervention 15.3% of patients needing antibiotics
received quinolones. This decreased to 6.0% after the intervention (p < 0.001). Quinolones were used
for about 10% to 30% of patients in the seven ICUs. Its usage in all the units decreased in both value
and variability, ranging from about 3% to 10% (Figure 3a).
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The only indicator that significantly increased was the use of linezolid, though with
a limited number of prescriptions. After our ASP, 69.8% of linezolid prescriptions were
inappropriate (as defined in Section 2), while 54.9% were considered inappropriate before
the intervention. This worsened in more than half of the centers (Figure 3b), but the
confidence intervals are quite wide since only a few patients received linezolid.

(a)

(b)

Figure 3. Use of quinolones (a) and inappropriate prescriptions of linezolid (b) for the participating
centers, pre- (dashed line) and post-intervention (solid line). The horizontal line indicates the average.
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How far appropriateness is concerned, 16,2% and 17,3% of empirical, and 3,8% and
4.8% of targeted treatments were considered inappropriate according to our definitions
and no pre/post change could be found (Table 2).

The average length of stay increased (not significantly) from 5.4 to 5.5 days (p = 0.07)
and mortality remained unchanged (from 16.2% to 15.9%).

The other indicators did not change significantly. They are plotted in the Supplementary
Materials.

4. Discussion

Continuous education and monitoring and improvement of the quality of care in ICUs
are the primary missions of the GiViTI group. Given the lasting interest in the epidemiology
and reduction of infectious complications in critically ill patients [25], an ASP study was
mandatory. The objectives of an ASP are the containment of infections, better use of
antimicrobials, and reduction of the emergence and spread of MDR bacteria. Although
these goals are universally recognised, standardised methods for their implementation and
monitoring are far from being defined yet.

Here, we report a pilot ASP that was education- and culture-based, with no additional
workload or formal protocols for healthcare workers. Its implementation was adapted to the
different operating conditions of each ICU. The indicators used to monitor the ICU perfor-
mance are simple, easy to understand and offer a possible tool for continuous surveillance.

Monitoring was made easier by taking data directly from the EHR M3, thus minimising
the risk of bias due to the manual input into an ad hoc case report form. Standardised
indicators addressing several items in the ASP were automatically computed from M3 data:
admission of infected and MDR-infected patients, ICU-related acquisition of MDR infection,
duration of antimicrobial treatments (targeted, empirical, or prophylactic), and number of
treatments with specific antimicrobials (carbapenems, colistin, quinolones, and linezolid).

Outcomes such as the length of stay and mortality cannot be seen as indicators of
efficacy but as an attempt to monitor safety. The possibility of benchmarking results in time
with a before/after analysis and among units stimulates them to improve their performance
and shows that improvements are possible in clinical practice.

Seven units participated in our study on a voluntary basis. The kick-off meeting of the
project gave the opportunity to update clinical knowledge and governance policies. The
site visits established personal relationships with the experts and from the discussion of
data the specific weak points of each unit could be identified to set individual goals.

Data collected before the intervention from 2901 patients (Table 1) showed large
baseline differences among centers. This testifies to the wide diversity in patients’ case mix
and clinical behaviour as reported in Ref. [2].

The results of the project were positive for the majority of indicators, apparently with-
out causing patients any harm. As in other ASPs [5,8–11,13,26,27], there were reductions in
antibiotic prescriptions (especially quinolones), treatment duration, and MDR emergence.

As quinolones are considered as facilitators of MDR [28–32], the drastic reduction of
their prescriptions confirms the willingness to improve therapeutic strategies based on
scientific knowledge and compliance to protocols. Shorter durations of empirical treat-
ments suggest more efficient management of microbiological samples, from withdrawal to
reporting of sensitivity tests. The marked reduction of ICU-acquired MDR infections, al-
though globally non-significant and with quite large differences between centers, illustrates
a general improvement in the management of infected patients, regarding either antibiotic
prescriptions or infection control.

No before/after changes could be found in the appropriateness issues (Table 2). Our
expectations were probably too ambitious and the methodology and definitions not able to
detect differences in the prescribing behaviour.

Non-significant changes were observed in the use of carbapenems, and a specific study
may be necessary to understand this result more in fully.
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The original plan of the study included one more year of observation in 2020 to test the
“survival” of improved clinical practice, but unfortunately the COVID pandemic changed
the case mix and the ICU work so deeply that comparisons would be meaningless.

Nonetheless, what have we learned from this experience? The enthusiastic acceptance
and collaboration of clinicians delegated by each ICU as project contact persons underline
the intensivists’ interest in improving clinical practice.

In view of the voluntary nature of the project, it was hard to engage colleagues not
directly involved in the ASP. In a few ICUs, local site visits were limited because of work
shifts, holidays, or lack of interest. The results of the project are more effective and enduring
when the ASP message and the need for its implementation are shared among the whole
ICU staff.

The ICU is a key node in the complex hospital network of players involved in the
management of infections. However, an ASP would not be effective if devoted only to ICU
physicians and nurses. For this reason, we also invited on-site microbiologists, pharmacists,
and infectious disease specialists to participate at the site visits and encouraged the creation
of multidisciplinary teams.

Our pilot project was very resource-consuming: we could never offer it to the approxi-
mately 200 units associated with GiViTI. To extend the program to other ICUs, we would
have to identify which parts of our project were essential and which could be resized,
saving workforce and time.

Furthermore, the medical community has to take account of the terrible impact of
the SARS-CoV-2 pandemic on the use of antibiotics in the population, inside and outside
hospitals and ICUs [33]. ASPs will be urgently and widely necessary, at least to return to
the basic concepts of proper antibiotic prescription of the “pre-COVID” era. Similarly, the
reduction in MDR infections needs to be rapidly transferred into real COVID-19 life, since
in Italy there has been a significant increase of these pathogens. Hopefully our experience
will be helpful.

Limitations of the Study

The main limitation of the study is the lack of the second year of monitoring the ASP
indicators to see if the positive effects were just a “study-related” benefit or it really changed
the use of antimicrobial drugs. Most of our participating units are in northern Italy, and
most of them became COVID ICUs with a completely different case mix and organisation.

Moreover, the number of participating ICUs was limited. Unfortunately, at that
time, few ICUs met the necessary conditions for participation: interest in the study, use
of M3 as the EHR, and integration of M3 with the laboratory. For these reasons, we
downgraded our study to a pilot study, which, however, gave a considerable amount of
important information.

5. Conclusions

Our ASP adopted a multidisciplinary approach involving clinicians, microbiologists,
pharmacologists, infectious disease specialists, and data scientists. It successfully reduced
antibiotic consumption and MDR, without risking patient safety. Simple indicators, which
can easily be updated to the newer drugs and different patient populations, were automati-
cally computed from common EHR, helping to monitor ASP data.

The feasibility and the success of this multicenter ASP should now encourage health-
care policy makers to consider that “where there’s a will, there’s a way”.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcm11154409/s1. 1. List of ICUs; 2. ICU characteristics; 3. Survival
analysis for median duration of antibiotics treatments; 4. Indicators—comparison among ICUs.
(a) Frequency of patients with MDR infections. (b) Inappropriateness of antibiotics by penetration
into the site of infection. (c) Inappropriateness of antibiotics by microorganism resistance pattern
in empirical therapy. (d) Inappropriateness of antibiotics by microorganism resistance pattern in
targeted therapy. (e) Use of carbapenems. (f) Average ICU Length of stay. (g) ICU Mortality.
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Abstract: We evaluated the effectiveness of the Extended Prevalence of Infection in Intensive Care
(EPIC) III data collection protocol as an active surveillance tool in the eight Intensive Care Units
(ICUs) of the Intensive and Critical Care Department of the University Hospital of Turin. A total of
435 patients were included in a six-day study over 72 ICU beds. 42% had at least one infection: 69%
at one site, 26% at two sites and 5% at three or more sites. ICU-acquired infections were the most
common (64%), followed by hospital-associated infections (22%) and community-acquired (20%),
considering that each patient may have developed more than one infection type. 72% of patients were
receiving at least one antibiotic: 48% for prophylaxis and 52% for treatment. Mortality, the length of
ICU and hospital stays were 13%, 14 and 29 days, respectively, being all estimated to be significantly
different in patients without and with infection (8% vs. 20%; 4 vs. 20 and 11 vs. 50 (p < 0.001). Our
data confirm a high prevalence of infections, sepsis and the use of antimicrobials. The repeated
punctual prevalence survey seems an effective method to carry out the surveillance of infections
and the use of antimicrobials in the ICU. The use of the European Centre for Disease Prevention
and Control (ECDC) definitions and the EPIC III protocol seems strategic to allow comparisons with
national and international contexts.

Keywords: infections; intensive care unit; antimicrobial stewardship; infection control; drug resistance;
bacterial; point prevalence study

1. Introduction

Infections are a major cause of admissions and prolonged stays in intensive care units
(ICUs). They affect approximately 30% of patients, with large variations between different
geographical regions [1–7], and they are the leading cause of death in non-cardiac ICUs,
with still very high mortality rates and associated costs [8,9].

Sepsis and septic shock can complicate both community-acquired infections, which
account for up to 70% of all cases of sepsis [8], and healthcare-associated infections (HAI),
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which would be mostly preventable by adequate infection prevention and control (IPC)
measures [10–12].

Although extremely variable in the literature, data regarding the real prevalence
of HAIs remains high in Europe (6.5%) [13,14], with values probably much higher in
ICUs. Unfortunately, many articles do not report the differentiation between community
and hospital-acquired sepsis, leading to a possible underestimation of the impact of HAIs,
however potentially prevented in about 55% of cases by the implementation of multifaceted
IPC interventions [15–17].

Epidemiological information on the underlying source of infections, associated mi-
croorganisms, treatment and outcomes are essential to identify gaps and optimize pa-
tient management. Unfortunately, although surveillance systems have been proposed at
local [18] and international levels [19,20], adherence to them is not uniform in terms of
both data collection and definitions [21], and this limits the comparability of the data over
time. In particular, the integration between infection and/or colonization systematic data
collection, control measures, and their application and evolution over time is complex.
Moreover, data complexity does not allow their timely use, given the long processing
and interpretation times, partially limiting the possibility of continuous and proactive
surveillance. Another point to be considered is the lack of local comparisons, on a national
or regional basis, capable of reflecting the specific characteristics of the population, the
intensity of care, as well as the microbiological trend of the local ecology.

In this scenario, the use of punctual prevalence studies, which are more easily achiev-
able and repeatable over time, has been proposed, especially in ICUs. Their validity and
reliability, however, might be limited, given the method and timing of the data collection
used [22].

Recently, a worldwide study [9] collected comprehensive data on the global epidemiol-
ogy of ICU infections in 1150 centers in 88 countries, reporting that 54% of admitted patients
had suspected or proven infection, 70% received at least one antibiotic, and Gram-negative
bacteria were the predominant microorganisms (67%). One of the strengths of this study
was the use of an exhaustive but essential data collection protocol, widely applicable in
different contexts, which guaranteed great participation and reliability of the collected data.

As valid epidemiological data are needed to increase the awareness of the impact of
infection among ICU patients, we applied the EPIC III protocol to estimate the prevalence
of community and hospital-associated infections, associated risk factors and distribution
of antimicrobial use in the ICUs of the Intensive and Critical Care Department of the
University Hospital of Turin. We also evaluated the effectiveness of this data collection
protocol as an active surveillance tool.

2. Materials and Methods

2.1. Study Design

This is a 24-h prospective observational point prevalence study, with repeated ob-
servations every 2 months. Surveillance was carried out in all medical/surgical ICUs of
the Department of Anesthesia and Resuscitation of the Città della Salute e della Scienza
Hospital of Turin for a total of 8 ICUs and 72 ICU beds.

The study was approved by the local ethics committee (prot. No.0000255), and in-
formed consent was obtained from each patient enrolled.

The overall duration of the study was 1 year; each observation lasted 24 h, and the
follow-up for the outcome was performed at 60 days, regardless of the patient location.
Six observations were performed throughout the year, evenly distributed over 12 months.
Data were recorded for all patients present or admitted to ICU during the 24-h periods of
study, from 1 December 2017, 08:00 to 2 December 2018, 07:59.

All patients hospitalized or admitted to ICU on one of the days of the study were
involved, with no exclusion criteria, except for the absence of informed consent.
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2.2. Study Context

All ICUs were able to perform blood cultures or qualitative respiratory cultures. Inter-
mittent and continuous renal replacement therapies, high nasal oxygen flow, echocardiog-
raphy and invasive monitoring were available in all units and extracorporeal membrane
oxygenation (ECMO) in two units. An infectious disease specialist or clinical microbiologist
was available 12 h a day, 5 days a week, and on-call during nights and weekends. Ther-
apeutic drug monitoring was available for vancomycin, voriconazole, aminoglycosides
and beta-lactams.

2.3. Data Collection

Data was collected using the case report form (CRF; see Supplementary Materials)
used in EPIC III, investigating presence of infection (up to a maximum of four per patient).

2.4. Operative Definitions

European Centre for Disease Prevention and Control (ECDC) case definitions were
applied for infection surveillance [21]. Sepsis and septic shock were defined according to
the Third International Consensus Definitions [23]. Multi-drug resistant organisms were
defined according to ECDC 2012 definitions [24].

In case of infection, clinicians were asked to classify the mode of acquisition as cer-
tainly/possibly/probably and community-acquired/hospital-acquired/ICU-acquired [9].

Infections occurring at least 48 h after hospital admission were defined as ‘hospital-
acquired’. Infections occurring at least 24 h after ICU admission were defined as ‘ICU
acquired’. All other infections were defined as ‘community-acquired’.

Antimicrobial prophylaxis (not previously defined in the EPIC protocol) was clinically
defined as the use of an antimicrobial to prevent the occurrence of an infection, both in
medical or surgical contexts.

2.5. Outcomes

Primary outcomes were hospital and 60-days all causes of death. Secondary outcomes
were ICU and hospital length of stay (LoS).

2.6. Statistical Analysis

Continuous data are reported as mean and standard deviation (SD) or median and
interquartile range (IQR) as appropriate; categorical data are reported as number and
percentage. For continuous variables, a comparison between two groups was performed
using the unpaired student’s t-test or Wilcoxon–Mann–Whitney test depending on type
of distribution; for categorical variables, Chi-square test or Fisher’s exact test was used
as appropriate. Comparison of continuous variables between more than two groups was
conducted using Kruskal–Wallis test.

A multivariable logistic regression model was performed using infection as dependent
variable and choosing the following covariates resulting significant in the univariate analy-
sis: reason for admission, cardiovascular disease, sex, age, invasive ventilation, vasopres-
sors, central venous access, dialysis and Chronic Obstructive Pulmonary Disease (COPD).

To evaluate possible risk factors for death (60 days mortality), demographic and
clinical characteristics associated with mortality were selected as covariates to compete in a
multivariable logistic regression model with backward selection.

Results were expressed by calculating the Odd Ratio (OR) and a 95% confidence interval.
All statistical tests were two-sided. p values of 0.05 or less were considered statistically

significant and were conducted using the SAS ver. 9.4 (SAS Institute, Cary, NC, USA) and
SPSS ver. 26.0 (IBM Corp., Armonk, NY, USA).

3. Results

A total of 435 patients were included in the six study days: 405 adults (mean age
61 years, Standard Deviation (SD) 15, range 18–87) and 30 pediatric patients (mean age
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4 years, Standard Deviation (SD) 5, range 0–17). Demographic and general patient data are
summarized in Table 1. Informed consent was not collected in less than 5% of patients.

Table 1. Characteristics of patients according to the presence of infection.

All Patients (n = 435)
Infection

p Value
No (n = 251) Yes (n = 184)

Age, year, mean (SD) 57.5 (20.6) 58 (21.2) 57 (19.7) 0.4069

Male, n (%) 261 (60.0) 141 (56.2) 120 (65.2) 0.0572

ICU, n (%)

General 186 (42.8) 108 (43.0) 78 (42.4)

0.9465Specialist 219 (50.3) 125 (49.8) 94 (51.1)

Pediatric 30 (6.9) 18 (7.2) 12 (6.5)

Type of admission, n (%)

Medical 120 (27.6) 46 (18.3) 74 (40.2)

<0.001 *
Elective surgery 158 (36.3) 114 (45.4) 44 (23.9)

Emergency surgery 105 (24.1) 59 (23.5) 46 (25.0)

Trauma 52 (12.0) 32 (12.7) 20 (10.9)

Reason for admission, n (%)

Respiratory 57 (13.1) 13 (5.2) 44 (23.9)

<0.001

Cardiovascular 55 (12.6) 19 (7.6) 36 (19.6)

Neurological 80 (18.4) 46 (18.3) 34 (18.5)

Trauma 57 (13.1) 32 (12.7) 25 (13.6)

Surveillance 154 (35.4) 125 (49.8) 29 (15.8)

Other 32 (7.4) 16 (6.4) 16 (8.7)

Comorbidities, yes, n (%) 274 (63.0) 159 (63.3) 115 (62.5) 0.8566

Comorbidities, n (%)

Solid cancer 100 (23.0) 68 (15.6) 32 (7.4) 0.0175 *

Hematologic cancer 7 (1.6) 1 (0.4) 6 (3.3) 0.0452 *

Diabetes Mellitus 64 (14.7) 42 (16.7) 22 (12.0) 0.1647

COPD 54 12.4) 21 (8.4) 33 (17.9) 0.0028 *

Heart Failure, NYHA III/IV 66 (15.2) 36 (14.6) 30 (16.3) 0.5731

Previous cardiac disease 73 (16.8) 40 (15.9) 33 (17.9) 0.5816

Chronic kidney failure 55 (12.6) 29 (11.6) 26 (14.1) 0.4244

Immunosuppression 38 (8.7) 25 (10.0) 13 (7.1) 0.2908

Solid organ transplant 39 (9.0) 26 (10.4) 13 (7.1) 0.2349

SOFA, mean (SD) a 5.5 (4.1) 4.0 (3.2) 7.4 (4.5) <0.001 *

Invasive ventilation, n (%) 217 (49.9) 96 (38.2) 121 (65.8) <0.001*

Non-invasive ventilation, n (%) 35 (8.0) 21 (8.5) 14 (7.7) 0.7741

Tracheostomy, n (%) 114 (26.2) 51 (20.6) 63 (34.2) 0.0014 *

Vasopressor use, yes, n (%) 114 (26.2) 50 (19.9) 64 (34.8) <0.001*

CVC, n (%) 372 (85.5) 206 (83.4) 166 (90.7) 0.0171 *

Urinary catheter, n (%) 407 (93.6) 234 (94.7) 173 (95.1) 0.7386

Renal replacement therapy, n (%) 39 (9.0) 11 (4.4) 28 (15.2) <0.001 *

ECMO, n (%) 8 (1.8) 0 (0) 8 (4.4) <0.001 *

Septic shock, n (%) 69 (15.9) 24 (9.6) 45 (24.5) <0.001 *

Hyperlactacidemia, n (%) 77 (17.7) 37 (14.7) 40 (21.7) 0.0589

Antibiotic prophylaxis, n (%) 149 (34.3) 147 (58.6) 2 (1.1) <0.001 *

Gastrointestinal decontamination, n (%) a 25 (5.9) 12 (4.9) 13 (7.3) 0.2934

Chlorhexidine, n (%) a 175 (41.6) 104 (42.4) 71 (40.3) 0.6651

ICU length of stay, days, median (IQR) a 14 (4–36) 4 (1–12) 20 (10–33) <0.001 *

Hospital length of stay, median (IQR) a 29 (15–54) 11 (6–21) 50 (22–65) <0.001 *

Mortality at 60 days, n (%) a 52 (12.9) 19 (7.9) 33 (20.1) <0.001 *

COPD: Chronic obstructive pulmonary disease; CVC: central venous catheter; ECMO: Extracorporeal membrane
oxygenation; ICU: Intensive care unit; IQR: interquartile range; NYHA: New York Heart Association; SD: standard
deviation; SOFA: Sequential Organ Failure Assessment score, * Significant at 5% level; a Total patients are not
435 because of missing values, Percentages are calculated considering missing values.

Overall, 217 patients (50%) were on mechanical ventilation, 69 (16%) were in septic shock,
39 (9%) were treated with extracorporeal renal replacement and 8 (1.8%) with Extracorporeal
Membrane Oxygenation (ECMO), and 114 patients (26%), received vasopressor drugs.
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Characteristics of the patients according to the ICU type are shown in the Supple-
mentary Material (Table S1A,B). Outcome data on mortality were present for 403 patients.
The overall infected patients, according to clinical definition, were 184, whilst the total of
patients with at least one positive isolate was 114.

3.1. Prevalence of Infections

The infection section of the CRF was completed for 425 patients (98%). A total of
184 patients (42%) had at least one infection on one of the study days: 126 patients (69%) at
one site, 48 patients (26%) at two sites and 58 (32%) in more than two sites.

The proportion of infected patients was 42%, 43% and 40% in general, specialist and
pediatric ICUs respectively (Table 1).

Among infected patients (184), 114 (62%) had at least one positive isolate at micro-
biological culture. ICU-acquired infections were the most common (117 patients—64%),
followed by hospital or healthcare-associated infections (41 patients—22%) and community-
acquired (36 patients—20%). Data regarding infection acquisition are reported in Table 2.

Table 2. Infection characteristics according to mode of acquisition and microbiological isolates (note:
184 infected patients, 114 culture-positive patients).

Mode of Acquisition

Infected Patients
(n = 184)

Community-Acquired
(n = 36)

Hospital-
Acquired/Health
Care-Associated

(n = 41)

ICU-Acquired
(n = 117)

Evidence of infection, n (%)

Certain 108 (58.7) 25 (69.4) 22 (53.7) 74 (63.2)

Probable 44 (23.9) 10 (27.8) 8 (19.5) 30 (25.6)

Feasible 52 (28.3) 5 (13.9) 20 (48.8) 32 (27.4)

Site of infection, n (%)

Respiratory system 114 (62.0) 23 (63.9) 25 (61.0) 77 (65.8)

Abdomen 21 (11.4) 3 (8.3) 9 (22.0) 10 (8.5)

Circulation 69 (37.5) 11 (30.6) 12 (29.3) 56 (47.9)

Kidney/genitourinary 17 (9.2) 2 (5.6) 3 (7.3) 14 (12.0)

Others 26 (14.1) 6 (16.7) 6 (14.6) 14 (12.0)

Colture-Positive
Patients (n = 114)

Community-Acquired
(n = 16)

Hospital-
Acquired/Health
Care-Associated

(n = 23)

ICU-Acquired
(n = 85)

Positive isolates, n (%)

Gram-positive 34 (29.8) 6 (37.5) 8 (34.8) 24 (28.2)

Gram-positive MS 19 (16.7) 5 (31.3) 5 (21.7) 12 (14.1)

Gram-positive MDR 17 (14.9) 1 (6.3) 5 (21.7) 14 (16.5)

Gram-negative 98 (86.0) 10 (62.5) 17 (73.9) 78 (91.8)

Gram-negative MS 69 (60.5) 9 (56.3) 9 (39.1) 56 (65.9)

Gram-negative MDR 47 (41.2) 2 (12.5) 10 (43.5) 39 (45.9)

All MDR bacteria 59 (51.8) 3 (18.8) 14 (60.9) 48 (56.5)

Fungi 19 (16.7) 5 (31.3) 3 (13.0) 14 (16.5)

Viruses 8 (7.0) 5 (31.3) 1 (4.3) 4 (4.7)

Klebsiella 40 (35.1) 3 (18.8) 10 (43.5) 30 (35.3)

Pseudomonas 30 (26.3) 1 (6.3) 2 (8.7) 28 (32.9)

Acinetobacter 16 (14.0) 0 (0) 2 (8.7) 15 (17.6)

Bacteria resistant
to Carbapenems 36 (31.6) 1 (6.3) 8 (34.8) 30 (35.3)

ICU: intensive care unit; MDR: multi-drug resistant; MS: multi-sensitive. Percentages can exceed 100% because
patients could have more than one infection.

Infection characteristics according to mortality (403 patients, lacking mortality data of
32 patients) are shown in Table 3.
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Table 3. Infection characteristics according to mortality (note: total number of patients is 403, as 32
patients’ outcome data were missing).

All Patients
(n = 403)

Mortality at 60 Days
p Value

Alive (n = 351) Dead (n = 52)

Antibiotic prophylaxis, n (%) 141 (35.2) 131 (37.4) 10 (19.6) 0.0107 *

Positive isolates, n (%)

Gram-positive 33 (8.2) 30 (8.5) 3 (5.8) 0.7852

Gram-positive MS 19 (4.7) 18 (5.1) 1 (1.9) 0.4891

Gram-positive MDR 16 (4.0) 14 (4.0) 2 (3.8) 1.0000

Gram-negative 87 (21.6) 76 (21.7) 11 (21.2) 0.9350

Gram-negative MS 60 (14.9) 52 (14.8) 8 (15.4) 0.9142

Gram-negative MDR 42 (10.4) 37 (10.5) 5 (9.6) 0.8384

All MDR bacteria 54 (13.4) 47 (13.4) 7 (13.5) 0.9888

Fungi 16 (4.0) 9 (2.6) 7 (13.5) 0.0018 *

Viruses 6 (1.5) 5 (1.4) 1 (1.9) 0.5659

Klebsiella 36 (8.9) 35 (10.0) 1 (1.9) 0.0664

Pseudomonas 28 (6.9) 25 (7.1) 3 (5.8) 1.0000

Acinetobacter 15 (3.7) 13 (3.7) 2 (3.8) 1.0000

Bacteria resistant to
Carbapenems 32 (7.9) 28 (8.0) 4 (7.7) 1.0000

Site of infection, n (%)

Respiratory system 102 (25.3) 80 (22.8) 22 (42.3) 0.0025 *

Abdomen 16 (4.0) 13 (3.7) 3 (5.8) 0.4460

Circulation 56 (13.9) 40 (11.4) 16 (30.8) 0.0002 *

Kidney/genitourinary 16 (4.0) 13 (3.7) 3 (5.8) 0.4460

Others 24 (6.0) 21 (6.0) 3 (5.8) 1.0000

Acquisition mode, n (%)

Community-acquired 30 (7.4) 20 (5.7) 10 (19.2) 0.0022 *

Hospital-acquired
/Health Care-associated 36 (8.9) 27 (7.7) 9 (17.3) 0.0344 *

ICU-acquired 106 (26.3) 87 (24.8) 19 (36.5) 0.0724

MDR: multi-drug resistant; MS: multi-sensitive; ICU: intensive care unit. * Significant at 5% level.

Considering patients with at least one positive microbiological culture (total = 114),
Gram-positive bacteria were isolated in 34 patients (30%); Gram-negative bacteria were
isolated in 98 (86%); 59 patients (52%) presented one or multiple multidrug-resistant (MDR)
bacteria, as follows: gram-negative MDR in 47 patients (41%); gram-positive MDR in
17 patients (15%). Methicillin-resistant Staphylococcus aureus (MRSA) was isolated in
10 patients (8.8%). No cases of C. difficile (CD) have been reported. Other isolates were
fungi (19 patients [17%]), viruses (8 [7%]) and anaerobes (1 [1%]). Klebsiella spp. was isolated
in 40 patients (35%), Pseudomonas spp. in 30 (26%) and Acinetobacter spp. in 16 (14%); the
total of patients with an infection caused by Carbapenem-resistant bacteria was 36 (32%).
Details on sites of infection and isolated microorganisms are shown in Figure 1.

A total of 256 infections were clinically diagnosed in 184 patients overall; these were con-
sidered definite, probable or possible in 108 (59%), 44 (24%) and 52 (28%) patients, respectively.

Considering the overall number of isolates (total = 170), MDR or resistance to car-
bapenems were 49% and 21%, respectively, of the total of isolates.

The multivariate analysis carried out to evaluate the impact of different factors on
infections evidenced that invasive ventilation, renal replacement therapy and COPD as co-
morbidity prior to hospitalization are all factors independently associated with an increased
risk of developing an infection (Table 4A,B).
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Figure 1. Site of infection and isolated microorganism. (A). Infection sites in infected patients
(N = 184). (B). Isolated microorganisms in culture-positive patients (N = 114). Percentages can exceed
100% because patients could have more than one infection.

Table 4. (A) Univariate and multivariable logistic regression analysis with infection as the dependent
variable. (B) Univariate and multivariable logistic regression analysis with mortality at 60 days as the
dependent variable.

(A)

Univariate Multivariate

Variable OR (95% CI) OR (95% CI)

Age 1.00 (0.99–1.01) 1.00 (0.99–1.01)

Gender
Male 1 (reference) 1 (reference)

Female 0.69 (0.47–1.02) 0.92 (0.57–1.48))

Reason for admission

Respiratory 1 (reference) 1 (reference)

Cardiovascular 0.56 (0.24–1.29) 0.37 (0.15–0.92)

Neurological 0.22 (0.10–0.47) 0.23 (0.10–0.53)

Trauma 0.23 (0.10–0.52) 0.29 (0.12–0.68)

Surveillance 0.07 (0.03–0.15) 0.07 (0.03–0.15)

Other 0.30 (0.12–0.75) 0.25 (0.09–0.69)

Invasive ventilation 3.13 (2.11–4.66) 2.14 (1.29–3.53)

Vasopressor use 2.19 (1.42–3.38) 1.53 (0.86–2.73)

CVC 1.97 (1.10–3.54) 1.37 (0.68–2.74)

Renal replacement therapy 3.90 (1.89–8.06) 2.78 (1.30–5.96)

COPD 2.38 (1.33–4.28) 2.15 (1.06–4.35)

(B)

Variable OR (95% CI) OR (95% CI)

Age 1.04 (1.02–1.07) 1.05 (1.02–1.08)

Gender
Male 1 (reference) 1 (reference)

Female 1.20 (0.66–2.16) 2.20 (1.07–4.53)
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Table 4. Cont.

Source of admission

Operating room/Surgical department 1 (reference) 1 (reference)

Emergency department 1.13 (0.51–2.48) 1.03 (0.38–2.78)

Medical department 3.56 (1.53–8.26) 3.69 (1.39–9.78)

Other hospital 0.86 (0.27–2.69) 0.59 (0.15–2.35)

Other ICUs 2.01 (0.76–5.29) 3.86 (1.16–12.84)

Comorbidities 11.53 (3.52–37.73) 12.77 (2.91–56.02)

Invasive ventilation 4.71 (2.34–9.48) 4.22 (1.91–9.30)

Site of infection Circulation 3.56 (1.81–7.00) 3.43 (1.48–7.97)

Acquisition mode Community-acquired 4.04 (1.77–9.22) 9.90 (3.07–31.92)

CI: confidence interval; COPD: Chronic obstructive pulmonary disease; CVC: central venous catheter;
OR: odds ratio. ICU: intensive care unit.

3.2. Antibiotic Therapy

On the six study days, 311 patients (72%) were receiving at least one antibiotic:
149 patients (48%) for medical or surgical prophylaxis and 162 (52%) for treatment. Pro-
phylaxis was performed with one antibiotic in 101 patients (68%) and with two or more
antibiotics in 48 patients (32%). Cefazolin was the most used prophylactic antibiotic
(42 patients—28%), followed by amoxicillin–clavulanate (28 patients—19%) and piperacillin–
tazobactam (27 patients—18%).

Antibiotic therapy was carried out with one antibiotic in 44 cases (27%), with two
antibiotics in 57 cases (35%) and with three to five antibiotics in 61 cases (37%). The most
frequently used molecules were meropenem (39 patients—24%), piperacillin–tazobactam
(38 patients-–23%) and levofloxacin (27 patients—17%). Meropenem, piperacillin–tazobactam
were the most used antibiotics in patients with hospital-acquired infection (34% and 29%
respectively) and ICU-acquired infection (20% and 15% respectively). Piperacillin-tazobactam,
ceftriaxone and metronidazole were the most used antibiotics in patients with community-
acquired infection.

3.3. Clinical Outcomes

Mortality of the cohort included in the present study was 13% with a statistically
significant difference between patients without and with infection (8% vs. 20%; p < 0.001).
Median LoS in ICU and hospital was 14 (IQR 4–36) and 29 (IQR 15–54) days, respectively,
and was significantly different in patients without and with infection: 4 (1–12) vs. 20 (13–33)
days (p < 0.001) and 11 (6–21) vs. 50 (22–65) days (p < 0.001), as shown in Table 5.

Table 5. Characteristics of patients according to mortality (note: total number of patients is 403, as in
32 patients outcome data were missing).

All Patients (n = 403)
Mortality at 60 Days

p Value
Alive (n = 351) Dead (n = 52)

Age, year, mean (SD) 57.5 (20.6) 56.5 (22.9) 66.6 (15.0) <0.001 *

Male, n (%) 236 (58.6) 208 (59.3) 28 (53.8) 0.4596

ICU, n (%)

General 173 (42.9) 146 (41.6) 27 (51.9)
<0.001 *

Specialist 203 (50.4) 180 (51.3) 23 (44.2)

Pediatric 27 (6.7) 25 (7.1) 11 (3.8)
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Table 5. Cont.

All Patients (n = 403)
Mortality at 60 Days

p Value
Alive (n = 351) Dead (n = 52)

Type of admission, n (%)

Medical 109 (27.0) 87 (24.8) 22 (42.3)

0.0122 *
Surgical election 151 (37.5) 135 (38.5) 16 (30.8)

Surgical emergency 95 (23.6) 82 (23.4) 13 (25.0)

Trauma 48 (11.9) 47 (13.4) 1 (21.9)

Reason for admission, n (%)

Respiratory 52 (13.0) 41 (11.7) 11 (21.2)

<0.001 *

Cardiovascular 50 (12.4) 36 (10.3) 14 (26.9)

Neurological 72 (17.9) 64 (18.2) 8 (15.4)

Trauma 53 (13.2) 52 (14.8) 1 (1.9)

Surveillance 147 (36.2) 134 (37.8) 13 (25.0)

Other 29 (7.2) 24 (6.8) 5 (17.2)

Comorbidities, yes, n (%) 252 (62.5) 204 (58.1) 48 (92.3) <0.001 *

Comorbidities, n (%)

Solid cancer 94 (23.3) 77 (19.1) 17 (4.2) 0.0870

Hematologic cancer 6 (1.5) 3 (0.9) 3 (5.8) 0.0306 *

Diabetes Mellitus 60 (14.9) 50 (14.2) 10 (19.2) 0.3459

COPD 50 (12.4) 35 (10.0) 15 (28.8) <0.001 *

Heart Failure, NYHA III/IV 59 (14.6) 46 (13.1) 13 (25.0) 0.0236 *

Previous cardiac disease 68 (16.9) 47 (13.4) 21 (40.4) <0.001 *

Chronic kidney failure 48 (11.9) 36 (10.3) 12 (23.1) 0.0077 *

Immunosuppression 36 (8.9) 30 (8.5) 6 (11.5) 0.4405

Solid-organ transplant 36 (8.9) 31 (8.8) 5 (9.6) 0.7965

SOFA, mean (SD) a 5.5 (4.1) 4.5 (3.6) 9.6 (4.1) <0.001*

Invasive ventilation, n (%) 194 (48.1) 153 (43.6) 41 (78.8) <0.001 *

Non-invasive ventilation, n (%) 33 (8.3) 28 (8.1) 5 (9.6) 0.5971

Tracheostomy, n (%) 101 (25.3) 87 (25.0) 14 (26.9) 0.7401

Vasopressor use, yes, n (%) 101 (25.1) 75 (21.4) 26 (50.0) <0.001 *

CVC, n (%) 343 (86.0) 294 (84.7) 49 (94.2) 0.0478 *

Urinary catheter, n (%) 376 (94.7) 325 (94.2) 51 (98.1) 0.2300

Renal replacement therapy, n (%) 36 (8.9) 23 (6.6) 13 (25.0) <0.001 *

ECMO, n (%) 7 (1.8) 6 (1.7) 1 (1.9) 1.0000

Septic shock, n (%) 58 (14.4) 42 (12.0) 16 (30.8) <0.001 *

Hyperlactacidemia, n (%) 64 (15.9) 47 (13.4) 17 (32.7) <0.001 *

ICU length of stay, days, median (IQR) a 14 (4–35) 14 (3–34) 14 (8–45) 0.2494

Hospital length of stay, median (IQR) a 29 (16–54) 28 (16–52) 39 (14–68) 0.4315

COPD: Chronic obstructive pulmonary disease; CVC: central venous catheter; ECMO: Extracorporeal membrane
oxygenation; ICU: Intensive care unit; IQR: interquartile range; NYHA: New York Heart Association; SD: standard
deviation; SOFA: Sequential Organ Failure Assessment score. * Significant at 5% level; a Total patients are not
435 because of missing values. Percentages are calculated considering missing values.

The multivariate analysis carried out to evaluate the impact of different factors on
mortality at 60 days evidenced that invasive ventilation, confirmed bloodstream infec-
tion, community-acquired infection and presence of at least one comorbid condition were
independently associated with a higher risk of mortality (Table 4).

4. Discussion

Data collected in this six-days point prevalence study, bi-monthly repeated in eight
ICUs of a university hospital in Turin (Italy) between 2017 and 2018, evidenced an overall
prevalence of infection of 42%. This estimate is lower than the rate found by the interna-
tional EPIC III study (54%), which already showed an upward trend compared to previous
EPIC studies (45% for EPIC I in 1992 [25] and 51% for EPIC II in 2007 [26]).

In our cohort, the proportion of patients with ICU-acquired infection was higher
compared to the EPIC III study (26.3% vs. 21.6%). When hospital-acquired infections are
also considered, we found an additional 8.9% (compared to 34.5% in the EPIC III cohort).
Overall, ICU-acquired infections accounted for 64% of infections, followed by hospital-
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acquired (22%) and community-acquired (20%) infections, considering that each patient
may have developed more than one infection type.

It is well known that HAIs represent a major patient safety issue as well as a significant
economic burden, being frequently characterized by antimicrobial resistance. Among Euro-
pean countries, Italy is one of those where antibiotic use and prevalence of antimicrobial
resistance in both the community and hospital settings are highest [14,27,28]. Even if ICU
is the clinical setting in which HAI prevalence is highest, with data ranging between 19.5%
in Europe [19], and 35–36.8% [29,30] in North Italy, there is a lack of specific data based on
the ECDC surveillance model and repeated over time. We therefore consider the model
proposed here particularly interesting for its ability to evaluate the evolution over time in
the specific ecological context of reference.

Our data confirm the role that infections play in mortality. Although hospital mor-
tality was, overall, low (12.9%) and different according to the type of ICUs (from 47.6 to
2.9%—Supplementary Materials, Table S1A,B), the impact of infection on mortality seems
notable (20.1% vs. 7.9%, p < 0.001).

Infections seem to obviously affect even the length of ICU and hospital stay (4 (1–12)
vs. 20 (13–33) days (p < 0.001) and 11 (6–21) vs. 50 (22–65) days (p < 0.001), respectively).
Mechanical ventilation, the presence of medical devices such as a central venous catheter,
renal replacement therapy, ECMO and tracheostomy are all factors independently asso-
ciated with an increased infections risk even if, at multivariate analysis, only invasive
ventilation, renal replacement therapy and COPD were independently associated with a
higher risk of infection. In line with EPIC III results, older age and the presence of at least
one comorbidity were all factors independently associated with a higher risk of death in
our cohort. Interestingly, multivariate analysis found that also male gender, admission
from the medical department or referral from other ICUs, invasive ventilation, confirmed
bloodstream infection and community as a source of infection are factors associated with
an increased risk of death.

Regarding microbiological isolation, considering patients with at least one positive
microbiological culture, in line with EPIC III data and international literature [3,6,8], Gram-
negative microorganisms were more frequently identified than gram-positive microor-
ganisms (86% vs. 30%). 41% of patients had an infection sustained by Gram-negative
MDR bacteria (12), Klebsiella spp., Pseudomonas spp. and Acinetobacter spp. the most repre-
sented (35%, 26% and 14% of microbiological isolates, respectively). The high proportion of
carbapenem-resistant organisms (21% of the total isolates) confirmed the increasing trend
already emerged from the ECDC and EARS-Net data relating to Italy [19,27,31]. Infections
due to Gram-negative pathogens, and especially to MDR bacteria, are more frequent con-
sidering hospital-associated and ICU-associated infections. In fact, Gram-negative bacteria
were isolated in 63%, 74% and 92% of patients with culture-positive infection acquired in
community, hospital and ICU, respectively. Gram-negative MDR bacteria were responsible
for infection in 12%, 43% and 46% of patients with culture-positive infection acquired in
community, hospital and ICU, respectively (Table 2).

Probably due to the limited sample size, no microorganism was identified as inde-
pendently and significantly associated with higher mortality risk. This also applies to
carbapenem-resistant Klebsiella and Acinetobacter species, which are listed among the most
critical antibiotic-resistant pathogens by the World Health Organization and to which a
particular role in increasing the risk of death is universally attributed [31,32].

In line with the EPIC III study, even in our cohort, we found that 72% of patients
received at least one systemic antimicrobial agent for prophylactic or therapeutic purposes
(34.5% and 37.5% of total patients, respectively). In a significant percentage of cases,
combination choices were made for both prophylaxis (32%) and therapy (72%). These
data reflect an increasingly widespread but dangerous practice which, instead, deserves
close monitoring, due to the high risk of developing resistance, particularly in the context
of critically ill patients [33–35]. Given the rarity of cases in which the combined use of
antibiotics allows a synergistic effect of antibiotics, the use of combined therapy with the aim
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of increasing the spectrum of action should be reserved for specific cases, such as multidrug-
resistant pathogens treatment, to be closely monitored for prompt de-escalation [36–38].

Equally worthy of particular attention is the frequent use of beta-lactams in combina-
tion for prophylactic (37% of cases) instead of the therapeutic purpose of carbapenems (30%
of cases) and quinolones (24%) for therapeutic purposed. Both of these practices should be
carefully monitored given the ECDC, which seem to suggest, in Europe and in particular in
Italy, the presence of a high resistance rate [19,27].

A final aspect of our analysis of particular interest is that our data refer to 8 different
ICUs, admitting, with different modalities (emergency/scheduled), patients with different
characteristics and severity (Supplementary Materials, Table S1A,B). This obviously reflects
the 60-day mortality rate, ICU and hospital LoS, and infections, since different case mixes
and risk factors have a different impact on the clinical course of patients and the approach
to antibiotic therapy applied by clinicians.

For this reason, on one hand, it is essential to repeat the comparison over time of
the data obtained in every single ICU, taking into account the patient selection bias. On
the other hand, since the ICUs included in the study are located in a similar context
(i.e., the same hospital) characterized by methods for the diagnosis of infection, microbi-
ology ecology and similar infection control and antimicrobial stewardship policies, the
repeated serial comparison allows effective monitoring of the effectiveness of the corrective
measured implemented over time.

Those two aspects—center-specific peculiarities on one side, homogeneity of mi-
crobiology ecology and local policies on the other side—should be considered together
when planning and interpreting the results of present and future surveillance programs
or interventions.

We believe that the proposal to repeatedly apply a prevalence survey tool may be
particularly effective in allowing repeated comparison over time in the same (or at least
similar) setting, in order to identify the emergence of new criticalities or to effectively
monitor the introduction of possible corrective measures.

Limitations

This study has limitations. First, our study collected data from eight different ICUs in
a large acute-care hospital. Results are, hence, not generalizable to smaller hospitals, since
infection prevalence may vary greatly with hospital beds number and case mix.

Second, to preserve the easy-to-use format of the EPIC III model [9], some aspects
of infections were not approached such as timing and differentiation between acute and
resolution phases. Furthermore, no data on colonization and general ICU approach to
surveillance cultures were collected. Finally, no follow-up data were collected with the
exception of 60 days mortality.

5. Conclusions

In this study, we highlighted a relatively high prevalence of infections and antimi-
crobial use and brought out specific critical issues relating to the different specialist ICU
contexts. Considering that these aspects require continuous reassessment over time to
evaluate the effects of all corrective actions implemented, we believe the repeated punctual
prevalence survey represents a quick, easily repeatable, and economical method to accom-
plish infections and antimicrobial use surveillance in ICUs, pointing out the priorities that
need improvement actions and providing feedback to health care professionals. The use
of the ECDC definitions and the EPIC III protocol, known and used all over the world, is
strategic to allow comparisons with national and international contexts. In addition, this
surveillance might be easily repeated in the same facility, allowing monitoring of local
microbiological ecology and antimicrobial use during the time to promptly identify main
problematic factors and plan for specific improvement actions.
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Further studies are needed to better clarify the role of prevalence investigations in
infectious surveillance and their role in antimicrobial stewardship and to identify the most
effective interventions to optimize antimicrobial management, especially in intensive care.
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acteristics of patients according to the ICU type. (B) Characteristics of infection according to the
ICU type.
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