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Preface to ”Antimicrobial Therapy in Intensive Care

Unit”

Dear Reader,

In this reprint, there will be interesting articles about multiresistant bacteria and fungi, and their

treatment in the Intensive Care Unit.

Several topics concerning pharmacokinetics, antibiotic stewardship, and probiotics are also

included. The reprint is addressed mainly to physicians treating critically ill patients but also to

other specialists, such as infectious diseases specialists.

The authors involved are well-known globally due to their important scientific work and their

contribution to important scientific fields.

We are very thankful for their valuable contribution.

Elizabeth Paramythiotou, Christina Routsi, and Antoine Andremont

Editors
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Editorial

Editorial for Special Issue “Antimicrobial Therapy in Intensive
Care Unit”

Elizabeth Paramythiotou 1,* and Christina Routsi 2,*

1 2nd Department of Intensive Care, School of Medicine, National and Kapodistrian University of Athens,
‘Attikon’ Hospital, 12462 Athens, Greece

2 1st Department of Intensive Care, School of Medicine, National and Kapodistrian University of Athens,
ICU “Evangelismos” Hospital, 10676 Athens, Greece

* Correspondence: icuattiko2@med.uoa.gr (E.P.); chroutsi@med.uoa.gr (C.R.)

Life-threatening infections, either as the initial reason for an admission to the intensive
care unit (ICU) or acquired in the ICU, are especially common among critically ill patients.
As a result, patients hospitalized in the ICU have a great exposure to multiple antimicrobial
and antifungal agents. Antimicrobial therapy in the ICU has been challenging due to
the emergence and the increasing incidence of difficult-to-treat and multidrug-resistant
pathogens. Furthermore, during the ongoing pandemic, the number of patients who are
hospitalized in the ICU due to COVID-19 has greatly increased with the concomitant
increase in antimicrobial exposure. In addition, organ support techniques, including
renal replacement therapy and extracorporeal membrane oxygenation (ECMO), further
complicate the appropriate antimicrobial treatment in terms of dosing and the way the
drug is administered.

The current special edition of Antibiotics entitled "Antimicrobial Therapy in Intensive
Care Unit” brings together 15 important articles which are presenting the current evidence
on the antimicrobial treatment in the ICU and the associated issues. It includes seven
original articles and eight comprehensive reviews dealing with a great diversity of subjects
and the factors affecting the outcome of the frail and the often subdued to long treatments
in the ICU.

This Special Issue begins with an excellent review article by Tabah et al. [1] on the
antimicrobial management of bloodstream infections focusing on the importance of micro-
biology specimens, the timing and choice of the empirical antimicrobial therapy, the role of
spectrum and dose optimization, the importance of source control, and, finally, strategies
for stopping antimicrobials.

Next, Karaiskos and Giamarellou [2] place emphasis on the difficult-to-treat and
pandrug-resistant Gram-negative bacteria in critically ill patients by reviewing salvage
antibiotics treatments, synergistic combinations, as well as an increased exposure regimen
adapted to the MIC of the pathogen. Furthermore, this review article contains a report
on novel antimicrobial agents, namely the lactam-beta-lactamase inhibitor combinations
cefiderocol and eravacycline.

In their systematic review, Karakonstantis and colleagues [3] summarize well the cur-
rently available approaches to the management of pandrug-resistant Acinetobacter baumannii.
The authors propose antimicrobial combinations which have been guided by an in vitro
synergy evaluation as the most appropriate treatment option.

Excess antibiotic use is one of the factors contributing to the emergence of bacterial
resistance. Therefore, the de-escalation of empirical regimens is a principal component of
antimicrobial stewardship programs. Cumulative evidence supporting the use of procal-
citonin guidance in promoting antimicrobial stewardship for critically ill patients by the
restriction of an injudicious antimicrobial treatment has been presented by Kyriazopoulou
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and Giamarellos-Bourboulis in their review article [4]. The authors conclude that accord-
ing to the current evidence biomarkers, mainly procalcitonin should be implemented in
antimicrobial stewardship programs, including also the COVID-19 pandemic.

In their nice study, Rizk et al. [5] describe the impact of combining antimicrobial
stewardship and infection control measures on resistance rates and colonization pressure of
carbapenem-resistant Acinetobacter baummanni (CRAb) in the ICUs of a tertiary care center
in Lebanon before the COVID-19 pandemic. They demonstrate that a multidisciplinary
approach and combined interventions between the stewardship and infection control teams
can lead to a sustained reduction in resistance rates and the spread of CRAb in ICUs.

The article by Routsi et al. [6] confirms that the incidence of candidemia in the ICU
has increased in COVID-19 patients compared to the pre-pandemic era and it highlights
the marked increase in the resistance to fluconazole as well as the emergence of C. auris.

Lau et al. [7] provides important information regarding the utilization of antibiotics
in the South East Asia region. In a retrospective study over the past six years, the authors
recorded antibiotics and specifically the consumption of carbapenem in the general and
in the COVID-19 ICUs of a Malaysian hospital. They found that the consumption of
antibiotics increased markedly in the year 2021 compared to previous years. The excessive
consumption of antibiotics was partially attributed to an unwarranted empirical use over a
prolonged period and to the infrequent application of antimicrobial de-escalation.

There are two separate papers that examined ICU-acquired blood stream infections.
In the first one is by Mantzarlis et al. [8]. The investigators examined secondary infec-
tions in patients admitted to the ICU due to COVID-19 over a period of 9 months. They
demonstrated a high incidence of 57% of blood stream infections. Multidrug-resistant Acine-
tobacter baumannii and Klebsiella pneumoniae were the most common isolated pathogens.
However, in the multivariate analysis, the illness severity on ICU admission was the only
independent risk factor for mortality. The second paper by Karvouniaris et al. [9] exam-
ined retrospectively the impact of ICU-acquired Gram-negative blood stream infections
on mortality in a regional Greek hospital. Patients with blood stream infections due to
colistin-resistant strains were compared to those with colistin-sensitive strains. The authors
demonstrate that the sepsis severity was the independent predictor of mortality regardless
of the colistin-resistance phenotype or empirical colistin treatment.

Two studies published in this issue of Antibiotics address ventilator-associated pneu-
monia (VAP). Given the global increase in antibiotic resistance, particularly among Gram-
negative bacilli and the difficulty in choosing empiric therapy, Chaibi et al. [10], in their
review article, present the difficulties in the management of VAP. The empiric use of newly
available antibiotics is discussed along with the presentation of the current epidemiological
data in terms of multidrug-resistant pathogens, as well as the clinical and microbiological
elements that should be considered when an empirical therapy is started. In the same con-
text, Adukauskiene et al. [11], in their research article, have investigated the clinical features
and the 30-day mortality of VAP due to multidrug-resistant A. baumannii (MDRAB) in a ref-
erence Lithuanian university hospital. Both monobacterial and polybacterial MDRAB VAP
episodes during a two-year period were retrospectively studied. It was demonstrated that
monobacterial MDRAB VAP had different demographic/clinical characteristics compared
to polybacterial and carried worse outcomes.

One of the main problems in treating infections in critically ill patients is the difficulty
to achieve the pharmacodynamic targets. This Special Issue offers three articles addressing
this topic. Extracorporeal membrane oxygenation (ECMO), a temporary mechanical car-
diorespiratory support, is a relatively new development increasingly used in modern ICU
as a bridge to recovery in otherwise irrecoverable patients. Both critical illness and ECMO
alter the pharmacokinetics (PK) and pharmacodynamics (PD) of administered drugs and
challenge appropriate antibiotic regiments. The review by Gomez et al. [12] thoroughly
summarizes PK/PD alterations in critically ill patients receiving ECMO, emphasizing the
practical application and reviewing patient-, illness-, and ECMO hardware-related factors.
Jang and colleagues [13] have provided an interesting analysis to determine whether a
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patient’s weight influences the probability of target attainment (PTA) over 72 h of initial
therapy with beta-lactam and carbapenem antibiotics in critical care patients under con-
tinuous renal replacement therapy. By using Monte Carlo simulations, it was shown that
patients in lower weight quartiles tended to achieve higher antibiotic pharmacodynamic
target attainment compared to heavier patients. In addition, in the context of the increasing
incidence of multidrug resistance, Dhaese et al. [14] in a great perspective article suggest
the new concept of the maximum tolerable dose (MTD. MTD has been defined as the
highest dose of an antimicrobial drug deemed safe for the patient. Maximizing the death
of bacterial cells and minimizing the risk of antimicrobial resistance and toxicity is the
goal in the introduction of this concept. The authors provide a theoretical approach of
how increasing uremic toxin concentrations could be used as a quantifiable marker of
beta-lactam antibiotic toxicity, thus suggesting directions for future research.

Finally, Schuurman et al. [15], in a thorough review, describe the gut microbiome in
health and disease. The authors discuss the concept of a probiotic intervention to positively
modulate the gut microbiome. They summarize the evidence from randomized clinical
trials and focus on the prevention of ventilator-associated pneumonia.

We wish to thank all the authors for their comprehensive contributions to this Special
Issue of Antibiotics and hope that the readers will find interest in the content.

Acknowledgments: We would like to express our sincere gratitude to the Editorial Office of the
Microorganisms for their assistance in managing and organizing this Special Issue and also to all
contributing authors and reviewers for their excellent work.

Conflicts of Interest: The authors declare no conflict of interest.
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Incidence and Risk Factors for Blood Stream Infection in
Mechanically Ventilated COVID-19 Patients

Konstantinos Mantzarlis * , Konstantina Deskata, Dimitra Papaspyrou, Vassiliki Leontopoulou,

Vassiliki Tsolaki , Epaminondas Zakynthinos and Demosthenes Makris

Department of Critical Care, University Hospital of Larissa, School of Medicine, University of Thessaly,
41110 Thessaly, Greece; kostadv@gmail.com (K.D.); dimitra.papaspyrou@hotmail.com (D.P.);
vasoula_leontop@yahoo.com (V.L.); vasotsolaki@yahoo.com (V.T.); ezakynth@yahoo.com (E.Z.);
appollon7@hotmail.com (D.M.)
* Correspondence: mantzk@outlook.com

Abstract: It is widely known that blood stream infections (BSIs) in critically ill patients may affect
mortality, length of stay, or the duration of mechanical ventilation. There is scarce data regarding
blood stream infections in mechanically ventilated COVID-19 patients. Preliminary studies report
that the number of secondary infections in COVID-9 patients may be higher. This retrospective
analysis was conducted to determine the incidence of BSI. Furthermore, risk factors, mortality, and
other outcomes were analyzed. The setting was an Intensive Care Unit (ICU) at a University Hospital.
Patients suffering from SARS-CoV-2 infection and requiring mechanical ventilation (MV) for >48 h
were eligible. The characteristics of patients who presented BSI were compared with those of patients
who did not present BSI. Eighty-four patients were included. The incidence of BSI was 57%. In
most cases, multidrug-resistant pathogens were isolated. Dyslipidemia was more frequent in the BSI
group (p < 0.05). Moreover, BSI-group patients had a longer ICU stay and a longer duration of both
mechanical ventilation and sedation (p < 0.05). Deaths were not statistically different between the
two groups (73% for BSI and 56% for the non-BSI group, p > 0.05). Compared with non-survivors,
survivors had lower baseline APACHE II and SOFA scores, lower D-dimers levels, a higher baseline
compliance of the respiratory system, and less frequent heart failure. They received anakinra less
frequently and appropriate therapy more often (p < 0.05). The independent risk factor for mortality
was the APACHE II score [1.232 (1.017 to 1.493), p = 0.033].

Keywords: SARS-CoV-2 infection; mechanical ventilation; risk factors; blood stream infection;
mortality

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was first identified in
Wuhan, China, in December 2019 [1]. Intensive care unit (ICU) admission is required for
20% of patients with coronavirus disease 2019 (COVID-19) due to acute respiratory distress
syndrome (ARDS) or other complications [2–4].

The incidence of blood stream infections (BSIs) among non-COVID-19 patients with
infection is high [5]. The immune dysregulation induced by severe SARS-CoV-2 infection
and the immunosuppressive agents used for treatment can predispose patients to concur-
rent infections. Studies detected a reduction in both CD4+ T and CD8+ T lymphocyte
counts, an increase in neutrophils, a reduction in interferon gamma (IFN-γ) serum concen-
trations, and a cytokine pattern characterized by excess pro-inflammatory molecules [6–8].
Moreover, the need for vasopressors, renal replacement therapy (RRT), or sometimes
extracorporeal membrane oxygenation (ECMO) may increase the risk of developing
infectious complications.

There are reports that the incidence of BSIs is higher for COVID-19 patients in com-
parison with non-COVID-19 patients [9] during the ICU stay. However, there is scarce
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data regarding secondary infections in patients with severe COVID-19 [10–12], especially
for those admitted to the ICU who receive invasive mechanical ventilation. There is also
limited evidence on how secondary infections and especially BSIs affect patients’ outcomes,
such as mortality, duration of mechanical ventilation, or length of stay.

We therefore aimed to assess the incidence rate, identify risk factors for the first
episode of BSI, and determine survival and other outcomes in COVID-19, mechanically
ventilated patients.

2. Materials and Methods

This is a retrospective analysis of prospectively collected data. The study was con-
ducted from 1 April to 31 December 2020 in an ICU dedicated to patients suffering from
SARS-CoV-2 infection and requiring invasive mechanical ventilation in the University
Hospital of Larissa, Thessaly, Greece. Inclusion criteria were: (a) ICU admission for SARS-
CoV-2 infection, and (b) intubation and mechanical ventilation for >48 h. Exclusion criteria
were: (a) age <18 years old, and (b) ICU readmission. The first episode of BSI was reported.
Patients were divided in two different groups: the first group consisted of patients that
presented BSI, and the second one of patients without BSI.

2.1. Outcome

The primary outcome of this study was the incidence of ICU-acquired BSIs in COVID-
19, mechanically ventilated, critically ill patients. The secondary outcome was the identifi-
cation of risk factors for the first episode of BSI.

2.2. Clinical Assessment

For all study patients, the following characteristics were recorded: age, sex, character-
istics of the respiratory system, illness severity based on Acute Physiology and Chronic
Health Evaluation Score II (APACHE II), Sequential Organ Failure Assessment (SOFA)
score at admission, history of hospitalization during the last 3 months before current
admission, history of invasive procedures (gastroscopy, colonoscopy, bronchoscopy, or
surgery), medical history, history of antibiotic use, type and duration of antibiotics used,
and finally therapies and laboratory findings related to COVID-19 infection. For sur-
vivors and non-survivors, several characteristics that might affect mortality were also taken
into account.

2.3. Microbiology

Identification and susceptibility testing of the isolated pathogens were performed by
the Vitek 2 automated system (bioMerieux, Marcy l’ Etoile, France). For the interpretation
of the results, EUCAST breakpoints were used.

2.4. Statistical Analysis

The results are presented as the frequency (%) for categorical variables or the median
(25th, 75th quartiles) for continuous variables. The normality of data distribution was
assessed by a Kolmogorov/Smirnov test. Categorical variables were compared using a chi
square test or Fisher’s exact test where appropriate; continuous variables were compared
by a Mann–Whitney U test. Multivariate analyses were performed to determine variables
associated with BSI or mortality. Only variables with a p value <0.05 were used in the
stepwise logistic regression models. The analysis was performed between two groups
(patients with BSI and patients without BSI). Exposure to potential risk factors was taken
into account only before diagnosis of infection. A mortality analysis was performed
between two groups (survivors and non survivors). SPSS software (SPSS 17.0, Chicago, IL,
USA) was used for the data analysis.
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3. Results

A total of 90 cases were studied. One case was a readmission, and data for five cases
were incomplete, leaving 84 cases for the analysis. The characteristics of participants are
presented in Tables 1–3. The incidence of BSIs was 57%, since 48 patients were infected,
and they made up the BSI group, whereas a second group included 36 patients who did
not present BSI (non-BSI group). Patients from the first group presented BSI at median day
9 (25th and 75th quartiles were 5 and 11, respectively) after ICU admission. There were
60 pathogens that were isolated; 10 patients presented multi-bacterial bloodstream infection.
A total of 77% (46 cases) of the isolates were gram-negative bacteria, and the remaining
23% (14 cases) were gram-positive (Table 4). Seventeen A. baumannii and ten K. pneumoniae
isolates were PDR, and the rest were XDR, susceptible only to colistin, and colistin and
aminoglycosides, respectively. The other isolates were MDR. Resistant A. baumannii and
K. pneumoniae strains are endemic in our ICU, as previously described [13,14]. The high
prevalence of resistance to antibiotics pathogens and the high antibiotic consumption
may explain the abovementioned result. The mechanisms of resistance and transmission
between patients were not studied.

Table 1. Baseline characteristics during ICU admission.

BSI Group (N = 48) Non-BSI Group (N = 36) p

Sex (Male) 32 (67) 24 (67) -
Age (years) 69 (57, 76) 71 (66, 76) 0.274

APACHE II score 13 (10, 19) 16 (12, 22) 0.070
SOFA score 7 (7, 8) 8 (7, 10) 0.204

PaO2/FiO2 ratio 161 (120, 198) 154 (118, 199) 0.953
Crs 36 (30, 44) 34 (22, 45) 0.472

D-dimers 767 (522, 1134) 1042 (566, 2156) 0.093
Lymphocyte Count 640 (400, 847) 600 (413, 790) 0.772

Ferritin 976 (510, 1707) 1488 (861, 2455) 0.068
Hospitalization in the last 3 months 1 (2) 1 (3) -
Days of hospitalization before ICU

admission 1 (1, 4) 2 (1, 7) 0.084

Diabetes Mellitus 18 (38) 10 (28) 0.483
Chronic Lung disease 11 (23) 11 (31) 0.483
Chronic Heart Failure 5 (11) 3 (8) -
Chronic Renal failure 2 (4) 3 (8) 0.647
Neurological disease 6 (13) 6 (17) 0.754

Arterial Hypertension 26 (54) 26 (72) 0.114
Malignancy 2 (4) 3 (8) 0.647

Dyslipidemia 10 (21) 16 (44) 0.031
Coronary Heart Disease 11 7 (19) 0.792

Autoimmune 2 2 (6) -

Data is presented as median (25%, 75% quartiles) or n (%); BSI, Blood Stream Infection; ICU, Intensive Care Unit;
APACHE, Acute Physiology and Chronic Health Evaluation; SOFA, Sequential Organ Failure Assessment; Crs,
Compliance of the respiratory system; p, comparison between the two groups. Results by univariate analysis, chi
square test, or Fisher’s exact test for categorical variables and by Mann–Whitney U test for continuous variables.

3.1. Risk Factors for BSI

The baseline characteristics between groups are presented in Table 1. In Tables 2 and 3,
the characteristics of the patients before BSI or the total length of the ICU stay for the
BSI group and non-BSI group are presented, respectively. Patients without dyslipidemia
presented BSIs more frequently after univariate analysis (p < 0.05, Table 1).
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Table 2. Clinical characteristics in the ICU before BSI.

BSI Group (N = 48) Non-BSI Group (N = 36) p

MV duration (days) 8 (4, 11) 7 (4, 12) 0.895
Invasive procedures 2 (4) 2 (6) -

CVVHDF use 9 (19) 8 (22) 0.786
CVVHDF duration

(days) 5 (2, 9) 4 (3, 5) 0.843

Steroids 40 (83) 33 (92) 0.338
Tocilizumab 11 (23) 13 (36) 0.226

Anakinra 7 (15) 12 (33) 0.064
Remdesivir 12 (25) 10 (28) 0.806

Data is presented as median (25%, 75% quartiles) or n (%); BSI, Blood Stream Infection; ICU, Intensive Care
Unit; MV, mechanical ventilation; CVVHDF, Continuous veno-venous hemodiafiltration; Invasive procedures,
gastroscopy, colonoscopy, or bronchoscopy; p, comparison between the two groups. Results by univariate
analysis, chi square test, or Fisher’s exact test for categorical variables and by Mann–Whitney U test for
continuous variables.

Table 3. Antibiotics administered to participants before BSI.

BSI Group (N = 48) Non-BSI Group (N = 36) p

Antibiotics during the last 3 months 1 (2) 0 (0) -
Antibiotics during hospitalization

prior to infection 48 (100) 36 (100) -

Use of Carbapenems 22 (45) 19 (53) 0.660
Use of Antipseudomonal Penicillins 13 (27) 9 (25) 0.155

Use of Quinolones 24 (50) 18 (50) -
Use of Cephalosporins 3d generation 23 (48) 12 (33) 0.263

Use of Ceftarolin 20 (42) 12 (33) 0.500
Use of Colistin 25 (52) 16 (44) 0.516

Use of Tygecycline 21 (44) 19 (52) 0.509
Use of Aminoglycosides 7 (15) 3 (8) 0.504

Gram (+) antibiotics 35 (73) 29 (80) 0.446
TMP/SMX 10 (20) 15 (42) 0.551

Use of CAZ-AVI 9 (19) 2 (6) 0.105

Data is presented as median (25%, 75% quartiles) or n (%); BSI, Blood Stream infection; TMP/SMX, trimethoprim-
sulfamethoxazole; CAZ-AVI, ceftazidime-avibactam; Gram (+) antibiotics, teicoplanin, daptomycin, vancomycin,
and linezolid; p, comparison between the two groups. Results by univariate analysis, chi square test, or Fisher’s
exact test for categorical variables and by Mann–Whitney U test for continuous variables.

Table 4. Pathogens detected in blood stream infections.

Pathogen Number of Cases (N = 60)

Acinetobacter baumannii 20 (33%)
Klebsiella pneumonia 19 (32%)

Stenotrophomonas maltophilia 3 (5%)
Pseudomonas aeruginosa 2 (3%)

Proteus mirabilis 1 (2%)
Serratia marcescens 1 (2%)
Enterococcus spp. 14 (23%)

3.2. Mortality and Morbidity Indices in Patients with BSI

Patients who presented BSI, when compared with patients who did not, had a longer
length of ICU stay and a longer duration of mechanical ventilation and sedation (p < 0.05,
Table 5). In this population, there was a trend towards increased mortality that did not
reach statistical significance. Compared with non-survivors, survivors had lower baseline
APACHE II and SOFA scores, lower D-dimers levels, and a higher baseline compliance of
the respiratory system. They received anakinra less frequently and appropriate therapy
more often (p < 0.05, Table 6). The multivariate analysis (Table 7) showed that the baseline
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APACHE II score [1.232 (1.017 to 1.493), p = 0.033] was the only independent risk factor for
ICU mortality, while there was an indication towards increased mortality for patients who
received anakinra [0.051 (0.003 to 1.026), p = 0.051].

Table 5. Outcomes.

BSI Group (N = 48) Non-BSI Group (N = 36) p

ICU length of stay (days) 18 (14, 26) 7 (5, 12) <0.000
Death 35 (73) 20 (56) 0.111

MV duration (days) 14 (18, 23) 7 (4, 12) <0.000
Duration of Sedation (days) 13 (9, 18) 7 (4, 11) <0.000

Data is presented as median (25%, 75% quartiles) or n (%); BSI, Blood Stream Infection; ICU, intensive care unit;
MV, mechanical ventilation; p, comparison between the two groups. Results by univariate analysis, chi square
test, or Fisher’s exact test for categorical variables and by Mann–Whitney U test for continuous variables.

Table 6. Characteristics of survivors and non-survivors in the ICU.

Survivors (N = 29) Non-Survivors (N = 55) p

Sex (Male) 18 (62) 38 (69) 0.627
Age (years) 70 (61, 74) 70 (62, 77) 0.296

APACHE II score 12 (11, 15) 17 (12, 22) 0.001
SOFA score 7 (6, 8) 8 (7, 9) 0.009

BSI 13 (45) 35 (64) 0.111
Diabetes Mellitus 6 (20) 22 (40) 0.091

Chronic Lung disease 6 (20) 16 (29) 0.447
Chronic Heart Failure 0 (0) 8 (15) 0.046
Chronic renal disease 1 (3) 4 (7) 0.665
Neurological disease 3 (10) 9 (16) 0.531

Arterial Hypertension 16 (55) 36 (65) 0.479
Malignancy 3 (10) 2 (4) 0.335

Autoimmune disease 1 (3) 3 (5) -
Dyslipidemia 10 (34) 16 (29) 0.628

Coronary Artery Disease 4 (14) 14 (25) 0.271
Total ICU length of stay (days) 14 (8, 25) 13 (7, 18) 0.349

Total MV duration (days) 11 (6, 19) 7 (4, 12) 0.349
Total duration of sedation (days) 9 (5, 15) 7 (4, 12) 0.193

Appropriate Therapy 9/13 (69) 12/35 (34) 0.049
Steroids 24 (83) 49 (89) 0.501

Tocilizumab 7 (24) 17 (31) 0.615
Anakinra 2 (7) 17 (31) 0.014

Remdesivir 9 (31) 13 (24) 0.602
PaO2/FiO2 ratio 164 (137, 204) 125 (99, 156) 0.078

Crs 40 (30, 47) 34 (27, 42) 0.032
D-dimers 659 (473, 1023) 1180 (1140, 4578) 0.027

Lymphocyte Count 500 (390, 845) 600 (435, 738) 0.556
Ferritin 941 (554, 1997) 1617 (1058, 2795) 0.204

Data is presented as median (25%, 75% quartiles) or n (%); BSI, Blood Stream Infection; ICU, intensive care unit;
APACHE, Acute Physiology and Chronic Health Evaluation; SOFA, Sequential Organ Failure Assessment; MV,
mechanical ventilation; Crs, compliance of the respiratory system; p, comparison between the two groups. Results
by univariate analysis, chi square test, or Fisher’s exact test for categorical variables and by Mann–Whitney U test
for continuous variables.

Table 7. Multivariate analysis.

Odds Ratio 95% CI p

APACHE II Score 1.232 1.017–1.493 0.033
SOFA score 0.460 0.203–1.044 0.063

Dyslipidemia 0.000 0.000 0.999
Appropriate therapy 4.553 0.855–24.257 0.076

Anakinra 0.051 0.003–1.026 0.051
Compliance of respiratory system 0.983 0.917–1.053 0.628

D-Dimers 1.000 1.000–1.001 0.635
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4. Discussion

In the present study, we aimed to determine the incidence and to identify risk fac-
tors for BSI in critically ill, mechanically ventilated COVID-19 patients. Our results in-
dicate that BSIs are frequent, since more than half of the patients were infected. Dyslipi-
demia occurs more often in non-infected patients. Furthermore, survivors had a signif-
icantly lower APACHE II score, and received anakinra less frequently when compared
with non-survivors.

There are several studies on secondary infections in COVID-19 patients. Most of them
include several types of infections, such as BSIs or infections of the respiratory tract. The
populations included were usually mixed in terms of severity (hospitalizations both in
ICUs and medical wards). Even in studies conducted in ICUs, patients may be under
invasive mechanical ventilation or other forms of respiratory support, such as high flow
oscillatory ventilation (HFOV) or non-invasive mechanical ventilation (NIV) [9,15–18]. To
our knowledge, the present study is the first one to be conducted in the ICU, and all patients
included were intubated and mechanically ventilated.

The incidence of BSIs in this study is higher when compared with our previously
published data where patients did not present SARS-CoV-2 infection [13,14]. The results
are also in accordance with other studies that report a higher number of COVID-19 patients
with BSIs when compared with non-COVID-19 patients [9,19–21]. The profile of immune
dysregulation and the higher percentage of COVID-19 patients that receive immunomodu-
latory agents may explain the finding.

The only risk factor for BSI that was identified in our study was dyslipidemia; more
specifically, patients with dyslipidemia were protected from BSI. Certainly, this association
does not imply a causative relationship. The concurrent administration of statins to these
patients may play a role [22]. Data on this issue has not been reported previously in the
literature; in this respect, this finding needs further investigation in the future with an
appropriate methodology.

Despite the fact that the administration of antibiotics is widely known to be a factor
responsible for infection, especially by multi-drug-resistant bacteria [13,14], we found no
such evidence in this study. The shorter length of the hospital stay and the consequently
lower use of antibiotics in comparison with non-COVID-19 patients, as well as the small
number of participants in the present study, might be an explanation.

The results for the impact on secondary infections of immunosuppressive agents ad-
ministered for the treatment of COVID-19 disease are inconclusive. There are studies where
these agents are independently associated with increased nosocomial infections [9,17] and
others that indicate no correlation [18]. Furthermore, there is no specific data for intubated
and mechanically ventilated patients. In our study, the use of steroids, tocilizumab, or
anakinra was not associated with BSIs. On the other hand, anakinra was associated with
increased mortality. The etiology cannot be specified by the present study. Other factors re-
lated to this intervention, such as infections other than BSIs or different actions of anakinra,
may be implicated.

BSIs did not affect mortality on a statistically significant level. The same result was
identified by other studies [23]. The fact that the clinical outcome in severe COVID-19
patients is multifactorial may be an explanation for this. On the contrary, other indices
of disease severity are affected: patients suffering from BSI had prolonged mechanical
ventilation and a subsequent need for sedatives, and also a prolonged ICU length of stay,
confirming the results from other studies [15,24,25]. Finally, the APACHE II score was
higher in non-survivors. The relationship between the severity of illness and mortality
is well established in several studies involving COVID-19 patients or non-COVID-19
patients [14,23].

The relationship between respiratory mechanics in patients with ARDS and mortality
is not clear. According to the concept of patient self-inflicted lung injury (PSILI), the
increased respiratory effort may generate lung injury in spontaneously breathing patients,
leading to worse outcomes [26]. Consequently, early intubation and mechanical ventilation
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may prevent lung damage. Compliance of the respiratory (Crs) can be used as an indicator
of the lung injury in ARDS patients. Higher values of Crs indicate less lung injury. In
our study, survivors presented higher Crs after intubation and during ICU admission, but
Crs was not an independent factor for mortality after the multivariate analysis. The fact
that a higher APACHE II score predicted a worse outcome when compared to Crs alone
suggests that the overall severity of multi-organ failure is more important than isolated
respiratory mechanics.

This study presents limitations. It was performed at a single center, and the results
should therefore be interpreted cautiously. The number of participants was relatively small.
The fact that most of our pathogens are pan-drug-resistant, as previously described [13,14],
may limit the generalizability of the results. However, the findings of this study may form
the basis for a further investigation in the future.

5. Conclusions

A considerable percentage of intubated and mechanically ventilated patients with
SARS-CoV-2 infection present BSI. Fever or reduced serum concentrations of inflammatory
markers may make the diagnosis of BSI difficult if immunomodulatory drugs are used;
therefore, close monitoring may improve the outcome. Finally, further studies are required
to confirm the aforementioned findings.

6. Definitions

BSI was defined according to Center of Disease Control (CDC) criteria [27]. Previous
hospitalization was defined as the admission to hospitals or other healthcare facilities for
>48 h during the last three months. Antibiotics against Gram (+) bacteria include teicoplanin,
daptomycin, vancomycin, and linezolid. As appropriate therapy was considered to be
the administration of in vitro active antibiotics for at least 48 h. EUCAST breakpoints
were used for susceptibility testing. SARS-CoV-2 infection was confirmed by reverse
transcription polymerase chain reaction (PCR) with nasopharyngeal swabs. No genetic
testing was performed. Patients’ treatment decision was at the attending physician’s
discretion, and thus antibiotic combinations were different among patients. Only a single
dose of tocilizumab was administered. No antibiotics were given as a prophylaxis in the
ICU. Pandrug-resistant (PDR) was defined as a pathogen that was nonsusceptible to all
agents in all antimicrobial categories, extensively drug-resistant (XDR) as a pathogen that
was susceptible to only one or two antimicrobial categories, and finally multidrug-resistant
(MDR) as a pathogen that was resistant to at least one agent in three or more drug classes.
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Abstract: Carbapenem resistance in Gram-negative bacteria has come into sight as a serious global
threat. Carbapenem-resistant Gram-negative pathogens and their main representatives Klebsiella
pneumoniae, Acinetobacter baumannii, and Pseudomonas aeruginosa are ranked in the highest priority
category for new treatments. The worrisome phenomenon of the recent years is the presence of
difficult-to-treat resistance (DTR) and pandrug-resistant (PDR) Gram-negative bacteria, characterized
as non-susceptible to all conventional antimicrobial agents. DTR and PDR Gram-negative infections
are linked with high mortality and associated with nosocomial infections, mainly in critically ill
and ICU patients. Therapeutic options for infections caused by DTR and PDR Gram-negative
organisms are extremely limited and are based on case reports and series. Herein, the current
available knowledge regarding treatment of DTR and PDR infections is discussed. A focal point of
the review focuses on salvage treatment, synergistic combinations (double and triple combinations),
as well as increased exposure regimen adapted to the MIC of the pathogen. The most available
data regarding novel antimicrobials, including novel β-lactam-β-lactamase inhibitor combinations,
cefiderocol, and eravacycline as potential agents against DTR and PDR Gram-negative strains in
critically ill patients are thoroughly presented.

Keywords: pandrug-resistant; Klebsiella pneumoniae; Acinetobacter baumannii; Pseudomonas aeruginosa;
salvage treatment; double carbapenem; newer β-lactam-β-lactamase inhibitors; cefiderocol; eravacycline;
antimicrobial combinations

1. Introduction

Antimicrobial resistance poses a major threat to human health all over the world. The
global burden associated with bacterial antimicrobial resistance in 2019 was an estimated
4.95 million deaths, of which 1.27 million were directly attributable to drug resistance. There
is an emphasis on six common pathogens accountable for nosocomial infections: Escherichia
coli, Staphylococcus aureus, Klebsiella pneumoniae, Streptococcus pneumoniae, Acinetobacter bau-
mannii, and Pseudomonas aeruginosa, which were responsible for 73% of deaths attributable
to antimicrobial resistance in the same report [1]. Additionally, carbapenem resistance in
Gram-negative bacteria has come into sight as a serious global threat [2]. The 2017 World
Health Organization (WHO) global priority list of pathogens ranks carbapenem-resistant
Enterobacteriaceae (CRE), carbapenem-resistant Pseudomonas aeruginosa, and carbapenem-
resistant Acinetobacter baumannii in the highest priority category [3]. More recent attention
has focused on evidence of increased likelihood of morbidity and mortality in patients
infected by carbapenem-resistant pathogens in comparison to those infected by susceptible
pathogens [4,5]. A new terminology has been proposed for the categorization of resistance
in Gram-negative pathogens. Multi-drug resistant (MDR) is defined as the acquired non-
susceptibility to at least one agent in three or more categories of antimicrobial agents, and
extensively-drug resistant (XDR) is the nonsusceptibility to at least one agent in all but
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two or fewer categories of antimicrobial agents. Finally, PDR is the nonsusceptibility to all
agents in all categories of antimicrobial agents [6]. This statement was proposed by Magio-
rakos et al. [6] in 2012, when new β-lactam-β-lactamase inhibitors and novel antimicrobial
agents were not launched in the market for the treatment of MDR, XDR, and PDR Gram-
negative pathogens [7]. Therefore, a new consensus to be established in the era of novel
β-lactam-β-lactamase inhibitors is of great matter. However, a new definition of resistance
for Gram-negative infections defined as difficult-to-treat resistance (DTR) has recently been
proposed as treatment-limiting resistance to all first-line agents, including all β-lactams
(carbapenems and β-lactamase inhibitor combinations) and fluoroquinolones [8]. On the
other hand, there is a considerable knowledge gap for the treatment of PDR Gram-negative
strains, which are linked to extremely high all-cause mortality, ranging from 20 to 71% [9].
Therapeutic options for DTR and PDR K. pneumoniae, A. baumannii, and P. aeruginosa are
scarce and based exclusively on few case reports and small case series, initiating salvage
treatments counting upon synergistic combinations (in vitro or animal model), increased
exposure regimen adapted to the MIC of the pathogen, as well as the introduction of novel
antibacterial agents [9].

A narrative review of relevant studies was conducted using the PubMed/MEDLINE,
Scopus, and Web of Science databases (from 1970 up to January 2022). The keywords used
alone or in combination were pandrug, pandrug-resistant, pan-resistant, epidemiology of
PDR, difficult to treat, difficult-to-treat-resistance, salvage treatment, Gram-negative limited
options, compassionate use, double carbapenems, ICU patients, critically ill patients, novel
β-lactam-β-lactamase inhibitors, cefiderocol, and eravacycline. Information regarding
therapy of DTR and PDR Gram-negative infections were included. Full text and abstract
screening as well as review articles were searched.

In this review, the latest data regarding the current and potential therapeutic choices
for DTR and PDR Gram-negative bacteria are reported and discussed.

2. Carbapenem-Resistant Klebsiella pneumoniae
2.1. Epidemiological Issues

In a detailed review of 125 PDR K. pneumoniae strains, the geographical distribution
was as follows: (i) Europe (71 strains), Greece being the predominant European country
(47 strains), accompanied by Italy, France, and the Netherlands; (ii) America (12 strains);
(iii) Asia (41 strains), mostly in India (28 strains). Only one strain was observed in Australia
and none from Africa [8]. Regarding all-cause mortality, PDR K. pneumoniae strains, despite
therapeutic manipulations, were reported as lethal in 31% of bloodstream infections (BSI),
50% in respiratory tract infections (RTIs), 29% in complicated urinary tract infections
(cUTIs), 100% in CNS and complicated intra-abdominal infections (cIAI), and 67% in
osteomyelitis, with a total fatality rate of 47%. The high mortality rates reported are
referred to critically ill patients with high severity scores, with almost 37% of the patients
hospitalized in the ICU [9].

2.1.1. Salvage Therapies

Salvage treatments for PDR infections caused by Gram-negative pathogens have
been analyzed in a retrospective single-center cohort study, including 65 consecutive
eligible patients suffering from infections with a PDR profile hospitalized at the University
Hospital of Heraklion, Crete, Greece, between January 2010 and June 2018 [10]. Of the
65 PDR isolates, 31 (48%) were K. pneumoniae, followed by A. baumannii (43%), and P.
aeruginosa (9%). All strains were resistant to all available antimicrobial agents; however, the
mechanism of resistance was not reported. The majority of the patients were hospitalized
in the ICU (79%) with multiple comorbidities, whereas severe sepsis and septic shock
at the onset of infection was reported in 14% and 22% of cases, respectively. The most
common empirical therapy was colistin-based combination, followed by non-colistin,
non-tigecycline combination, and carbapenems plus tigecycline. Empiric therapy was
defined arbitrarily as “effective empirical therapy” in cases where antimicrobial treatment
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administered (although in vitro non-susceptible) before the microbiological documentation
of the PDR infection resulted in clinical improvement, without the necessity of treatment
modification. The empirical therapy was effective in 50%, 37.5%, and 8% of patients
receiving colistin combination, carbapenems-tigecycline, and non-colistin, non-tigecycline
combination, respectively (p = 0.003). The infection-related in-hospital mortality was 32%.
Even though the authors do not distinguish empirical therapeutic results regarding K.
pneumoniae, P. aeruginosa, and A. baumannii, the obtained cure rates support the use of
colistin and/or tigecycline-based combinations as empirical therapy when an infection due
to PDR pathogens is suspected [10]. However, the frequent use of the pre-reported older
antibiotics has provoked the emergence of strains with high resistance rates, particularly
towards colistin; a fact attributed mainly to overconsumption [11]. In another retrospective
study from Greece, amongst 412 monomicrobial BSIs due to K. pneumoniae, 115 (27.9%)
were due to PDR isolates. The majority of infections were primary BSIs (46.1%), followed by
catheter-related BSI (30.4%), cIAI (9.6%), and ventilator-associated pneumonia (VAP) (7.0%).
blaKPC was the most prevalent carbapenemase gene (85.2%), followed by a co-carriage
of blaKPC and blaVIM (6.1%), blaVIM (5.2%), and blaNDM (3.1%). Thirty-day mortality was
39.1%. Among all patients, multivariate analysis identified the development of septic shock,
Charlson comorbidity index, and BSI other than primary or catheter-related as independent
predictors of mortality, while a combination of at least three antimicrobials was identified
as an independent predictor of survival for PDR infections caused by K.pneumoniae [12].

2.1.2. Double Carbapenem Combinations (DCC)

The rationale of the application of the so-called DCC, i.e., “Double Carbapenem Com-
bination” in case of PDR or XDR K. pneumoniae infections, was based on “ertapenem higher
affinity with the carbapenemase enzyme, acting as a suicide inhibitor, thus allowing higher
levels of the other carbapenems (meropenem or doripenem) to be active in the vicinity of
the pathogen” [13]. The first worldwide report was from Greece in 2013 including 3 ICU
patients with complicated UTIs [14], to be followed by another study, comprising 27 Greek
patients with untreatable infections suffering from cUTIs with secondary bacteremia (four),
primary (six) or catheter related BSI (two), hospital acquired pneumonia (HAP) or ventilator
associated pneumonia (VAP) (two), and external ventricular drainage infection (one) [15].
PDR strains were isolated in 14 cases, whereas in the remaining 13 cases an XDR profile was
identified. Fifteen patients were hospitalized in the ICU and twelve in the medical ward.
The median APACHE score was 17 and the median Charslon index was 3, whereas 41% of
the cases presented with severe sepsis or septic shock. Patients were treated exclusively
with ertapenem (1 g daily, 1-h infusion, to be administered 1-h prior to meropenem dose)
and high-dose prolonged infusion meropenem (2 gr, 3-h infusion, every 8-h). MICs against
meropenem ranged between 2 and ≥16 mg/L. Clinical and microbiological success was
77.8% and 74.1%, respectively, with an attributable mortality of 11.1%. The results are
independent of the height of meropenem MICs. Subsequently, until 2020 ninety patients,
after combining ertapenem either with meropenem or doripenem, were published with a
successful clinical outcome of 65.5%, and a rather low mortality of 24.2% [15–20]. Although
the department of hospitalization was not reported in the majority of cases, all patients
were critically ill and at least 53 cases were reported to be hospitalized in the ICU [20].
Despite difficulties in evaluation, the beneficiary addition of another antibiotic (mostly
colistin) to which the isolated strains of K. pneumoniae were resistant in vitro, should also
be mentioned [19,20].

2.1.3. The Novel β-Lactamase Inhibitors

In the chapters to follow, the novel β-lactamase inhibitors combination currently in
the market (i.e., ceftazidime/avibactam, meropenem-vaborbactam, imipenem-cilastatin-
relebactam) and the forthcoming aztreonam-avibactam are presented and discussed, fo-
cusing mainly on clinical issues dealing with DTR pathogens in critically ill patients and
ICU patients, illustrated in Table 1. Mechanism of action, spectrum of activity, mechanism
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of resistance, approved indications, and information on DTR and PDR Gram-negative
pathogens are depicted in Table 1 [21–71]. Although in vitro these agents have demon-
strated susceptibility against PDR strains [72], clinical experience is limited to case reports,
if any applicable. Nonetheless, these newer agents have the potency for treatment of
DTR pathogens; however, more clinical studies focusing on PDR K.pneumoniae infections
are needed.

2.2. Clinical Experience with Diazabicyclooctanes Based β-Lactamase Inhibitors (DBO Inhibitors)
2.2.1. Ceftazidime-Avibactam

Avibactam, a novel non-β-lactam-β-lactamase inhibitor, restores the activity of cef-
tazidime against the majority of β- lactamases, as outlined in Table 1. In Greece, around
2014–2016, against a collection of 394 KPC (+) K. pneumoniae strains, 99.6% were inhibited
by ceftazidime-avibactam, whereas only 61.9%, 59.6%, 58.4%, and 51.5% were inhibited
by gentamicin, colistin, fosfomycin, and tigecycline, respectively. In addition, 19 (4.8%) of
isolates exhibited a PDR phenotype and 124 (31.5%) exhibited an XDR phenotype [73].

The real-world efficacy of ceftazidime-avibactam in the treatment of KPC (+) mostly
K. pneumoniae strains was shown in clinical post-marketing studies, proving that in general,
when compared to the conventionally prescribed antibiotics, not only higher cure rates were
observed, but also lower mortality rates [26–32]. A multicenter prospective observational
study with 147 patients (140 with KPC-producing K. pneumoniae (KPC-Kp) and seven with
OXA-48 K. pneumoniae isolates with a median MIC to ceftazidime-avibactam of 1 mg/L)
was conducted between January 2018 and March 2019 in 14 tertiary hospitals located all
over Greece. The APACHE II and SOFA scores at the onset of infection were 16.5 ± 7.6
and 6.7 ± 4.2, respectively, whereas 45 (30.6%) patients had an ultimately fatal, 21 (14.3%)
patients had a rapidly fatal, and 81 (55.1%) patients had a non-fatal underlying disease.
Half of the patients were hospitalized in the ICU (50.3%), 50 (34%) had septic shock and 97
(66%) sepsis (by Sepsis-3), highlighting the severity of infection burden. The outcome and
mortality predictors were assessed in a variety of infections including mainly bacteremia
(64.6%), cUTI (22.4%), HAP/VAP (25.2%), and cIAI (10.2%). The resistance rates reported
were for meropenem, colistin, and tigecycline 99%, 34%, and 44%, accordingly; however,
a PDR profile was not subjected in the analysis. Monotherapy was given to 68 (46.3%)
patients whereas in 79 (53.7%) patients ceftazidime-avibactam was given in combination
with at least another active in vitro antibiotic for a median duration of 13 days. At day 14,
in 81% of patients clinical success was observed with microbiological eradication in 50.4%
and presumed eradication in 37.4% with emergence of resistance in two patients (1.4%).
Mortality rates at 14 and 28 days were 9% and 20%, respectively, the highest percentage
observed being in pneumonia patients (38%). The study focused in particular on a subgroup
of 71 patients with KPC-Kp BSI treated with ceftazidime-avibactam, which was matched
by propensity score with an equal group of bacteremic patients treated with other than
ceftazidime-avibactam antibiotics active in vitro. The 28-day mortality in the 71 patients
treated with ceftazidime-avibactam versus that in the 71 matched patients given other
active in vitro antibacterial was 18.5% vs. 40.8% (p = 0.005), respectively. As independent
predictors of death, ultimately fatal disease, rapidly fatal disease, and Charlson comorbidity
index ≥2 were determined, whereas therapy with CAZ-AVI was the only independent
predictor of survival [31].

18



A
nt

ib
io

tic
s

2
0
2
2
,1

1,
10

09

T
a

b
le

1
.

C
ur

re
nt

an
d

po
te

nt
ia

lt
he

ra
pe

ut
ic

op
ti

on
s

fo
r

D
TR

an
d

PD
R

G
ra

m
-n

eg
at

iv
e

pa
th

og
en

s.

A
n

ti
b

io
ti

c
M

e
ch

a
n

is
m

o
f

A
ct

io
n

S
p

e
ct

ru
m

o
f

A
ct

iv
it

y
M

e
ch

a
n

is
m

o
f

R
e

si
st

a
n

ce
C

li
n

ic
a

l
D

e
v

e
lo

p
m

e
n

t
P

ro
g

ra
m

a
n

d
A

p
p

ro
v

e
d

In
d

ic
a

ti
o

n
s

D
o

sa
g

e
(N

o
rm

a
l

R
e

n
a

l
F

u
n

ct
io

n
)

C
o

m
m

e
n

ts
o

n
D

T
R

a
n

d
P

D
R

C
e

ft
a

z
id

im
e

-
A

v
ib

a
ct

a
m

(2
.5

g:
ce

ft
az

id
im

e
2

g,
av

ib
ac

ta
m

50
0

m
g)

[7
,2

1]

A
vi

ba
ct

am
is

a
no

n–
β

-l
ac

ta
m

β
-l

ac
ta

m
as

e
in

hi
bi

to
r

th
at

in
ac

ti
va

te
s

so
m

e
β

-l
ac

ta
m

as
es

an
d

pr
ot

ec
ts

ce
ft

az
id

im
e

fr
om

de
gr

ad
at

io
n

[7
,2

1]

A
ct

iv
it

y
a

g
a

in
st

:
K

.p
ne

um
on

ia
e

an
d

P.
ae

ru
gi

no
sa

pr
od

uc
in

g
ES

BL
,K

PC
,A

m
pC

an
d

so
m

e
cl

as
s

D
en

zy
m

es
(O

X
A

-1
0,

O
X

A
-4

8)
.N

o
ac

ti
ve

ag
ai

ns
tM

BL
,

A
ci

ne
to

ba
ct

er
sp

p
[7

,2
1]

A
m

in
o

ac
id

su
bs

ti
tu

ti
on

s,
in

se
rt

io
ns

or
de

le
ti

on
s

in
th

re
e

lo
op

s,
th

e
Ω

-l
oo

p,
th

e
V

al
24

0
lo

op
an

d
th

e
Ly

s2
70

lo
op

an
d

m
em

br
an

e
im

pe
rm

ea
bi

lit
y

of
po

ri
n

m
ut

at
io

ns
[2

2]

A
p

p
ro

v
a

l:
FD

A
in

20
15

[2
3]

an
d

EM
A

in
20

16
[2

4]
A

p
p

ro
v

e
d

in
d

ic
a

ti
o

n
s:

F
D

A
:c

IA
Ia

nd
cU

TI
in

ad
ul

ts
an

d
pe

di
at

ri
c

ag
e

gr
ou

ps
ov

er
3

m
on

th
s

of
ag

e,
H

A
P

an
d

VA
P

in
ad

ul
ts

[2
3]

E
M

A
:c

IA
Ia

nd
cU

TI
,H

A
P

an
d

VA
P

in
ad

ul
ts

an
d

pe
di

at
ri

c
ag

e
gr

ou
ps

ov
er

3
m

on
th

s
of

ag
e.

Tr
ea

tm
en

to
fa

du
lt

pa
ti

en
ts

w
it

h
ba

ct
er

em
ia

th
at

oc
cu

rs
in

as
so

ci
at

io
n

w
it

h,
or

is
su

sp
ec

te
d

to
be

as
so

ci
at

ed
w

it
h,

an
y

of
th

e
in

fe
ct

io
ns

lis
te

d
ab

ov
e.

Tr
ea

tm
en

to
fi

nf
ec

ti
on

s
du

e
to

ae
ro

bi
c

G
ra

m
-n

eg
at

iv
e

or
ga

ni
sm

s
in

ad
ul

ts
an

d
pe

di
at

ri
c

pa
ti

en
ts

ag
ed

3
m

on
th

s
an

d
ol

de
r

w
it

h
lim

it
ed

tr
ea

tm
en

to
pt

io
ns

[2
4]

2.
5

g
IV

ev
er

y
8

h,
in

fu
se

d
ov

er
2–

3
h

[2
5]

K
.p

ne
um

on
ia

e:
R

ea
ll

if
e

cl
in

ic
al

st
ud

ie
s

on
X

D
R

K
.p

ne
um

on
ia

e
w

it
h

fa
vo

ra
bl

e
cl

in
ic

al
ou

tc
om

e
ar

ou
nd

80
%

.
Su

pe
ri

or
it

y
of

ce
ft

az
id

im
e-

av
ib

ac
ta

m
ag

ai
ns

tc
om

pa
ra

to
rs

[2
6–

32
].

PD
R

ca
se

s
lim

it
ed

to
ca

se
re

po
rt

s
[3

3–
38

].
P.

ae
ru

gi
no

sa
:

R
ea

ll
if

e
cl

in
ic

al
st

ud
ie

s
on

X
D

R
an

d
D

T
R

P.
ae

ru
gi

no
sa

w
ith

fa
vo

ra
bl

e
cl

in
ic

al
ou

tc
om

e
ra

ng
in

g
fr

om
45

–1
00

%
.

Su
pe

ri
or

it
y

of
ce

ft
az

id
im

e-
av

ib
ac

ta
m

ag
ai

ns
tc

om
pa

ra
to

rs
[2

9,
39

–4
1]

.
N

o
PD

R
ca

se
s

re
po

rt
ed

.

19



A
nt

ib
io

tic
s

2
0
2
2
,1

1,
10

09

T
a

b
le

1
.

C
on

t.

A
n

ti
b

io
ti

c
M

e
ch

a
n

is
m

o
f

A
ct

io
n

S
p

e
ct

ru
m

o
f

A
ct

iv
it

y
M

e
ch

a
n

is
m

o
f

R
e

si
st

a
n

ce
C

li
n

ic
a

l
D

e
v

e
lo

p
m

e
n

t
P

ro
g

ra
m

a
n

d
A

p
p

ro
v

e
d

In
d

ic
a

ti
o

n
s

D
o

sa
g

e
(N

o
rm

a
l

R
e

n
a

l
F

u
n

ct
io

n
)

C
o

m
m

e
n

ts
o

n
D

T
R

a
n

d
P

D
R

M
e

ro
p

e
n

e
m

-
V

a
b

o
rb

a
ct

a
m

(2
g:

m
er

op
en

em
1g

,
va

bo
rb

ac
ta

m
1g

)
[7

,2
1]

V
ab

or
ba

ct
am

is
a

no
n-

su
ic

id
al

,b
or

on
ic

ac
id

β
-l

ac
ta

m
as

e
in

hi
bi

to
r

w
it

h
no

an
ti

ba
ct

er
ia

la
ct

iv
it

y,
pr

ev
en

ti
ng

β
-l

ac
ta

m
as

es
,s

uc
h

as
K

PC
s,

fr
om

hy
dr

ol
yz

in
g

m
er

op
en

em
[7

,2
1]

A
ct

iv
it

y
a

g
a

in
st

:
K

.p
ne

um
on

ia
e

pr
od

uc
in

g
ES

BL
,K

PC
,A

m
pC

.
N

o
ac

ti
ve

ag
ai

ns
t

O
X

A
-4

8-
lik

e,
or

M
BL

.
A

s
ac

ti
ve

as
m

er
op

en
em

al
on

e
ag

ai
ns

tP
.

ae
ru

gi
no

sa
[7

,2
1]

Po
ri

n
m

ut
at

io
ns

in
O

m
pK

36
an

d
O

m
pK

35
an

d
in

cr
ea

se
d

ex
pr

es
si

on
ra

te
of

th
e

A
cr

A
B-

To
ec

ef
flu

x
sy

st
em

[2
2]

A
p

p
ro

v
a

l:
FD

A
in

20
17

[4
2]

an
d

EM
A

in
20

18
[4

3]
A

p
p

ro
v

e
d

in
d

ic
a

ti
o

n
s:

F
D

A
:c

U
TI

in
ad

ul
ts

[4
2]

E
M

A
:c

IA
Ia

nd
cU

TI
,H

A
P

an
d

VA
P

in
ad

ul
ts

.
Tr

ea
tm

en
to

fa
du

lt
pa

ti
en

ts
w

it
h

ba
ct

er
em

ia
th

at
oc

cu
rs

in
as

so
ci

at
io

n
w

it
h,

or
is

su
sp

ec
te

d
to

be
as

so
ci

at
ed

w
it

h,
an

y
of

th
e

in
fe

ct
io

ns
lis

te
d

ab
ov

e.
Tr

ea
tm

en
to

fi
nf

ec
ti

on
s

du
e

to
ae

ro
bi

c
G

ra
m

-n
eg

at
iv

e
or

ga
ni

sm
s

in
ad

ul
ts

w
it

h
lim

it
ed

tr
ea

tm
en

t
op

ti
on

s
[4

3]

4
g

IV
ev

er
y

8
h,

in
fu

se
d

ov
er

3
h

[2
5]

K
.p

ne
um

on
ia

e:
R

ea
ll

if
e

cl
in

ic
al

st
ud

ie
s

on
X

D
R

K
.p

ne
um

on
ia

e
w

it
h

fa
vo

ra
bl

e
cl

in
ic

al
ou

tc
om

e
ar

ou
nd

65
–7

0%
[4

4–
46

].
N

o
PD

R
ca

se
s

re
po

rt
ed

.

Im
ip

e
n

e
m

-
C

il
a

st
a

ti
n

-
R

e
le

b
a

ct
a

m
(1

.2
5

g:
im

ip
en

em
50

0
m

g,
ci

la
st

at
in

50
0

m
g,

re
le

ba
ct

am
25

0
m

g)
[7

,2
1]

R
el

eb
ac

ta
m

is
a

no
ve

l
β

-l
ac

ta
m

as
e

in
hi

bi
to

r
of

cl
as

s
w

it
h

no
in

tr
in

si
c

an
ti

ba
ct

er
ia

l
ac

ti
vi

ty
,p

ro
te

ct
s

im
ip

en
em

fr
om

de
gr

ad
at

io
n

by
so

m
e

β
-l

ac
ta

m
as

es
an

d
Ps

eu
do

m
on

as
-d

er
iv

ed
ce

ph
al

os
po

ri
na

se
[7

,2
1]

A
ct

iv
it

y
a

g
a

in
st

:
K

.p
ne

um
on

ia
e

an
d

P.
ae

ru
gi

no
sa

pr
od

uc
in

g
ES

BL
,K

PC
,A

m
pC

an
d

po
ri

n
m

ut
at

io
ns

.
D

im
in

is
he

d
in

hi
bi

to
r

ac
ti

vi
ty

ag
ai

ns
tO

X
A

-4
8.

N
o

ac
ti

vi
ty

ag
ai

ns
tM

BL
an

d
A

.b
au

m
an

ni
i[

7,
21

]

Po
ri

n
lo

ss
of

O
m

pK
35

an
d

O
m

pK
36

as
w

el
l

as
hy

pe
re

xp
re

ss
io

n
of

bl
a K

PC
[2

2]

A
p

p
ro

v
a

l:
FD

A
in

20
19

[4
7]

an
d

EM
A

in
20

21
[4

8]
A

p
p

ro
v

e
d

in
d

ic
a

ti
o

n
s:

F
D

A
:H

A
P

an
d

VA
P

in
ad

ul
ts

cU
TI

an
d

cI
A

Ii
n

ad
ul

tp
at

ie
nt

s
w

ho
ha

ve
lim

it
ed

or
no

al
te

rn
at

iv
e

tr
ea

tm
en

t
op

ti
on

s
[4

7]
E

M
A

:H
A

P
an

d
VA

P
in

ad
ul

ts
.

Tr
ea

tm
en

to
fa

du
lt

pa
ti

en
ts

w
it

h
ba

ct
er

em
ia

th
at

oc
cu

rs
in

as
so

ci
at

io
n

w
it

h,
or

is
su

sp
ec

te
d

to
be

as
so

ci
at

ed
w

it
h

H
A

P
or

VA
P

in
ad

ul
ts

.
Tr

ea
tm

en
to

fi
nf

ec
ti

on
s

du
e

to
ae

ro
bi

c
G

ra
m

-n
eg

at
iv

e
or

ga
ni

sm
s

in
ad

ul
ts

w
it

h
lim

it
ed

tr
ea

tm
en

t
op

ti
on

s
[4

8]

1.
25

g
IV

ev
er

y
6

h,
in

fu
se

d
ov

er
30

m
in

ut
es

[2
5]

K
.p

ne
um

on
ia

e:
R

ea
ll

if
e

cl
in

ic
al

st
ud

ie
s

on
X

D
R

K
.p

ne
um

on
ia

e
ar

e
lim

it
ed

[4
9]

P.
ae

ru
gi

no
sa

:
R

ea
ll

if
e

cl
in

ic
al

st
ud

ie
s

on
D

T
R

P.
ae

ru
gi

no
sa

w
it

h
cl

in
ic

al
cu

re
of

62
%

[5
0]

N
o

PD
R

ca
se

s
re

po
rt

ed
.

20



A
nt

ib
io

tic
s

2
0
2
2
,1

1,
10

09

T
a

b
le

1
.

C
on

t.

A
n

ti
b

io
ti

c
M

e
ch

a
n

is
m

o
f

A
ct

io
n

S
p

e
ct

ru
m

o
f

A
ct

iv
it

y
M

e
ch

a
n

is
m

o
f

R
e

si
st

a
n

ce
C

li
n

ic
a

l
D

e
v

e
lo

p
m

e
n

t
P

ro
g

ra
m

a
n

d
A

p
p

ro
v

e
d

In
d

ic
a

ti
o

n
s

D
o

sa
g

e
(N

o
rm

a
l

R
e

n
a

l
F

u
n

ct
io

n
)

C
o

m
m

e
n

ts
o

n
D

T
R

a
n

d
P

D
R

C
e

ft
o

lo
z

a
n

e
-

T
a

z
o

b
a

ct
a

m
(1

g
ce

ft
ol

oz
an

e/
0.

5
g

ta
zo

ba
ct

am
)[

51
]

C
ef

to
lo

za
ne

in
hi

bi
ts

ce
ll-

w
al

ls
yn

th
es

is
vi

a
bi

nd
in

g
of

PB
Ps

.
Ta

zo
ba

ct
am

is
a

β
-l

ac
ta

m
su

lf
on

e
th

at
in

hi
bi

ts
m

os
tc

la
ss

A
β

-la
ct

am
as

es
an

d
so

m
e

cl
as

s
C

β
-l

ac
ta

m
as

es
[5

1]

A
ct

iv
it

y
a

g
a

in
st

:
K

.p
ne

um
on

ia
e

pr
od

uc
in

g
ES

BL
an

d
A

m
pC

.
A

ct
iv

it
y

ag
ai

ns
tP

.
ae

ru
gi

no
sa

N
o

ac
ti

vi
ty

ag
ai

ns
t

ca
rb

ap
en

em
as

e
pr

od
uc

in
g

ba
ct

er
ia

[5
1]

M
od

ifi
ca

ti
on

of
in

tr
in

si
c

A
m

pC
-r

el
at

ed
ge

ne
s

an
d

ho
ri

zo
nt

al
ly

ac
qu

ir
ed

β
-l

ac
ta

m
as

es
th

at
hy

dr
ol

ys
e

ce
ft

ol
oz

an
e

an
d

ar
e

no
t

in
hi

bi
te

d
by

ta
zo

ba
ct

am
,a

s
w

el
l

as
m

od
ifi

ca
ti

on
of

PB
Ps

[5
1,

52
]

A
p

p
ro

v
a

l:
FD

A
in

20
14

[5
3]

an
d

EM
A

in
20

15
[5

4]
A

p
p

ro
v

e
d

in
d

ic
a

ti
o

n
s:

F
D

A
:c

U
TI

,c
IA

I,
H

A
P

an
d

VA
P

in
ad

ul
ts

[5
3]

E
M

A
:c

U
TI

,c
IA

I,
H

A
P

an
d

VA
P

in
ad

ul
ts

[5
4]

1.
5

g
IV

ev
er

y
8

h,
in

fu
se

d
ov

er
1

h
H

A
P/

VA
P:

3
g

IV
ev

er
y

8
h,

in
fu

se
d

ov
er

3
h

[2
5]

K
.p

ne
um

on
ia

e:
N

o
ac

ti
vi

ty
ag

ai
ns

t
ca

rb
ap

en
em

as
e

pr
od

uc
in

g
K

.p
ne

um
on

ia
e

[5
1]

P.
ae

ru
gi

no
sa

:
R

ea
ll

if
e

cl
in

ic
al

st
ud

ie
s

on
D

T
R

P.
ae

ru
gi

no
sa

w
it

h
cl

in
ic

al
cu

re
of

62
–8

3%
[5

5–
57

]
N

o
PD

R
ca

se
s

re
po

rt
ed

.

A
z

tr
e

o
n

a
m

-
A

v
ib

a
ct

a
m

(A
dm

in
is

tr
at

ed
cu

rr
en

tl
y

as
a

co
m

bi
na

ti
on

of
ce

ft
az

id
im

e-
av

ib
ac

ta
m

an
d

az
tr

eo
na

m
un

ti
lt

he
ap

pr
ov

al
of

az
tr

eo
na

m
-

av
ib

ac
ta

m
)

[7
,2

1]

A
zt

re
on

am
is

a
m

on
ob

ac
ta

m
co

m
bi

ne
d

w
it

h
a

no
ve

l
no

n–
β

-l
ac

ta
m

β
-l

ac
ta

m
as

e
in

hi
bi

to
r.

In
co

nt
ra

st
to

m
os

t
β

-l
ac

ta
m

s,
m

on
ob

ac
ta

m
s

ar
e

no
t

su
bs

tr
at

es
fo

r
M

BL
s,

w
he

re
as

av
ib

ac
ta

m
re

ve
rs

el
y

in
ac

ti
va

te
s

m
os

tC
la

ss
A

an
d

C
an

d
so

m
e

D
β

-l
ac

ta
m

as
e

en
zy

m
es

[7
,2

1]

A
ct

iv
it

y
a

g
a

in
st

:
K

.p
ne

um
on

ia
e

pr
od

uc
in

g
ES

BL
,K

PC
,A

m
pC

,
O

X
A

-4
8

an
d

M
BL

.
A

s
ac

ti
ve

as
az

tr
eo

na
m

al
on

e
ag

ai
ns

t
P.

ae
ru

gi
no

sa
an

d
A

.
ba

um
an

ni
i,

in
cl

ud
in

g
M

BL
-p

ro
du

ci
ng

st
ra

in
s

[7
,2

1]

Th
e

pr
od

uc
ti

on
of

β
-l

ac
ta

m
as

es
(m

os
tl

y
A

m
pC

va
ri

an
ts

in
co

m
bi

na
ti

on
w

it
h

N
D

M
)a

nd
ta

rg
et

m
od

ifi
ca

ti
on

s
of

PB
P-

3
[5

8]

P
h

a
se

3

C
e

ft
a

z
id

im
e

-
a

v
ib

a
ct

a
m

:2
.5

g
IV

ev
er

y
8

h,
in

fu
se

d
ov

er
3

h
pl

us
A

z
tr

e
o

n
a

m
:2

g
IV

ev
er

y
8

h,
in

fu
se

d
ov

er
3

h
(i

nf
us

ed
to

ge
th

er
)

[2
5]

K
.p

ne
um

on
ia

e:
R

ea
ll

if
e

cl
in

ic
al

st
ud

ie
s

on
X

D
R

K
.p

ne
um

on
ia

e
(M

BL
pr

od
uc

er
s)

w
it

h
lo

w
er

30
-d

ay
m

or
ta

lit
y

ag
ai

ns
ti

n
vi

tr
o

co
m

pa
ra

to
r

an
ti

bi
ot

ic
s

an
d

lo
w

er
cl

in
ic

al
fa

ilu
re

s
[5

9]
PD

R
ca

se
s

lim
it

ed
to

ca
se

re
po

rt
[6

0]

21



A
nt

ib
io

tic
s

2
0
2
2
,1

1,
10

09

T
a

b
le

1
.

C
on

t.

A
n

ti
b

io
ti

c
M

e
ch

a
n

is
m

o
f

A
ct

io
n

S
p

e
ct

ru
m

o
f

A
ct

iv
it

y
M

e
ch

a
n

is
m

o
f

R
e

si
st

a
n

ce
C

li
n

ic
a

l
D

e
v

e
lo

p
m

e
n

t
P

ro
g

ra
m

a
n

d
A

p
p

ro
v

e
d

In
d

ic
a

ti
o

n
s

D
o

sa
g

e
(N

o
rm

a
l

R
e

n
a

l
F

u
n

ct
io

n
)

C
o

m
m

e
n

ts
o

n
D

T
R

a
n

d
P

D
R

C
e

fi
d

e
ro

co
l

(1
g

)
[7

,6
1,

62
]

A
ne

w
si

de
ro

ph
or

e
ce

ph
al

os
po

ri
n

ch
ar

ac
te

ri
ze

d
as

th
e

“T
ro

ja
n

ho
rs

e”
be

ca
us

e
it

cr
ea

te
s

a
co

m
pl

ex
w

it
h

th
e

ex
tr

ac
el

lu
la

r
fr

ee
fe

rr
ic

ir
on

,l
ea

di
ng

to
tr

an
sp

or
ta

tio
n

of
th

e
dr

ug
th

ro
ug

h
th

e
ou

te
r

ce
ll

m
em

br
an

e
as

a
si

de
ro

ph
or

e
in

to
th

e
ce

ll
[7

,6
1,

62
]

A
ct

iv
it

y
a

g
a

in
st

:
K

.p
ne

um
on

ia
e

pr
od

uc
in

g
ES

BL
,K

PC
,A

m
pC

,
O

X
A

-4
8

an
d

M
BL

.
A

ct
iv

it
y

ag
ai

ns
t

ca
rb

ap
en

em
as

e
pr

od
uc

in
g

P.
ae

ru
gi

no
sa

an
d

A
.b

au
m

an
ni

i
[7

,6
1,

62
]

Th
e

pr
od

uc
ti

on
of

β
-l

ac
ta

m
as

es
(m

os
tl

y
N

D
M

,K
PC

an
d

A
m

pC
va

ri
an

ts
),

po
ri

n
m

ut
at

io
ns

,m
ut

at
io

ns
af

fe
ct

in
g

si
de

ro
ph

or
e

re
ce

pt
or

s,
ef

flu
x

pu
m

ps
an

d
ta

rg
et

m
od

ifi
ca

ti
on

s
of

PB
P-

3
[6

3]

A
p

p
ro

v
a

l:
FD

A
in

20
19

[6
4]

an
d

EM
A

in
20

20
[6

5]
A

p
p

ro
v

e
d

in
d

ic
a

ti
o

n
s:

F
D

A
:c

U
TI

,H
A

P
an

d
VA

P
in

ad
ul

ts
[6

4]
E

M
A

:T
re

at
m

en
to

fi
nf

ec
ti

on
s

du
e

to
ae

ro
bi

c
G

ra
m

-n
eg

at
iv

e
or

ga
ni

sm
s

in
ad

ul
ts

w
it

h
lim

it
ed

tr
ea

tm
en

to
pt

io
ns

[6
5]

2
g

IV
ev

er
y

8
h,

in
fu

se
d

ov
er

3
h

[2
5]

K
.p

ne
um

on
ia

e:
N

o
PD

R
ca

se
s

re
po

rt
ed

.
P.

ae
ru

gi
no

sa
:

R
ea

ll
if

e
cl

in
ic

al
st

ud
ie

s
on

D
T

R
P.

ae
ru

gi
no

sa
w

it
h

fa
vo

ra
bl

e
cl

in
ic

al
ou

tc
om

e
of

70
.6

%
[6

6]
N

o
PD

R
ca

se
s

re
po

rt
ed

.
A

.b
au

m
an

ni
i:

R
ea

ll
if

e
cl

in
ic

al
st

ud
ie

s
on

X
D

R
an

d
PD

R
A

.
ba

um
an

ni
iw

ith
fa

vo
ra

bl
e

cl
in

ic
al

ou
tc

om
e

of
80

%
[6

7]

E
ra

v
a

cy
cl

in
e

(5
0

m
g

)
[7

,6
8]

Er
av

ac
yc

lin
e

di
sr

up
ts

ba
ct

er
ia

lp
ro

te
in

sy
nt

he
si

s
by

bi
nd

in
g

to
th

e
30

S
ri

bo
so

m
al

su
bu

ni
t[

68
]

A
ct

iv
it

y
a

g
a

in
st

:
K

.p
ne

um
on

ia
e

pr
od

uc
in

g
ES

BL
,K

PC
,A

m
pC

,
O

X
A

-4
8

an
d

M
BL

.
A

ct
iv

it
y

ag
ai

ns
t

ca
rb

ap
en

em
as

e
pr

od
uc

in
g

A
.b

au
m

an
ni

i.
N

o
ac

ti
vi

ty
ag

ai
ns

t
P.

ae
ru

gi
no

sa
[7

,6
8]

Th
e

ac
qu

is
it

io
n

of
ge

ne
s

en
co

di
ng

ef
flu

x
pu

m
ps

an
d

th
e

pr
es

en
ce

of
ri

bo
so

m
al

pr
ot

ec
ti

on
pr

ot
ei

ns
,a

s
w

el
la

s
ta

rg
et

-s
it

e
m

od
ifi

ca
ti

on
s

su
ch

as
th

e
16

S
R

N
A

or
ce

rt
ai

n
30

S
ri

bo
so

m
al

pr
ot

ei
ns

[6
8]

A
p

p
ro

v
a

l:
FD

A
in

20
18

[6
9]

an
d

EM
A

in
20

18
[7

0]
A

p
p

ro
v

e
d

in
d

ic
a

ti
o

n
s:

F
D

A
:c

IA
Ii

n
ad

ul
ts

[6
9]

E
M

A
:c

IA
Ii

n
ad

ul
ts

[7
0]

1
m

g/
kg

/d
os

e
IV

ev
er

y
12

h
[2

5]

K
.p

ne
um

on
ia

e:
N

o
PD

R
ca

se
s

re
po

rt
ed

.
A

.b
au

m
an

ni
i:

C
lin

ic
al

st
ud

ie
s

on
D

T
R

A
.b

au
m

an
ni

iw
ith

si
m

ila
r

cl
in

ic
al

cu
re

ra
te

s
co

m
pa

re
d

to
be

st
av

ai
la

bl
e

tr
ea

tm
en

t.
H

ig
he

r
m

or
ta

lit
y

in
ba

ct
er

em
ic

pa
ti

en
ts

tr
ea

te
d

w
it

h
er

av
ac

yc
lin

e
[7

1]

cI
A

I,
co

m
pl

ic
at

ed
in

tr
ab

do
m

in
al

in
fe

ct
io

ns
;c

U
TI

,c
om

pl
ic

at
ed

ur
in

ar
y

tr
ac

ti
nf

ec
ti

on
s;

D
TR

,d
iffi

cu
lt

to
tr

ea
tr

es
is

ta
nc

e;
EM

A
,E

ur
op

ea
n

M
ed

ic
in

es
A

ge
nc

y;
ES

BL
,e

xt
en

de
d-

sp
ec

tr
um

be
ta

-l
ac

ta
m

as
es

;
FD

A
,U

.S
.F

oo
d

an
d

D
ru

g
A

d
m

in
is

tr
at

io
n;

H
A

P,
ho

sp
it

al
ac

qu
ir

ed
p

ne
u

m
on

ia
;

IV
,i

nt
ra

ve
no

u
s;

K
P

C
,K

le
bs

ie
lla

p
ne

u
m

on
ia

e
ca

rb
ap

en
em

as
e;

M
B

L
,m

et
al

lo
-β

-
la

ct
am

as
e;

N
D

M
,N

ew
D

el
hi

m
et

al
lo

-β
-l

ac
ta

m
as

e;
O

X
A

,o
xa

ci
lli

na
se

;P
BP

,p
en

ic
ill

in
-b

in
di

ng
pr

ot
ei

ns
;P

D
R

,p
an

dr
ug

-r
es

is
ta

nt
;V

A
P,

ve
nt

ila
to

r
as

so
ci

at
ed

pn
eu

m
on

ia
;X

D
R

,e
xt

en
si

ve
ly

dr
ug

-r
es

is
ta

nt
.

22



Antibiotics 2022, 11, 1009

The largest study published in 2021 on the evaluation of ceftazidime-avibactam
monotherapy was an Italian retrospective observational cohort comprised of 577 patients
suffering mainly from bacteremia (n = 391, 67.7%), cUTIs (n = 71, 12.3%), lower respiratory
tract infections (LRTI) (n = 59, 10.2%), and cIAI (n = 35, 6.1%) [32]. The Charlson comor-
bidity index ≥3 was observed in 85%, 24% were hospitalized in the ICU and 17.3% had
septic shock. All were given ceftazidime-avibactam as monotherapy (n = 165) or with ≥1
other active in vitro antibiotic (n = 412), including fosfomycin (n = 92), tigecycline (n = 80),
gentamicin (n = 68), meropenem (n = 69), colistin (n = 29), amikacin (n = 25), or other
suitable antimicrobials (n = 18). All-cause mortality at 30 days post infection onset was
25%, without significant difference between the two groups (26.1% vs. 25.0%, p = 0.79). In
multivariate analysis, the following factors being present at infection onset were positively
connected with mortality: septic shock (p = 0.002), neutropenia (p < 0.001), INCREMENT
score ≥8 (p = 0.01), lower respiratory tract infection (p = 0.04), and dose adjustment of
ceftazidime-avibactam in case of renal insufficiency (p = 0.01). For the first time reported
in the relevant literature, mortality was decreased whenever ceftazidime-avibactam was
administered by prolonged infusion (≥3 h) in 246 patients (p = 0.006) as shown in 34.9% of
the non-survivors vs. 45.2% of the survivors [32].

The administration of ceftazidime-avibactam in PDR K.pneumoniae infections is limited
to case reports. Camargo. et al. [33] reported a case of BSI caused by PDR K.pneumoniae in
an intestinal transplant patient. After failing multiple antimicrobial regimens (tigecycline,
colistin, and meropenem in different combinations), the patient was successfully treated
with a combination of ceftazidime-avibactam and ertapenem. In another case report,
a combination of pre-adapted bacteriophage therapy with ceftazidime-avibactam was
successful for a fracture-related infection due to pandrug-resistant Klebsiella pneumoniae [34].
The cure of recurring K. pneumoniae carbapenemase-producing PDR Klebsiella pneumoniae
septic shock episodes due to complicated soft tissue infection using a ceftazidime-avibactam
based regimen combined with meropenem, tigecycline, and gentamicin was successful
in a case report [35]. Lastly, in a patient with severe pancreatitis, a carbapenem resistant
PDR K. pneumoniae in the pancreatic tissue was identified and blaKPC-2 gene was detected.
The patient was treated with a combination of ceftazidime-avibactam, metronidazole,
and teicoplanin. The patient demonstrated clinical and microbiological response over
the first 3 weeks; however, deteriorated after 6 weeks and died [36]. On the other hand,
ceftazidime-avibactam has been administrated for PDR K.pneumoniae infections (BSI, UTI)
in five neonates and children with a favorable outcome in all cases [37,38].

Resistance development to ceftazidime-avibactam is a great matter of concern. The
worrisome phenomenon of ceftazidime-avibactam transferable resistance due to a novel
VEB β-lactamase variant with a Lys234 Arg substitution in K. pneumoniae strains, five
out of ten with a pan-drug resistant profile, has been published [74,75]. Epidemiological
investigations revealed that the resistance was acquired independently from previous
ceftazidime-avibactam exposure. Three patients developed an infection: two catheter-
related bloodstream infections and one VAP. The salvage therapeutic regimen chosen was a
combination of ceftazidime-avibactam with meropenem or aztreonam plus fosfomycin. The
triple combination was successful in two of the cases, while the combination of ceftazidime-
avibactam and meropenem was reported as a failure in the remaining one [75].

2.2.2. Aztreonam-Avibactam

In the earliest in vitro evaluation, the new combined molecule was found very active
against 114 K. pneumoniae MBL producing strains collected between 2016–2017 with an MIC
of ≤2 mg/L [76]. In a more recent study, aztreonam-avibactam activity was tested against
8787 Enterobacterales collected consecutively in 2019 from 64 countries and 64 medical
centers; 99.9% of strains were inhibited at ≤8 mg/L with 99.5% at ≤1 mg/L [77]. A still
ongoing randomized phase 3 clinical trial in the evaluation of the efficacy and tolerability of
aztreonam-avibactam in the therapy of serious infections due to MBL-producing Enterobac-
terales is expected to prove the real efficacy of the combination (clinical trial gov. identifier:
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NCT03580044). Currently and while awaiting AZ-AVI to be licensed, the combination
of aztreonam and ceftazidime-avibactam has been given with very promising responses
in patients with serious infections, in whom MBL producing bacteria were implicated.
Dosages are depicted in Table 1. In the largest up-to-date study, which was prospective
and observational, 102 cases with MBL bacteremia (82 with NDM and 20 with VIM) were
included [59]. Results, when ceftazidime-avibactam plus aztreonam was given, were supe-
rior compared to active in vitro comparator antibiotics (mostly combination with colistin,
tigecycline, fosfomycin, and aminoglycosides) with a lower 30-day mortality (19% vs. 44%,
p = 0.01), as well as a lower number of clinical failures at day 14 [59]. In a case report, a PDR
K. pneumoniae isolate encoding NDM-1, OXA-48, CTX-M-14b, SHV-28, and OXA-1 genes
caused an infection of the cardiovascular implantable electronic device and right-sided
infective endocarditis, that was treated successfully with the synergistic combinations of
aztreonam with ceftazidime-avibactam for 6 weeks [60].

2.2.3. Imipenem-Cilastatin-Relebactam

Against 137 strains of carbapenemase-producing Enterobacterales, relebactam reduced
MICs of imipenem to 1 mg/L for 88% of the strains. Similarly, among 199 plasmids encoded
KPC carbapenemases producing strains which were at 54% resistant to colistin, relebactam
restored imipenem susceptibilities in 96.5% of isolates [78]. Regarding 295 KPC-Kp strains
isolated in 2015–2016 from Greek hospitals, relebactam restored susceptibilities to 98% [79].
In the Restore-IMI-1 multicenter, a randomized, double-blind trial compared the safety
and efficacy of imipenem-cilastatin-relebactam vs. colistin plus imipenem in 47 patients
with imipenem-non-susceptible mostly cUTI and HAP/VAP infection. On day 28, a
favorable clinical response was noticed in 71% vs. 40% with a 28-day mortality of 10%
vs. 30%, respectively. To be pointed out, nephrotoxicity was observed in 10% vs. 56%
(p = 0.002) [49]. No PDR infections treated with imipenem-cilastatin-relebactam has been
reported to this date.

2.2.4. Meropenem-Vaborbactam

In a phase III clinical trial (TANGO II), the efficacy and safety of meropenem-vaborbactam
vs. the best available therapy (BAT) against CRE infections was evaluated in a randomized
comparative study in which KPC-Kp represented 63.4% of resistant strains [80]. The cure
rates of 65.6% vs. 33.3% (p = 0.03), with a 28-day all-cause mortality of 15.6% vs. 33.3%
(p = 0.20) and microbiological cure reaching 65.6% vs. 40% (p = 0.09) were reported, respec-
tively [80]. Accordingly, in two comparative prospective observational studies but with
limited number of patients with CRE infections (20 and 40 patients, respectively), clinical
success ranged from 65% to 70% with a 30-day mortality of 10% and 7.5% [44,45]. In a
real-life based experience retrospective study with 131 patients, 105 were given ceftazidime-
avibactam and 26 meropenem-vaborbactam, among whom 40% had bacteremia and the
most common pathogen was KPC-Kp, and no significant differences either in clinical
success or in mortality rates was reported [46].

3. Pandrug-Resistant Acinetobacter baumannii
3.1. Epidemiological Issues

Acinetobacter is an important cause of hospital-acquired infections, occurring mainly
in ICU patients and among residents of long-term care facilities [81]. The most common
infections encountered in the clinical setting are BSI, including catheter-relating bloodstream
infections (CRBSI) and HAP, including VAP [82]. The most worrisome phenomenon of
the last couple of years is the rise of PDR strains characterized as non-susceptible to all
conventional antimicrobial agents [10]. In a systemic review of the current epidemiology
and prognosis of PDR Gram—negative bacteria—a total of 526 PDR isolates were reported
with 172 of them being PDR A. baumannii. The majority of PDR strains were isolated
from ICU units, with a potential to cause hospital outbreaks, dissemination between
hospitals and long-term facilities, as well as international transmission to other countries.

24



Antibiotics 2022, 11, 1009

PDR infections were associated with excess mortality, mounting up to 71%, and were
independently high regardless of the infection source [9]. Notably, in a cohort study of
91 patients infected (n = 62) or colonized (n = 29) with PDR carbapenemase producing
A. baumannii (CRAB), a three-fold increased hazard of mortality was observed in favor of
patients with an infection caused by PDR CRAB [83]. Likewise, the comparison of patients
with CRAB infections to patients with infections caused by carbapenem-susceptible A.
baumannii was linked to increased mortality, prolongation of hospital stay, increased rate of
ICU utilization, and hospital charges [5].

3.2. Therapeutic Options
3.2.1. Antibiotics with Activity In Vitro against Carbapenemase Producing A. baumannii

The optimal therapeutic strategy for the management of carbapenemase producing
A. baumannii (CRAB) infections exhibiting extensive drug-resistant phenotypes is very
limited [84]. There is no “standard of care” treatment regimen for the therapy of CRAB. Sul-
bactam, meropenem, tigecycline, as well as polymyxins, the last-resort antibiotics in recent
decades, have been used in critically ill patients for the treatment of CRAB infections [85].
Sulbactam, an irreversible β-lactamase inhibitor, has demonstrated activity against A. bau-
mannii strains; unfortunately, it is administrated in combination with ampicillin (3 gr of
ampicillin-sulbactam is comprised of 2 gr of ampicillin and 1 gr of sulbactam) [86]. For the
treatment of CRAB infections, a dose of 9 gr ampicillin-sulbactam every 8 h with extended
infusion of 4 h (total dose of 27 gr ampicillin-sulbactam in a patient with normal renal func-
tion) is suggested [85,87]. Polymyxins and mainly colistin is the most common antibiotic
utilized in clinical practice for infections caused by CRAB [88–90]. In a systematic review
and meta-analysis of polymyxins-based vs. non-polymyxins-based therapies in infections
caused by CRAB, polymyxins-based therapies in terms of clinical efficacy had an advantage
over non-polymyxins-based therapies (OR, 1.99; 95% CI, 1.31 to 3.03; p =0.001) [91]. The
dosage of polymyxins is illustrated in detail in the International Consensus Guidelines
for the Optimal Use of the Polymyxins [92]. Tigecycline, although it demonstrates being
in vitro susceptible to A. baumannii [93], has been linked with higher mortality and lower
microbiological eradication in two meta-analyses [94,95]. Improved clinical rates and lower
mortality rates have been demonstrated when administrating a high dose of tigecycline
(loading dose of 200 mg followed by 100 mg every 12 h) [96]. Thus, a high dose of tigecy-
cline is recommended for the treatment of CRAB infections. Meropenem as a high-dose
extended infusion of 3 gr every 8 h with a 3-h infusion has been utilized in combination
therapy for the treatment of CRAB infections [85]. Lastly, in response to the medical need
for new treatment options, cefiderocol and eravacycline, two new antimicrobial agents with
in vitro susceptibility, have been recently approved [62,68]. The major problem is that the
distribution of newly approved antimicrobial agents is suboptimal, with eravacycline being
unavailable in Europe [97] and cefiderocol being used in compassionate access [98] or been
recently launched in a minority of European markets (i.e., United Kingdom, Germany, and
Italy) [99].

A respectable spectrum of antimicrobial combinations has been evaluated in vitro and
in animal models, predominately based on polymyxins, rifampicin, fosfomycin, sulbactam,
and carbapenems with promising results [100]. On the other hand, a variety of clinical
studies evaluating in vitro synergy have failed to demonstrate superiority [101–104]. In-
dicatively, clinical studies comparing colistin monotherapy to colistin–rifampicin [101],
colistin–fosfomycin [102], and colistin–meropenem combinations [103,104] depicted similar
mortality rates with no significantly statistical difference in clinical cure. In a multicen-
ter study from Italy, two hundred and ten ICU patients with infections due to XDR A.
baumannii received either colistin methanesulphate (CMS) as monotherapy at a dose of
2 MU every 8 h intravenously, or CMS plus rifampicin 600 mg every 12 h intravenously.
The thirty-day mortality in the combination and in the monotherapy arm was 43.3% and
42.9%, respectively, with no difference observed in terms of infection-related death and
length of hospitalization [101]. In another study, ninety-four patients infected with CRAB
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(mostly HAP or VAP) were randomized to receive a combination of intravenous CMS
at a dosage of 5 mg of colistin base activity/kg of body weight daily plus intravenous
fosfomycin sodium at a dosage of 4 g every 12 h (47 patients in the combination group) or
intravenous CMS (47 patients in the monotherapy group). Favorable clinical outcomes,
mortality at the end of study treatment, and mortality at 28 days were not significantly
different between groups [102]. The major drawback of both studies was the suboptimal
dose of CMS (without a loading dose) utilized [101,102]. It is of great significance to
analyze the two clinical trials evaluating the role of colistin monotherapy vs. colistin in
combination with meropenem, due to large number of participants and the application of
updated dose schemes [103,104]. The effectiveness of colistin monotherapy (9 million unit
loading dose, followed by 4.5 million units every 12 h) to colistin–meropenem combination
(2 gr prolonged infusion every 8 h) therapy for the treatment of severe infections caused
by CRAB was evaluated in a randomized trial (with blinded outcome assessment). The
majority of the patients had HAP, VAP, or bacteremia. Clinical failure rates for patients who
received monotherapy versus combination therapy were 83% (125/151) vs. 81% (130/161)
(p = 0.64), whereas mortality at 28 days was 46% (70/151) vs. 52% (84/161) (p = 0.4) for
patients with A. baumannii infections [103]. In the second trial, 214 patients were enrolled
in the colistin monotherapy arm and 211 in the meropenem-colistin combination arm. A.
baumannii was the most common bacteria isolated (77%) and the most prevalent infections
were nosocomial pneumonia and BSI. There were no differences between monotherapy
and combination therapy in respect to 30-day mortality (43% vs. 37%, p = 0.21) and clinical
failure rates (45% vs. 38%, p = 0.18) [104]. The results of both clinical trials strongly encour-
age the avoidance of colistin–carbapenem combination therapy for carbapenem-resistant A
baumannii infections, regardless of the infection course.

3.2.2. Salvage Treatment

A combination therapy with at least two agents, with in vitro activity whenever
applicable, has been proposed by the IDSA guidelines for the treatment of moderate to
severe CRAB infections [85]. The major issue, not referred to in the guidelines, is the
treatment of PDR CRAB infections. Therapeutic options in these cases are based on in vitro
and animal studies [100,105]. Two case series study with triple combination therapy have
been reported for the treatment of PDR CRAB and are gradually implemented in clinical
practice as salvage treatments due to the lack of other therapeutic choices [106,107], as
shown in Table 2. The first study from Greece evaluated the triple combination therapy of
intravenous high dose ampicillin-sulbactam (dose of 9 gr every 8 h), high dose of tigecycline
(200 mg loading dose followed by 100 mg every 12 h), and intravenous CMS (9 million
units loading dose, followed by 4.5 million units every 12 h) in 10 ICU patients with a
VAP infection caused by A. baumannii with a PDR phenotype. The Charlson comorbidity
index was ≥3 and the median APACHE score was of 23 ± 3. A successful clinical outcome
was observed in 90% (9/10), whereas microbiological eradication was identified in 70%
(7/10 patients). The 28-day mortality was of 10%, whereas nephrotoxicity was observed
in one patient [106]. In another study, 20 patients with a median APACE score of 19.5
(range, 10–28) with infections caused by colistin-resistant A. baumannii were evaluated.
The most common infections were VAP and bacteremia in 65% (13/20) and 10% (2/20),
respectively. Three patients were characterized as colonization and were not treated,
whereas the remaining 17 patients were treated in the majority with various CMS-based
combination regimens. The most prevalent combination was a combination of carbapenem,
ampicillin-sulbactam and CMS prescribed in seven patients. Mortality was depicted
as lower in a statistical matter between triple combination and patients receiving other
antimicrobial agents for the treatment of colistin-resistant A. baumannii (0% vs. 60%,
p = 0.03) [108].

26



Antibiotics 2022, 11, 1009

3.2.3. New Antimicrobials
Cefiderocol

In the SIDERO-CR-2014-2016 surveillance in vitro study, European clinical isolates
comprising MDR non-fermenter A. baumannii was tested against cefiderocol and 94.9%
had a cefiderocol MIC ≤ 2 mg/L [109]. CREDIBLE-CR was a randomized, open-label,
multicenter trial of cefiderocol (n = 101) and the best available treatment (BAT) (n = 49) for
the treatment of severe infections (cUTI, nosocomial pneumonia, BSI, or sepsis) caused
by carbapenem-resistant Gram-negative pathogens. In 118 patients in the carbapenem-
resistant microbiological intent to treat (ITT) population, the most common baseline
pathogen was A. baumannii in 46% (54/118). Cefiderocol was administrated as monother-
apy in 83% (66/80) and combination therapy (mostly colistin-based regimens) was given in
71% (27/38) in the BAT arm. The clinical cure rates in the cefiderocol (22/49) and compara-
tor (13/25) regarding A. baumannii were similar (45% vs. 52%). An increase in all-cause
mortality was observed in patients treated with cefiderocol as compared to BAT. However,
the greatest mortality imbalance disfavoring cefiderocol was noted in the nosocomial pneu-
monia subgroup, followed by BSI. The difference in 49-day mortality stratified for pathogen
was the highest for Acinetobacter spp. (50% (21/ 42) vs. 18% (3/17) in cefiderocol and
BAT-treated patients, respectively [110]. Deaths due to treatment failure in the cefiderocol
group occurred more often in the patients infected with Acinetobacter spp. Of the 16 deaths
due to treatment failure, 13 involved Acinetobacter spp. [109,110]. In conclusion, treatment
failure was linked with infection caused by Acinetobacter spp., pulmonary infection at
baseline, and by increases in cefiderocol MIC while on therapy [109,110]. An additional
phase 3 trial, named APEKS-NP, evaluated hospital-acquired, ventilator-associated, or
health-care-associated Gram-negative pneumonia and found cefiderocol was non-inferior
to high-dose meropenem in patients. Fourteen-day all-cause mortality, clinical cure, and
microbiologic eradication were similar between treatment groups for participants infected
with A. baumannii; however, this group only comprised 16% of the study population, of
which 66% of isolates were carbapenemase-resistant [111]. Cefiderocol has also been admin-
istrated as compassionate use in a limited number of case series with infections caused by
XDR and PDR A. baumannii pathogens, resulting in a clinical success of 80% (20/25) [67,98].
Overall, the necessity of further studies to elucidate the true role of cefiderocol against A.
baumannii infections in real life patients is needed.

Eravacycline

Eravacycline is a synthetic fluorocycline antibacterial agent that is structurally similar
to tigecycline with two modifications at the D-ring of its tetracycline core [68]. In vitro
activity of eravacycline against A. baumannii isolates (n = 2097) worldwide (from 2013 to
2017) revealed an MIC90s of 1 mg/L, demonstrating improved potency up to 4-fold greater
than that of tigecycline [112]. Eravacycline has successfully completed clinical trial phase
3 for the treatment of cIAI; however, A. baumannii infections only comprised 3% of the
total isolated pathogens [113]. Clinical studies with infections caused by CRAB reporting
efficacy of eravacycline are lacking and are limited to one study. In a retrospective report of
93 adults hospitalized for pneumonia with DTR A. baumannii, 27 patients received eravacy-
cline and were compared to those receiving the best available therapy. Eravacycline-based
combination therapy had similar outcomes to the best available combination therapy. How-
ever, when taking under consideration patients with secondary bacteremia and coinfection
with severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), eravacycline was
associated with higher 30-day mortality (33% vs. 15%; p = 0.048), lower microbiologic cure
(17% vs. 59%; p = 0.004), and longer durations of mechanical ventilation (10.5 vs. 6.5 days;
p = 0.016), highlighting the avoidance of use in bacteremic patients [71]. However, erava-
cycline could be a suitable candidate for the treatment of cIAI caused by XDR, and even
PDR pathogens. Therefore, further clinical studies addressing the efficacy of eravacycline
in difficult-to-treat infections is required.
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New β-Lactamase Inhibitor

Durlobactam, previously known as ETX2514, is a novel diazabicyclooctane class of
β-lactamase inhibitor specifically designed to inhibit class D β-lactamases, in addition to
class A and C enzymes. Durlobactam is combined with sulbactam, and targets infections
caused by A. baumannii [21]. It has completed clinical trials in combination with sulbactam
for the treatment of hospitalized adults with complicated urinary tract infection (cUTI)
(Phase 2, clinicaltrials.gov identifier: NCT03445195) [114] and for the treatment of HAP
and VAP caused by A. baumannii vs. colistin plus imipenem and the results are pending
(Phase 3, clinicaltrials.gov identifier: NCT03894046).

4. Pseudomonas aeruginosa with Difficult-to-Treat Resistance

4.1. Epidemiological Issues

Pseudomonas aeruginosa is categorized among the ESKAPE pathogens and is considered
one of the major causes of nosocomial infections caused by multi-resistant pathogens world-
wide [115]. Resistance to last-resort colistin is still quite low. In vitro activity of colistin
against isolates of P. aeruginosa collected in Europe as part of the INFORM global surveil-
lance program from 2012 to 2015 revealed resistance to colistin < 0.5% [116]. Higher
resistance rates have been observed in Greek isolates and are reported to be around
5–6% [117,118]. From the MagicBullet clinical study (2012–2015), fifty-three P. aeruginosa
isolates from patients with HAP from 12 hospitals in Spain, Greece, and Italy were recov-
ered. A minority was considered PDR (3.8%), whereas 19 (35.8%) were XDR and most of
the isolates reported from Greece were PDR [118]. PDR strains of P. aeruginosa are extremely
uncommon and are limited to 175 cases reported in a recent review [9]. Geographical distri-
bution of PDR P. aeruginosa are mainly from Europe, Asia, and Australia, accumulating for
80, 52, and 34 cases, respectively. Almost one-third of the cases were defined in the ICU
setting with a mortality rate ranging from 31–58% [9].

4.2. Therapeutic Options

There is a paucity of new classes of antibiotics active against P. aeruginosa resistant to
carbapenems. Only four new antibiotics have a promising activity: ceftolozane-tazobactam,
ceftazidime-avibactam, imipenem-cilastatin-relebactam, and cefiderocol [119]. However,
most of those new antibiotics (excluding cefiderocol) are not active against MBL-producing
P. aeruginosa isolates [120] and clinical experience with PDR P. aeruginosa is lacking. How-
ever, they are potent agents for the treatment of DTR P. aeruginosa.

4.2.1. Ceftolozane-Tazobactam

MDR P. aeruginosa pathogens in the setting of phase 3 trials of ceftolozane-tazobactam
treatment were 2.9% of uropathogens at baseline in cUTI, 8.9% in cIAI and in HAP, and
VAP made up 25% of the study population [53,54,121]. In a multicenter, retrospective,
cohort study at eight U.S. medical centers from 2015 to 2019, efficacy data of ceftolozane-
tazobactam based on real-life experience was evaluated for the treatment of MDR and XDR
P. aeruginosa isolates. Many patients had a high severity of illness at infection onset, with
50.6% residing in the ICU and a median APACHE II score of 21. The most common infection
source was the respiratory tract in 62.9%. Clinical failure and 30-day mortality occurred in
85 (37.6%) and 39 (17.3%) patients, respectively [55]. A significant clinical experience of
ceftolozane-tazobactam treatment exclusively in 101 various types of P. aeruginosa infections
was reported from a retrospective study conducted in Italy (2016–2018). At the time of
infection, 38.6% presented sepsis or septic shock and 23.8% were admitted to the ICU, with
56.4% classified as life-threating infections. Regarding P. aeruginosa strains, 50.5% were XDR
and 78.2% were resistant to at least one carbapenem. An overall clinical success of 83.2%
was depicted; however, lower rates were observed in patients with sepsis or undergoing
continuous renal replacement therapy [56]. In a recent multicenter retrospective cohort
of 95 critically ill ICU patients affected by severe infections due to P. aeruginosa (mostly
nosocomial pneumonia) with different resistance patterns and 83.3% carbapenem-resistant
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(XDR 48.4% and MDR 36.8%), a favorable clinical response was observed in 71.6% of
patients, with a microbiological eradication rate of 42.1% [57]. Therefore, IDSA guidance
on the treatment of P. aeruginosa with difficult-to-treat resistance suggests ceftolozane-
tazobactam therapy for cystitis, pyelonephritis, or cUTI, as well as for infections outside
of the urinary tract [25], and the ESCMID guidelines on Gram-negatives recommend the
use of ceftolozane-tazobactam in DTR P. aeruginosa infections with the obligation of in vitro
susceptibility [122].

4.2.2. Ceftazidime-Avibactam

In clinical trials with hospitalized patients with cUTI, cIAI, and HAP/VAP caused by
P. aeruginosa, ceftazidime-avibactam was generally effective in terms of clinical cure and
favorable microbiological response rates. In a pooled analysis of outcomes for patients with
MDR Gram-negative isolates from the adult phase 3 clinical trials, ceftazidime-avibactam
demonstrated similar efficacy to comparators against MDR P. aeruginosa [39]. The largest
real-world study highlighting the clinical effectiveness of ceftazidime-avibactam in in-
fections caused by MDR Pseudomonas spp. comprises 63 patients with Pseudomonas spp.
infection. The most common infection source was the respiratory tract (60.3%). Clinical fail-
ure, 30-day mortality, and 30-day recurrence in terms of infections caused by P. aeruginosa
occurred in 19 (30.2%), 11 (17.5%), and 4 (6.3%) patients, respectively [29]. The effectiveness
of ceftazidime-avibactam for the treatment of 61 infections due to MDR/XDR P. aeruginosa
was evaluated in a retrospective study. The median Charlson comorbidity index was 7,
and 9.8% episodes were diagnosed in the ICU. The most common infection was lower
respiratory tract infection (34.4%) and almost 15% were BSI and 50.8% presented with
sepsis at symptom onset. Global clinical cure was achieved in 56 of 61 episodes (91.8%)
and microbiological cure was achieved in 82.5% (33/40) of evaluable episodes, whereas
mortality by day 30 was 13.1% [40]. In a systemic literature review with 150 cases of
MDR/XDR or DTR P. aeruginosa infections treated with ceftazidime-avibactam, a favorable
outcome ranging from 45–100% was depicted and superiority in a statistical manner vs.
comparators was also illustrated [41]. Recent IDSA treatment guidelines for Gram-negative
bacterial antimicrobial-resistant infections suggest ceftazidime-avibactam therapy in the
settings of all DTR P. aeruginosa infections with limited therapeutic options [25]. However,
the true efficacy of ceftazidime-avibactam against PDR P. aeruginosa is still lacking, due to
deficit of reported cases.

4.2.3. Imipenem-Cilastatin-Relebactam

In RESTORE-IMI 1 a phase 3, multicenter, double-blind trial, P. aeruginosa was the
most common pathogen and was reported in 77% of cases with the majority of pathogens
producing ESBL or Pseudomonas-derived cephalosporinases. Favorable overall response in
terms of Pseudomonas infections was observed in 81% imipenem-cilastatin-relebactam and
62% colistin and imipenem patients (90% CI for difference, −19.8, 38.2), day 28 favorable
clinical response in 71% and 40% (90% CI, 1.3, 51.5), and 28-day mortality in 10% and 30%
(90% CI, −46.4, 6.7), respectively [49]. In a real-life retrospective, observational case series
of 21 hospitalized patients treated with imipenem-cilastatin-relebactam, was conducted
in 2020–2021 in the USA. The median APACHE II score was 21.5 and most patients (76%)
were admitted to the ICU. The most common infections were respiratory tract infections,
including HAP and VAP (52%), whereas bacteremia occurred in 29% of patients. The most
prevalent pathogen was P. aeruginosa (16/21, 76%). Clinical cure occurred in 13/21 (62%)
of patients treated with imipenem-cilastatin-relebactam, whereas mortality occurred in
33% (7/21) of patients [50]. The IDSA guidance on the treatment of P. aeruginosa with
difficult-to-treat resistance suggests imipenem-cilastatin-relebactam therapy for cystitis,
pyelonephritis, or cUTI, as well as for infections outside of the urinary tract [25]. However,
the elucidation of the true clinical efficacy of imipenem-cilastatin-relebactam, as well as
ceftazidime-avibactam in the era of PDR profiles is to be clarified in real-life studies.
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4.3. Newer Antimicrobials
Cefiderocol

A CREDIBLE-CR study was initiated to evaluate cefiderocol’s safety and efficacy
in patients with carbapenem resistant Gram-negative infections. Regarding P. aeruginosa
infections, twelve (15%) were initiated in the cefiderocol arm and 10 (26%) in the BAT arm.
All-cause mortality regarding P. aeruginosa infections was 35% (6/17) vs. 17% (2/12) in the
BAT arm. Data reported also depicted that cefiderocol had a greater all-cause mortality
compared with BAT at day 14 (6.6% difference), day 28 (18.4% difference), and day 49 (20.4%
difference) of treatment [109]. In another phase III trial, APEKS-NP, when filtering results
for P. aeruginosa as the cultured organism, a total of 24 (17%) and 24 (16%) were included
in the cefiderocol and meropenem arm, respectively. All-cause mortality at 14-day was
similar for both groups [8% vs. 13%, −4.7 (−22.4 to 12.9)] and clinical cure was 16/24 (67%)
vs. 17/24 (71%) (−4.2, −30.4 to 22.0), respectively [112]. In real life conditions, seventeen
patients with MDR P. aeruginosa treated with cefiderocol have been reported. The most
common infection was associated with VAP infections (41.2%), occurring in COVID-19
patients, with 88.2% of the patients admitted to the ICU. Clinical cure and microbiological
cure rates were 70.6% and 76.5%, respectively [66].

4.4. Salvage Therapy

Salvage therapy for the treatment of pandrug P. aeruginosa has been proposed with
amikacin monotherapy adapted to the MIC of the pathogen. Two patients with severe sepsis
(secondary BSI due to IAI and HAP) due to pan-resistant P. aeruginosa, were successfully
treated with a high daily dose of amikacin, given as monotherapy, and combined with
continuous venovenous hemodiafiltration (CVVHDF). Both patients were cured with a
high daily dose (25 to 50 mg/kg) of amikacin to obtain a peak/MIC ratio of at least 8 to 10
(MIC of both isolates was 16 mg/L). CVVHDF provided no deterioration in renal function
after treatment. High dosage of aminoglycosides combined with CVVHDF may represent
a valuable therapeutic option for infection due to PDR P. aeruginosa; however, the limited
number (only two cases) treated with this unique therapeutic agent [123] should be taken
into consideration. Salvage therapeutic options are illustrated in Table 2.

In conclusion, the new β-lactam-β-lactamase inhibitors, i.e., cefepime-taniborbactam
and aztreonam-avibactam, seem to be promising agents active in vitro against carbapenem-
resistant P. aeruginosa, including pathogens producing MBL [124,125]. The combination
cefepime–taniborbactam is a potential alternative treatment option for PDR infections,
particularly those caused by MBL-producing isolates [124]. However, the combination of
aztreonam plus avibactam appears to be an encouraging option against MBL-producing
bacteria, especially for Enterobacterales, but much less so for P. aeruginosa infections [125].
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5. Conclusions

PDR and DTR Gram-negative infections have increasingly been reported globally in
recent years and are linked to high mortality rates. There is “no standard of care” treatment
regimen for the therapy of PDR and DTR Gram-negative infections, and therapeutic options
are extremely limited. Synergistic combinations (double and triple combinations) seem
quite promising; however, data are restricted to case reports and case series. The introduc-
tion of novel antimicrobials and mainly β-lactam-β-lactamase inhibitor combinations, as
well as cefiderocol and eravacycline, are of great potential. However, the efficacy of novel
antimicrobial agents for the treatment of PDR and DTR Gram-negative infections is to be
elucidated in real-life studies in the near future.
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Abstract: Antimicrobial resistance is a serious threat to global health, causing increased mortality and
morbidity especially among critically ill patients. This toll is expected to rise following the COVID-
19 pandemic. Carbapenem-resistant Acinetobacter baumannii (CRAb) is among the Gram-negative
pathogens leading antimicrobial resistance globally; it is listed as a critical priority pathogen by
the WHO and is implicated in hospital-acquired infections and outbreaks, particularly in critically
ill patients. Recent reports from Lebanon describe increasing rates of infection with CRAb, hence
the need to develop concerted interventions to control its spread. We set to describe the impact
of combining antimicrobial stewardship and infection control measures on resistance rates and
colonization pressure of CRAb in the intensive care units of a tertiary care center in Lebanon before
the COVID-19 pandemic. The antimicrobial stewardship program introduced a carbapenem-sparing
initiative in April 2019. During the same period, infection control interventions involved focused
screening, monitoring, and tracking of CRAb, as well as compliance with specific measures. From
January 2018 to January 2020, we report a statistically significant decrease in carbapenem consumption
and a decrease in resistance rates of isolated A. baumannii. The colonization pressure of CRAb also
decreased significantly, reaching record low levels at the end of the intervention period. The results
indicate that a multidisciplinary approach and combined interventions between the stewardship and
infection control teams can lead to a sustained reduction in resistance rates and CRAb spread in ICUs.

Keywords: Acinetobacter; carbapenem-resistant A. baumannii (CRAb); infection control; antimicrobial
agents; carbapenems; antibiotic resistance; clinical pharmacy services; antimicrobial stewardship;
intensive care

1. Introduction

Antimicrobial resistance was recognized as a serious threat to global health several
years before the onset of the COVID-19 pandemic [1]. In fact, a report published in 2016 by
the World Bank and the World Health Organization (WHO) predicted that antimicrobial
resistance could lead to 10 million deaths each year by 2050 [2,3] while a more recent
study estimated that, globally, 4.95 million deaths were associated with resistant bacteria
in 2019 [4]. In addition to the resulting mortality, the increase in morbidity, disability and
hospital length of stay lead to increased costs with direct negative consequences on the
global economy [5,6]. Antimicrobial resistance is a major concern for the developing world,
with economic- and public health-related repercussions especially due to the spread of
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resistant Gram-negative pathogens [7,8] that are leading multidrug resistance around the
world. Those organisms feature on the critical priority pathogens list of the WHO [9–11].
They are associated with nosocomial infections, specifically in acute care settings and inten-
sive care units (ICUs) [12]. A recent report from the WHO Eastern Mediterranean region
revealed alarming rates of multidrug-resistant pathogens including carbapenem-resistant
Acinetobacter baumannii (CRAb) which is the most common pathogen in Gram-negative
bacteremia [13]. As a response to the antimicrobial resistance threat, the WHO launched in
2015 a Global Action Plan against antimicrobial resistance comprising multiple interven-
tions based on five objectives [14]. Among those, Antimicrobial Stewardship and Infection
Control are important strategies that aim to guide the judicious use of antimicrobials and
control the spread of resistant microorganisms within healthcare institutions [15].

Even prior to the COVID-19 pandemic, antimicrobial misuse and overuse in critical
care settings was very common with the frequent utilization of multiple broad-spectrum
antibiotics for long courses of therapy [12]. Several risk factors put critically ill patients
at higher risk of colonization and infection with multidrug-resistant organisms including
treatment with immunosuppressive drugs, use of invasive devices, exposure to a wide
range of antibiotics, and prolonged hospitalizations [16]. Following the COVID-19 pan-
demic, resistance rates are expected to increase [17,18] as COVID-19 has led to an influx of
critically ill patients who often receive unnecessary antibiotic therapy [19,20]. A report by
the Center for Disease Control published in February 2021 described outbreaks of antimi-
crobial resistant infections in COVID-19 units such as CRAb and Candida auris (C. auris) [19]
with a noticeable increase in the overall hospital-acquired infections, most of which are
caused by multidrug-resistant organisms [21]. On the other hand, the pandemic may have a
positive impact on antimicrobial resistance as there may be a possible decrease in the trans-
mission of resistant organisms, as a direct consequence of global travel restrictions, more
frequent hand hygiene, social distancing, as well as enhanced infection control practices
globally [22].

CRAb is among the most resistant organisms of the Acinetobacter species. It is ubiqui-
tous in nature and in addition to its resistance to carbapenems, it is intrinsically resistant to a
large number of antimicrobial agents and has the potential to develop additional resistance
and cause infections in humans [23]. A. baumannii is unique in that it possesses an excellent
genome plasticity; it has the ability to take any gene from its surroundings. This feature
might have played a crucial role in the evolution of this human opportunistic pathogen
towards clinical success and being a multidrug-resistant pathogen [24]. It has an island
of drug-resistant genes in its genome that makes it different from other superbugs [25].
A. baumannii is the most prevalent carbapenem-resistant organism worldwide [26] and is
associated with hospital-acquired infections causing a significant increase in morbidity and
mortality [27] especially in patients admitted to ICUs [23,28]. In the East Mediterranean
region, CRAb is notoriously implicated in major outbreaks in healthcare settings [29].
During the last decade, wars and violent conflicts have contributed to the spread of this
organism from combat areas to hospitals treating the war-injured and refugees [30,31]. The
detrimental impact of antimicrobial resistance and CRAb on public health was recognized
in this region, prompting governments and experts to collaborate under the WHO umbrella
to tackle antimicrobial resistance [32] and develop recommendations for the treatment of
CRAb and other multidrug resistant organisms [33].

CRAb is responsible for most of the severe infections in ICUs worldwide [34] in
patients colonized or infected with it. CRAb is defined as any A. baumannii isolate that
is resistant to carbapenems. These isolates are usually also resistant to most antibiotics
excluding polymyxin E (colistin) and tigecycline. As early as 1980, and following armed
clashes during the Lebanese civil war, an increase in CRAb was reported from our hospi-
tal [35]. A recent review on carbapenem resistance among A. baumannii isolates revealed
increasing resistance rates in Lebanon [36]. In fact, A. baumannii comprised 82% of isolates
collected from 16 Lebanese hospitals in the years 2011–2013 [37] and 87% among samples
from 13 Lebanese hospitals [38] in the years 2015–2016. Other reports from major Lebanese
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hospitals reveal the burden of CRAb on ICUs, with increased mortality and morbidity and
poor patient outcomes [39–42]. Interventions to control CRAb in those hospitals included
either infection control measures to break transmission—such as terminal cleaning of an
ICU [43]—or antimicrobial stewardship efforts to decrease resistance rates [44,45]. Acineto-
bacter baumannii constitute the large majority of the Acinetobacter organisms tested in our
microbiology diagnostic laboratory. For the purpose of this study, all Acinetobacter species
will be referred to as Acinetobacter baumannii [46,47].

Similar to the other medical centers in the region, we struggle with high rates of
resistance among Gram-negative bacteria, mainly the extended spectrum beta-lactamase-
producing (ESBL) Enterobacterales. Therefore, carbapenem use is widespread [29]. Car-
bapenem consumption has been found to be associated with increasing rates of CRAb [48].
CRAb is a pathogen of concern in our hospital, where according to targeted surveillance
efforts, the rates of CRAb sharply increased from 52% in 2010 to peak at 92% in 2012 [49].
A prospective study conducted at our center between 2007 and 2014 showed that the most
common site for isolating CRAb was the respiratory tract, notably in patients with ventilator-
associated pneumonia (VAP) [39]. CRAb was also the predominant pathogen, both in early-
and late-onset VAP, in a retrospective review on VAP published in 2019 [50]. The pattern of
resistance of CRAb at AUBMC is quite similar to those reported from neighboring Arab
countries, with the predominance of the blaOXA-23 gene. A. baumannii isolated from our
hospital tend to be multidrug resistant (to trimethoprim–sulfamethoxazole, quinolones,
aminoglycosides, and beta-lactam antibiotics) [46].

Accordingly, we find it essential to develop concerted interventions to control the
spread of CRAb. In our study, we describe the impact of combined antimicrobial steward-
ship and infection control interventions on resistance rates of Acinetobacter baumannii and
colonization pressure of CRAb in our ICU prior to the onset of COVID-19 pandemic.

2. Materials and Methods

2.1. Hospital Setting

The American University of Beirut Medical Center (AUBMC) is a leading tertiary care
medical center (364 beds) serving patients from Lebanon and neighboring countries. Its
medical and surgical services are the busiest in the nation with a medical and surgical
ICU comprising 30 single-bed rooms. The adult ICU population at the AUBMC consists
of high-risk patients with multiple comorbidities, immunocompromised patients, trauma
patients, as well as patients following major surgical procedures. AUBMC ICU also receives
referred patients from other facilities in the country as well as from Syria and Iraq, countries
inflicted by war. In November 2018, the AUBMC acquired the EPIC electronic medical
record software [51]. EPIC is a cloud-based electronic health record software built for
hospitals. The transition to a fully automated health medical record allowed for additional
opportunities for antimicrobial monitoring and targeted infection control interventions.

2.2. Antimicrobial Stewardship

Actions led by antimicrobial stewardship programs are essential to control the misuse
and abuse of antimicrobials and decrease healthcare costs and antimicrobial resistance [52–54].
Antimicrobial stewardship efforts started at AUBMC in 2007. However, the antimicrobial
stewardship program was formally launched in June 2018, with a dedicated team composed
of an Infectious Disease physician and a pharmacist [55]. The objectives of the antimicrobial
stewardship program are to optimize patient safety, reduce the emergence of antimicrobial
resistance and decrease hospitalization costs [54,56,57]. The stewardship team reviews
patients’ antimicrobial therapies daily and provides prospective audits and feedback on
the use of broad-spectrum antibiotics in addition to calculating and reporting overall
antimicrobial consumption, developing and implementing guidelines to standardize and
optimize antimicrobial use at the institution, and finally offering ongoing educational
activities to healthcare providers.
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2.2.1. Antimicrobial Stewardship Interventions

Due to the emergence of carbapenem resistance, namely among Acinetobacter bau-
mannii, the antimicrobial stewardship team introduced, in April 2019, an initiative for
carbapenem sparing with the aim of reducing carbapenem consumption and assessing the
impact on Acinetobacter baumannii carbapenem resistance rates. Even with carbapenems
being the mainstay of therapy for ESBL-producing organisms, recent data and guidance
suggest using alternatives to carbapenems in several scenarios (intra-abdominal infections,
complicated urinary tract infections and pyelonephritis, oral step-down therapy, and surgi-
cal prophylaxis) to try to limit carbapenem use. We implemented a carbapenem-sparing
approach focused on the intensive care units during this month [55]. As such, the steward-
ship team conducted daily stewardship handshake rounds and reviewed the charts of all
ICU patients receiving carbapenems. The stewardship team assessed the appropriateness of
carbapenem use (appropriate/not appropriate) (opinion of the infectious diseases specialist
and pharmacist after chart review). The non-appropriate prescriptions of carbapenems
were categorized as follows: duration of therapy, dose adjustment, de-escalation, duplicate
coverage, drug–bug mismatch, IV to oral switch. The stewardship team proposed alterna-
tives to the inappropriate carbapenem prescriptions when applicable; those were labeled
as “interventions”. At the end of this month, we calculated the rate of acceptance of those
interventions (accepted/not accepted) and compared the acceptance rates at the beginning
versus acceptance rates at the end of the intervention month. Stewardship rounds were
coupled with didactic lectures on principles and applications of antimicrobial stewardship
to medical interns, residents, infectious diseases fellows, and pharmacists. At the end of
this project, the stewardship team resumed their daily operations as described above.

2.2.2. Antimicrobial Stewardship Measures

To assess the impact of the carbapenem-sparing strategy, we adopted the following
quantitative metrics to measure carbapenem antibiotic consumption: defined daily dose
(DDD) and days of therapy (DOT). Quantitative metrics were calculated at baseline, before
the initiative implementation and, subsequently on a monthly and quarterly basis, after im-
plementation [58]. Table 1 illustrates the formulas used to calculate DDD and DOT [58–60]
on a quarterly and monthly basis respectively.

Table 1. Equations for Antibiotic Consumption Metrics and colonization pressure DDD, defined
daily dose; DOT, days of therapy; CP, colonization pressure.

Metrics Equations

DDD per 1000 patient days ∑ dispensed doses o f meropenem, ertapenem, imipenem
1000 × patient days in a quarter

DOT per 1000 patient days

∑ days that inpatients received ≥1 dose o f meropenem, ertapenem, and imipenem
1000 × patient days in a month

Days on which patients received more than one carbapenem are
counted only once

CP ∑ MDR − Ab patient days in a given unit in a month
1000 × patient days in a month in same unit

2.3. Infection Control

The Infection Control and Prevention Program was established at AUBMC in 1980.
Infection control strategies have included surveillance, prevention and management of
outbreaks, environmental hygiene, and optimization of employee health and education [56].
The Infection Control team at the AUBMC tracks multidrug-resistant organisms in the
hospital. Reports for Methicillin-resistant Staphylococcus aureus (MRSA), Vancomycin-
resistant enterococci (VRE), Carbapenem-resistant Enterobacterales (CRE), multidrug-
resistant A. baumannii, difficult to treat Pseudomonas aeruginosa, and, more recently, Candida
auris are generated on daily basis. Clusters and outbreaks are closely monitored and in-
vestigated especially in critical care units. During the last decade, several CRAb clusters
and outbreaks were identified in our ICUs [33]. The infection control team recognized this
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threat and implemented an active surveillance for CRAb for all ICU admissions to detect
colonization or infections: ICU patients are screened for CRAb upon admission and placed
on contact isolation pending the culture results. Moreover, the results of the clinical cultures
obtained during the patient’s stay in ICU are analyzed to differentiate hospital-acquired
transmissions from community-acquired infections or colonization with CRAb.

Multiple interventions were introduced by the infection control team throughout
the years as part of an intensified effort to curb the spread of CRAb. Screening all ICU
admissions was one of the major interventions to detect the carriage of CRAb and other
carbapenem-resistant organisms. A screening method was adopted for CRAb and CRE,
to collect swabs from the oropharynx, bilateral axilla, umbilical and perianal areas as
well as from the rectum. Moreover, all patients admitted to ICU were bathed using
Chlorhexidine 4% solutions to decrease the bacterial load on their skin and reduce bacterial
transmissions [61]. Furthermore, infection control prevention bundles (ventilator bundle,
urinary catheter bundle, and central line bundle) were adopted to improve the processes for
care of patients. Certifications for the insertion and care of central lines became mandatory
for the medical and nursing teams, and are granted after taking an online course. Several
practices were also introduced to reduce environmental contamination outside of the ICU.
Practices such as restricting the transport of patients unless urgently needed, cleaning and
disinfection of the elevators used and CT premises after imaging, or any other visited area,
are used.

Staff education and training on hand hygiene and principles of nosocomial transmis-
sion of multidrug-resistant organisms were conducted monthly. Each session included all
infection control breaches and observations to improve staff practices in ICU. During these
sessions, feedback reports and identified breaches were presented, and opportunities for im-
provement were discussed. Training on hand hygiene included all five-evidence based key
moments as per the WHO recommendations [62]. Alcohol hand rubs, at a concentration of
70% ethanol or propanol, were installed at the door of each patient’s room. Compliance was
closely monitored with the assistance of anonymous auditors, and feedback reports were
regularly communicated to managers and hospital leadership. Closed-circuit television
(CCTV) surveillance cameras were installed in three critical care units in 2015. All noted
breaches from live and retrospective reviews are promptly reported to nurse managers of
the unit for appropriate action. The infection control team conducted intensified rounds
to observe practices, raise awareness and improve compliance of the ICU staff with all
needed measures. Tiered hand hygiene accountability interventions were adopted based
upon a validated model [63] and this was reflected in the hospital hand hygiene policy.
Interventions started with direct feedback followed by the awareness intervention, then
the authority intervention and ending with the disciplinary intervention. Hand hygiene
compliance rates started to improve for the physician group as a result. Hand hygiene com-
pliance rates were sustained and improved further at the start of the COVID-19 pandemic.
In addition, visitors were restricted to decrease environmental contamination as per a new
visitation policy. An important measure was also added, where nurses were assigned to
monitor healthcare workers and visitors during the day shifts; their role was to promptly
intervene whenever infection control breaches were observed [50].

The direct patient environment plays a major role in transmitting multidrug-resistant
pathogens among patients. Contaminated surfaces contribute to CRAb transmission to
vulnerable patients. Routine environmental cultures to identify sources of environmental
contamination with CRAb (mattresses, pillows, keyboards) were introduced. After each
patient discharge, manual cleaning/disinfection was conducted followed by air decontami-
nation using hydrogen peroxide (H2O2) at a concentration of 1% (generating 4.7% boosted
H2O2). Environmental cultures that were taken initially were discontinued following
sustained negative culture results of the patient environment. Obtaining new cleaning and
disinfection solutions and changes in housekeeping processes were also instrumental in
improving the patient care environment. All the changes were reflected in updated policies
and were reinforced through structural staff training.
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The carriage on admission and acquisition during ICU stay of CRAb was calculated
using the CRAb colonization pressure (Table 1). Colonization pressure is defined as the
proportion of patients colonized with CRAb in an ICU during a specific period. It reflects
the burden of CRAb in an ICU and can estimate the probability of CRAb transmission in
this setting. Thus, any new transmission (colonization or infection) of CRAb is strongly
correlated to colonization pressure.

Resistance to carbapenems among Acinetobacter baumannii at our hospital was the
main outcome of this study. Carbapenem resistance among Acinetobacter baumannii is
routinely reported by our microbiology laboratory. Acinetobacter isolates were identified
using the Matrix-Assisted Laser Desorption Ionization (MALDI-TOF) Time-of-Flight Mass
Spectrometry (MALDI-TOF) platform, and all isolates were tested using the disk diffusion
method based on the Clinical and Laboratory Standards Institute (CLSI) breakpoints.
We relied on resistance rates reported by the laboratory to follow the outcome of our
interventions on resistance rates.

3. Results

3.1. Antimicrobial Stewardship Results

The antimicrobial stewardship team launched its daily operations in January 2019
and collected data on the appropriateness of broad-spectrum antibiotic use across the
hospital. Those recommendations were labeled as “stewardship interventions”. Our fo-
cused intervention in the ICU (the carbapenem sparing strategy) started in April 2019
and yielded the following results over a one-month period: among patients who were
prescribed broad-spectrum antibiotics, 188 patients (or 14.6% of the ICU patients during
this month) were receiving carbapenem therapy. A total of 81 interventions were recorded
during this month in adult patients and included the de-escalation of therapy (23%), dose
change (28%) and limiting the duration of therapy (23%). Therefore, combined recommen-
dations to discontinue carbapenem therapy (de-escalation or stop) comprised 46% of all
interventions as shown in Figure 1. The overall acceptance rate of recommendations during
this intervention period (April 2019) was 73%. As a result of all antimicrobial stewardship
efforts, for 2019, there was an increase in stewardship interventions’ acceptance rate from
16.66 to 55.95% when comparing January 2019 to January 2020 (p = 0.03). Even though the
antimicrobial stewardship team was active, the efforts were less focused and spanned over
the whole hospital (vs. April 2019, when the efforts were focused on the ICUs).

In analyzing the indication for use of carbapenems by the antimicrobial stewardship
team, we defined an appropriate empiric therapy with carbapenem as follows: patient is
a candidate for broad antibiotic therapy and warrants carbapenem usage such as recent
culture with ESBL Enterobacterales or other multidrug-resistant organisms, sepsis, or
febrile neutropenia. Therefore, 88% of empiric carbapenem prescriptions were deemed
appropriate initially and may have required subsequent adjustment based on culture results.
As such, the antimicrobial stewardship team found that indication for use, dosing, and
duration were appropriate in 88, 80, and 89% of the cases, respectively (Figure 2). As part
of our analysis of those results, when comparing the months of January 2019 and January
2020 pre- and post-intervention period, the indication for use in empirical therapy before
48 h changed from 86.4 to 92.9%. Similarly, indication for use in empirical therapy after 48 h
from culture results, and indication for targeted therapy was appropriate in 67.1% (January
2019) and 78.9% (January 2020) of cases, and 88.9% (January 2019) and 91.4% (January 2020)
of cases, respectively. Duration and dosing regimens were appropriate in 64.3 and 75.8% of
cases in January 2019, respectively, as opposed to appropriateness rates of 72.1 and 68.7%
in January 2020.
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Figure 1. Distribution of antimicrobial stewardship interventions (n = 81) for patients receiving
carbapenems during April 2019. ID, Infectious Disease.

 

Figure 2. Appropriateness of carbapenem therapy per antimicrobial stewardship team during the
implementation of carbapenem sparing strategies (April 2019).

Additional measures such as infection with Clostridium difficile rates, hospitalization
costs, and the impact of our interventions and recommendations on patient outcomes were
not studied during this time.

The overall carbapenem consumption across the hospital was reflected by carbapenem
DOT and DDD, with the greatest volume of consumption occurring in the critical care units.
Figure 3 demonstrates the decrease in carbapenem DDD since 2018 and until December 2020.
Both DOT (shown later in the text) and DDD trends show a decrease in the consumption
that is better seen starting in the second quarter (Q2) of 2019 with the intensification of
the carbapenem-sparing efforts. This decrease was maintained in 2019, however, there is a
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noticeable increase in both DDD and DOT in 2020 compared to 2019, albeit the carbapenem
consumption was still lower than 2018.

 

Figure 3. Carbapenems Defined Daily Dose per 1000 Patient Days per quarter and year.

3.2. Infection Control Results

Following the implementation of the intensive infection control measures listed above
there was a noticeable improvement in compliance with measures (such as hand hygiene)
and reduced colonization pressure of CRAb.

Compliance with hand hygiene is associated with positive patient outcomes. The
prevalence of hospital acquired infections was reduced by more than 40% at Geneva Uni-
versity Hospital when compliance rate increased from 48 to 66% over a 5-year period [62].
Figure 4 shows results at our center with improved compliance from 74% to more than 95%.

 

Figure 4. Hand hygiene compliance rates 2016–2020 based on anonymous audits. RN, registered
nurse; PN, practical nurse; NST, nurse technician.

A sustained improvement of infection control practices was noticed across the hospital
and especially in the ICU. This was reflected in the persistent decrease in the CRAb
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colonization pressure over the years as shown in Figure 5. CRAb transmission rates in ICU
decreased steadily: A. baumannii colonization pressure was 340 per 1000 patient days in
2015, 221 per 1000 in 2016, 218 per 1000 in 2017 and 112.7 per 1000 in 2018. The colonization
pressure decrease in 2019 became evident and reached 18.4 per 1000 during the second
quarter of 2019.

 

Figure 5. CRAb colonization pressure in ICU over a 7-year period by year.

The carbapenem-sparing strategy, combined with the infection control interventions,
led to a significant decrease in CRAb colonization pressure rates among ICU patients.
Figure 6 shows the colonization pressure per quarter in relation to carbapenem consumption
reflected by the carbapenem DOT for 2018 to 2020. The sustained decrease in CRAb
transmissions (infections and colonization) is more clearly seen in Figure 6 where the
colonization pressure for CRAb is correlated with DOT per quarter from 2018 to 2020,
following the beginning of stewardship efforts in 2019 and the launch of the carbapenem-
sparing strategy in April 2019. Colonization pressure rates decreased steadily from 210.4
per 1000 patient days in Q4-2018 to 0 per 1000 patient days in Q1-2020.

 

Figure 6. Carbapenem-resistant Acinetobacter baumannii colonizing pressure and carbapenem con-
sumption by quarter from 2018 until 2020. DOT, Days of therapy; Q, quarter.
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The major finding in our study was the impact on carbapenem resistance rates among
Acinetobacter baumannii in our institution (Figure 7). The continuous monitoring of resistance
rates allows the antimicrobial stewardship and infection control teams to measure the
ongoing and long-term effects of their interventions. Figure 7 shows the rates of resistance
to carbapenems among the Acinetobacter baumannii at the AUBMC over a decade and
highlights the continuous but slow decline in resistance rates since 2014, followed by a
sharp drop in 2020. The rates of carbapenem resistance among collected CRAb at the
AUBMC peaked at 92% in 2012 and were slowly declining with the intensification of
infection control measures and some antimicrobial stewardship efforts. However, only
following the implementation of the antimicrobial stewardship program at the end of 2018
did the resistance rates among CRAb decreased in 2020 to 63%.

 

Figure 7. Rates of carbapenem-resistant Acinetobacter baumannii over years.

4. Discussion

The containment of CRAb is difficult to achieve in acute care settings; however it is
expected to result in a significant reduction of mortality and morbidity especially among
critically ill patients [64]. Carbapenem consumption is linked to increasing Acinetobac-
ter baumannii resistance rates while nosocomial transmission is linked to environmental
contamination, invasive procedures, and patient vulnerabilities [64,65].

Mathematical models have described the potential impact of reducing carbapenem
consumption on resistance acquisition among bacteria, including CRAb [66], and antimicro-
bial stewardship to restrict carbapenem usage has been suggested for controlling outbreaks
caused by CRAb in critical care settings [67–69]. There is an abundance of reports and stud-
ies on the effectiveness of infection control measures in limiting the transmission of CRAb
in hospital ICUs. Environmental cleaning appears to be particularly important [70,71] as
well as enforcing strict hand hygiene compliance policies among healthcare workers [72].
Compliance with hand hygiene is associated with positive patient outcomes; the prevalence
of hospital acquired infections was reduced by more than 40% at Geneva University Hos-
pital when compliance rate increased from 48 to 66% over a 5-year period [62]. Very few
reports describe the impact of combined infection control and antimicrobial stewardship
interventions on colonization pressure and resistance rates among CRAb isolates [73,74].
Our results indicate that a multidisciplinary approach and conjoined efforts of antimicrobial
stewardship and infection control teams can lead to a sustained reduction in CRAb spread
in the ICU.

One main finding of our study relates to the decrease in resistance rates among Acine-
tobacter baumannii to imipenem from 81% in 2018 to 63% in 2020. A. baumannii accounts
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for 99% of Acinetobacter baumannii in our hospital. Therefore, this reduction is significant,
and reflective of the effectiveness of a carbapenem-sparing strategy at the level of the
hospital with an intensification of daily stewardship interventions especially in the ICU
and continued educational efforts. A significant reduction in CRAb colonization pressure
was demonstrated as a 200-fold decrease during the two-year study period. The decrease
in CRAb colonization pressure over the years was mainly the result of ongoing infection
control interventions following the identification of each cluster or outbreak of CRAb.
The launching of the carbapenem-sparing strategy by the antimicrobial stewardship team
during the second quarter of 2019 led to a sustained decrease in colonization pressure
over subsequent quarters as shown in Figure 6. Strict antimicrobial stewardship combined
with comprehensive infection control measures resulted in successfully controlling the
spread of CRAb in our ICU. This effect was maintained even during the first year of the
COVID-19 pandemic and until Q4, 2020 after the Beirut blast, despite tremendous strain on
our healthcare system [75–78]. The devastating explosion of August 2020 in Beirut caused
an influx of trauma patients and was followed by a COVID-19 surge in the last quarter of
2020 leading to an increase in critically ill patients and antibiotic overuse [79].

Our results are particularly encouraging as reports are emerging regarding the po-
tential worsening of antimicrobial resistance following the COVID-19 pandemic [17]. The
impact of antimicrobial resistance in the countries of the East Mediterranean region is ex-
pected to worsen as well following the COVID-19 pandemic [80]. In addition, our hospital
witnessed for the first time an outbreak of C. auris during the COVID-19 surge [81]. The
lessons learnt during the multiple clusters and outbreaks of CRAb proved successful in con-
trolling the spread of this new pathogen. In addition, the antimicrobial stewardship team
adopted elements of antifungal stewardship in an effort to control the C. auris outbreaks.

Our study has limitations. First, we did not design our protocol to account for the
impact of individual interventions on the outcomes. Thus, our approach was to maintain
the infection control interventions and in parallel deploy the antimicrobial stewardship-
targeted strategies as an additional combined intervention; ongoing infection control
measures had not been fully effective in significantly reducing the colonization pressure of
CRAb previously and we assumed that the intensification of the antimicrobial stewardship
interventions resulted in the achieved reduction of CRAb rates and colonization pressure.
Second, we did not collect data to study the impact of our results on patient outcomes such
as cost, C. difficile infection, length of stay, and mortality.

5. Conclusions

In conclusion, we have shown a drastic reduction in CRAb colonization in our ICU
and decreased resistance rates among Acinetobacter baumannii following a combination
approach that relied on rigorous infection control practices and antimicrobial stewardship
interventions. In our setting, the results are encouraging and could be replicated in hospitals
and ICUs suffering from high burdens of CRAb transmission.

It is imperative to build on local experiences in comparable settings to develop suc-
cessful protocols and implement adapted policies.
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Abstract: Excessive antibiotic consumption is still common among critically ill patients admitted
to intensive care units (ICU), especially during the coronavirus disease 2019 (COVID-19) period.
Moreover, information regarding antimicrobial consumption among ICUs in South-East Asia remains
scarce and limited. This study aims to determine antibiotics utilization in ICUs by measuring
antibiotics consumption over the past six years (2016–2021) and specifically evaluating carbapenems
prescribed in a COVID-19 ICU and a general intensive care unit (GICU) during the second year of the
COVID-19 pandemic. (2) Methods: This is a retrospective cross-sectional observational analysis of
antibiotics consumption and carbapenems prescriptions. Antibiotic utilization data were estimated
using the WHO Defined Daily Doses (DDD). Carbapenems prescription information was extracted
from the audits conducted by ward pharmacists. Patients who were prescribed carbapenems during
their admission to COVID-19 ICU and GICU were included. Patients who passed away before
being reviewed by the pharmacists were excluded. (3) Results: In general, antibiotics consumption
increased markedly in the year 2021 when compared to previous years. Majority of carbapenems
were prescribed empirically (86.8%). Comparing COVID-19 ICU and GICU, the reasons for empirical
carbapenems therapy in COVID-19 ICU was predominantly for therapy escalation (64.7% COVID-19
ICU vs. 34% GICU, p < 0.001), whereas empirical prescription in GICU was for coverage of extended-
spectrum beta-lactamases (ESBL) gram-negative bacteria (GNB) (45.3% GICU vs. 22.4% COVID-19
ICU, p = 0.005). Despite microbiological evidence, the empirical carbapenems were continued for a
median (interquartile range (IQR)) of seven (5–8) days. This implies the need for a rapid diagnostic
assay on direct specimens, together with comprehensive antimicrobial stewardship (AMS) discourse
with intensivists to address this issue.

Keywords: carbapenems; defined daily dose; antibiotics utilization; intensive care; empiric
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1. Introduction

Antibiotics have been prescribed in 70% of ICU patients due to the high prevalence of
suspected or proven infection [1]. Since the outbreak of COVID-19, the hospitalization rate
has increased along with an increased tendency of antibiotics prescription. A retrospective
study in Malaysia during the early phase of the pandemic found a lower antibiotic usage at
a prevalence of only 17.1%, in contrast to findings by two systematic reviews [2,3], though
it was observed that ICU/HDU admissions were 2.73 times more likely to be prescribed
antibiotics [4]. However, no details on antibiotic dosage and duration were analyzed.

A systematic review of 38 studies consisting of 2715 ICU admissions found a sim-
ilar frequency of antibiotics prescription at 71%. Yet, incidences of bacterial infections
were reported in only 30.8% of the studies reviewed. Furthermore, 69.2% of the antibi-
otics prescribed were empirical without strong evidence of bacterial infection [5]. In a
review by Pasero et al. [6], hospital-acquired infection among COVID-19 patients developed
10–15 days after ICU admissions. However, extensive empirical antibiotics were prescribed,
along with prolonged ICU stay leading to the surge of multidrug resistance (MDR) mi-
croorganisms, with incidence ranging from 32% to 50%. These data only reflected the
use of antibiotics during the first year of the pandemic, and studies on the prescription
pattern among critically ill patients in developing countries and the South-East Asia region
are scarce. In addition, little is known about the duration of exposure to the prescribed
antibiotic(s), which is crucial for antibiotic resistance development [7].

Antimicrobial resistance (AMR) has been a global health threat declared by World
Health Organization (WHO) since 2015 [8]. With the high prevalence of antibiotic prescrip-
tion and infection rates, ICU may potentially be the driver of resistance in hospitals [9].
Furthermore, an increase in antimicrobials resistance (AMR) in ICUs was observed since
the COVID-19 pandemic, owing to the compromise in infection control and excessive an-
timicrobials use [10]. Carbapenems consumption has a positive correlation with increased
resistance to carbapenems among gram-negative organisms such as Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacterales [11–13]. Till the year 2020, surveillance in
local hospitals of Malaysia reported that resistance to meropenem was lower than 10% for
most gram-negative organisms, except Acinetobacter baumannii (58.5%) [14]. However, it
is just a matter of time before carbapenems resistance rate increases beyond 20% as seen
with resistance to third-generation cephalosporins in Klebsiella pneumoniae [14]. Hence,
local antibiotics consumption should be monitored and the reasons for empirical usage
of broad-spectrum antibiotics like carbapenems should be explored. This present study
attempts to determine antibiotic utilization in ICUs over the past six years and analyze the
prescription of carbapenems in COVID-19 ICU and GICU during the second year of the
COVID-19 pandemic.

2. Results

The usage of antibiotics was stable from 2016 through 2019. Comparing the year 2019
and year 2021, the total consumption of selected antibiotics (Figure 1) in both ICUs had
increased from 823.9 DDD per 1000 patient days to 1307.6 DDD per 1000 patient days
(Supplementary File S1). In contrast to the increase in ceftriaxone from 117.4 to 146.9 DDD
per 1000 days, amoxicillin/clavulanic acid was raised more than two-fold from 47.9 to
112.7 DDD per 1000 patient days, while ampicillin/sulbactam was raised from 140.5 to
240.3 DDD per 1000 patient days. Notably, the utilization of colistin surged and was almost
10 times higher; it increased from 2.95 to 32.04 DDD per 1000 patient days while that of
polymyxin B dropped 15% from 52.6 to 44.5 DDD per patient days. Piperacillin/tazobactam
consumption increased from 187.4 to 246.7 DDD per 1000 patient days, but cefepime usage
increased and was more than three times higher; it went from from 46 to 134.8 DDD per
1000 patient days. Meanwhile, vancomycin utilization was also raised by 81.7%, from 52 to
94.5 DDD per 1000 patient days.
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Figure 1. Annual Antibiotic Utilization in COVID-19 ICU and GICU from the year 2016 to the year 2021.

2.1. Carbapenems Consumption

Considering the past six years, the total admissions had dropped since 2020 and were
the lowest in 2021. However, the average length of stay per patient and total patient days in
both ICUs were the longest in 2021 at 8.02 days and 6229 days, respectively (Table 1). The
average consumption of type-2 carbapenems in 2016 to 2019 was maintained at a median
(IQR) of 153.3 (140.6–161.0) DDD per 1000 patient days. Subsequently, the usage increased
by 53.6% in 2021 compared to 2019.

Table 1. Annual consumption of carbapenems in COVID-19 ICU and GICU.

2016 2017 2018 2019 2020 2021

Annual Census

Number of Admissions, no 849 865 842 794 690 567
Patient days, day 4636 5422 5504 5605 4228 6229

Average length of stay, day 5.62 6.33 6.65 7.08 6.15 8.02

Carbapenems Consumption (DDD per 1000 patient days)
Increment in 2021

versus 2019 usage (%)

Ertapenem 12.66 −65.5 7.09 14.27 15.37 4.93 −65.5
Imipenem 43.67 15.99 27.25 12.89 23.16

Meropenem 107.63 139.29 135.65 150.03 227.04
Group-2 Carbapenems 151.30 53.6 155.28 162.90 162.92 250.20 53.6

2.2. Carbapenems Prescribing in COVID-19 ICU & GICU
2.2.1. Carbapenems Prescriptions

In 2021, a total of 605 carbapenems prescription requests were retrieved from the
preauthorization forms, of which 159 prescriptions for 149 patients in the GICU and the
COVID-19 ICU were eligible to be included (Figure 2). Meanwhile, a total of five pre-
scriptions were excluded because they were missed, or patients passed away before being
reviewed by pharmacists.
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Figure 2. The selection process for eligible carbapenems prescriptions.

2.2.2. Patients’ Demographics & Infection Control Surveillance

In 2021, there were 336 admissions to COVID-19 ICU and 231 admissions to GICU.
The all-cause in-ICU mortality was higher (127, 37.8% vs. 40, 17.3%, p < 0.0001) and the
median (IQR) length of ICU stay was longer (9 (5–15) days vs. 5 (3–10) days, p < 0.0001) in
the COVID-19 ICU compared to the GICU.

Among patients who were prescribed carbapenems, the majority were male patients
(94/149, 63.1%) with a median (IQR) age of 61 (44–69) years old. The male proportion
(56/91 vs. 40/58, p = 0.297) and patients’ age (median (IQR): 61 (46–68) years old vs. 60
(37–71) years old, p = 0.806) were comparable between COVID-19 ICU and GICU. No-
tably, GICU had significantly more patients colonized with resistant organisms who were
prescribed carbapenems (p = 0.003) (Table 2).

Table 2. Rectal colonization among patients who were prescribed carbapenems.

Rectal Colonization by ESBL/MDR Overall, n = 149 COVID-19 ICU, n = 91 GICU, n = 58 p

n (%) 0.003 a,*
Yes ˆ 50 (35.7) 22 (25.9) 28 (50.9)
No 90 (64.3) 63 (74.1) 27 (49.1)

Unknown # 9 6 3
# This group is not included in the analysis as rectal swab is not done; ˆ 1 is Citrobacter spp.; a Pearson Chi-square.
MDR, Multidrug-resistant. * p < 0.05 indicates statistically significant.

2.2.3. Characteristics of Carbapenems Prescriptions

At the time of prescription, most of the carbapenems were intended for nosocomial
infection (type-3) (79.9%), followed by healthcare-associated infection (type-2), and six pre-
scriptions were for community-acquired infection (type-1). Most prescriptions were for
nosocomial infections in COVID-19 ICU (83/96 vs. 44/63, p = 0.011). In the GICU, the
majority were for healthcare-associated infections in the GICU (11/96 vs. 15/63, p = 0.039)
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(see Table 3). Meropenem accounted for most of the carbapenems prescribed across both
ICUs. Overall, only 21 (13.2%) of carbapenems prescriptions were for definitive therapy
according to the microbiological reports, and 86.8% were for empirical therapy.

Table 3. Characteristics of all carbapenem prescriptions.

Overall, n = 159 COVID-19 ICU, n = 96 GICU, n = 63 p

Patient types at the time of
prescription, no (%)

0.033 a

Type-1 (CA) 6 (3.8) 2 (2.1) 4 (6.3) 0.215 b,ˆ

Type-2 (HA) 26 (16.4) 11 (11.3) 15 (23.8) 0.039 a,*,ˆ

Type-3(NI) 127 (79.9) 83 (86.5) 44 (69.8) 0.011 a,*,ˆ

Carbapenem, no (%) <0.001 b,*
Meropenem 148 (93.1) 95 (98.9) 53 (84.1)
Imipenem 8 (5.0) 0 (0.0) 8 (12.7)
Ertapenem 3 (1.9) 1 (1.0) 2 (3.2)

Indication, no (%) 0.310 a

Definitive 21 (13.2) 11 (11.5) 10 (15.9)
Empirical 138 (86.8) 85 (88.5) 53 (84.1)

CA, Community-Acquired infection; HA, Healthcare-associated Infection; NI, Nosocomial Infection; a Pearson
Chi-square, b Fisher Exact test. ˆ based on individual groups. * p < 0.05 indicates statistically significant.

2.2.4. Empirical Carbapenems Therapy

More than half of the carbapenems were prescribed for escalation therapy, followed
by the consideration of ESBL GNB risk (Table 4). Conversely, only 10 (7.2%) prescriptions
were initiated after infectious disease (ID) consultation. Type-2 patients were more often
prescribed for consideration of ESBL GNB risk (15/24, 62.5%, p < 0.001). Empirical esca-
lation to carbapenems was often prescribed for type-3 patients (65/108, p = 0.001), and
predominantly observed in COVID-19 ICU (55/85 vs. 18/53, p < 0.001). The initiation
of empirical therapy considering ESBL GNB risk was more frequent (19/85 vs. 24/53,
p = 0.005) in GICU. No association was found between reasons for empirical therapy with
sites of infection. However, empirical therapy was more often intended for respiratory
infections in the COVID-19 ICU (p = 0.017).

Table 4. Characteristics of empirical carbapenem prescriptions.

Reason for Empirical Therapy, no (%) Overall, n = 138 COVID-19 ICU, n = 85 GICU, n = 53 p

Therapy escalation/switch 73 (52.9) 55 (64.7) 18 (34.0) <0.001 a,*
Considering ESBL GNB risk 43 (31.2) 19 (22.4) 24 (45.3) 0.005 a,*

With ID consultation 10 (7.2) 7 (8.2) 3 (5.7) 0.741 b

Others 12 (8.7) 4 (4.7) 8 (15.1) 0.059 b

Suspected site of infection, no (%)

Blood 45 (32.6) 31 (36.5) 14 (26.4) 0.220 a

Central nervous system 6 (4.3) 3 (3.5) 3 (5.7) 0.675 b

Intra-abdominal 20 (14.5) 4 (4.7) 16 (30.2) <0.001 a,*
Respiratory 62 (44.6) 45 (52.9) 17 (32.1) 0.017 a,*

Skin and soft tissue 1 (0.7) 0 (0.0) 1 (1.9) 0.384 b

Urinary tract 2 (1.4) 2 (2.3) 0 (0.0) 0.523 b

Unknown 2 (1.4) 0 (0.0) 2 (3.8) 0.146 b

a Pearson Chi-square, b Fisher Exact test. * p < 0.05 indicates statistically significant.
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2.2.5. Microbiological Growth & Organisms

Overall, out of 159 prescriptions, 101 (63.5%) had positive growth from cultures and
66 (41.5%) from blood cultures. The remaining 58 (36.5%) prescriptions had no growth,
mixed growth, or candida species from respiratory samples or urine samples.

Among definitive therapies, Klebsiella pneumoniae and Klebsiella spp. (14/23, 60.9%)
were frequently isolated, and the majority were ESBL producers. Two Klebsiella isolates were
carbapenemases producers (Table 5). This was followed by ESBL-producing Escherichia
coli (5/23, 21.7%). All isolates were from type-2 and type-3 patients. Among 50 patients
with rectal colonization, only eight patients (16.0%) had ESBL GNB bacteremia, compared
to eight (8.9%) among 90 patients without colonization (p = 0.268). For the empirical
prescriptions, the isolated organisms are listed in Table 5. MDR Acinetobacter spp. were
frequently isolated, especially from COVID-19 ICU (p = 0.143), whereas Enterobacterales and
Pseudomonas aeruginosa were isolated more often from GICU.

Table 5. Microbiological profiles and organisms isolated prior to carbapenems therapy.

Overall, n = 159 COVID-19 ICU, n = 96 GICU, n = 63 p

Growth from cultures 1 0.952 a

Negative 10 (6.3) 6 (6.3) 4 (6.3)
Mixed growth/Candida spp. 2 48 (30.2) 30 (31.3) 18 (28.5)

Positive culture 101 (63.5) 60 (62.5) 41 (65.1)
Site of positive cultures (n = 101) 0.736 a

Positive blood cultures 66 (41.5) 40 (41.7) 26 (41.3)
Other sites 35 (22.0) 20 (20.8) 15 (23.8)

Organisms isolated from blood
cultures

Definitive therapy:
Escherichia coli ESBL 4 (4.8) 1 (2.0) 3 (9.4)

Klebsiella pneumoniae/spp. ESBL 9 (10.8) 5 (9.8) 4 (12.5)
Klebsiella pneumoniae # CRE 1 (1.2) 1 (2.0) 0 (0.0)
Pseudomonas aeruginosa ** 1 (1.2) 1 (2.0) 0 (0.0)

Achromobacter Xylosoxidans 1 (1.2) 0 (0.0) 1 (3.1)
Empirical therapy:

Escherichia coli 4 (4.8) 0 (0.0) 4 (12.5)
Klebsiella pneumoniae/spp. 7 (8.4) 2 (3.9) 5 (15.6)
Enterobacter aerogenes/spp. 1 (1.2) 0 (0.0) 1 (3.1)

Acinetobacter baumannii/spp. 1 (1.2) 0 (0.0) 1 (3.1)
Acinetobacter baumannii/spp. MDR 9 (10.8) 8 (15.7) 1 (3.1)

Burkholderia cepacia 1 (1.2) 1 (2.0) 0 (0.0)
Pseudomonas aeruginosa *** 5 (6.0) 3 (5.9) 2 (6.3)

Stenotrophomonas maltophilia 3 (3.6) 3 (5.9) 0 (0.0)
Enterococcus faecium/faecalis/spp. 5 (6.0) 3 (5.9) 2 (6.3)

Streptococcus spp. 3 (3.6) 1 (2.0) 2 (6.3)
CoNS 13 (15.7) 10 (19.6) 3 (9.4)

Candida spp. 5 (6.0) 4 (7.8) 1 (3.1)
Others 10 (12.0) 8 (15.7) 2 (6.3)

Organisms isolated from respiratory/
tissue/pus/urine cultures

Definitive therapy:
Escherichia coli ESBL 1 (2.0) 1 (3.6) 0 (0.0)

Klebsiella pneumoniae/spp. ESBL 3 (6.0) 2 (7.1) 1 (4.5)
Klebsiella pneumoniae # CRE 1 (2.0) 0 (0.0) 1 (4.5)

Enterococcus spp. 1 (2.0) 1 (3.6) 0 (0.0)
CoNS 1 (2.0) 1 (3.6) 0 (0.0)
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Table 5. Cont.

Overall, n = 159 COVID-19 ICU, n = 96 GICU, n = 63 p

Empirical therapy:
Escherichia coli 2 (4.0) 1 (3.6) 1 (4.5)

Klebsiella pneumoniae/spp. 5 (10.0) 1 (3.6) 4 (18.2)
Klebsiella pneumoniae ## CRE 1 (2.0) 1 (3.6) 0 (0.0)
Enterobacter aerogenes/spp. 2 (4.0) 1 (3.6) 1 (4.5)

Acinetobacter baumannii/spp. MDR 14 (28) 10 (35.7) 4 (18.2)
Pseudomonas aeruginosa *** 10 (20.0) 5 (17.9) 5 (22.7)

Stenotrophomonas maltophilia 2 (4.0) 1 (3.6) 1 (4.5)
Enterococcus faecium/faecalis/spp. 2 (4.0) 2 (7.1) 0 (0.0)

Staphylococcus aureus 2 (4.0) 0 (0.0) 2 (9.1)
MRSA 1 (2.0) 0 (0.0) 1 (4.5)

Mycobacterium tuberculosis 2 (4.0) 1 (3.6) 1 (4.5)
a Pearson Chi-square; CoNS: coagulase-negative Staphylococci; CRE, carbapenem-resistant Enterobacterales;
ESBL, extended-spectrum beta-lactamase; MIC, minimum inhibitory concentration; MDR, multidrug-resistant;
MRSA, methicillin-resistant Staphylococcus aureus. # MIC = 4; ## MIC more than 24 for all carbapenems tested;
** Resistant to ceftazidime, cefepime, and piperacillin/tazobactam; *** Sensitive to ceftazidime. 1 Based on cultures
reports prior to carbapenems therapy. 2 From tracheal aspirates/sputum/urine/pus.

2.2.6. Duration of Carbapenems Therapy

During the carbapenems therapy, 55 patients passed away before completing the
treatment. Overall, the median (IQR) duration of carbapenems prescriptions was seven
(5–8) days. The duration of definitive therapy was significantly longer than that of empirical
therapy by one day (p = 0.015). Compared to GICU, a shorter duration of definitive therapy
(p = 0.463), but a longer duration of empirical therapy (p = 0.654) was observed in COVID-19
ICU (Table 6). In addition, among empirical prescriptions, only seven (13.0%) in COVID-19
ICU and seven (20.0%) in GICU were discontinued within three days (p = 0.624).

Table 6. Duration of carbapenems prescriptions.

Duration of Therapy Overall, n = 104 COVID-19 ICU, n = 62 GICU, n = 42 p

Overall median, days (IQR) 7 (5–8) 7 (5–8) 7 (4–9) 0.963 a

Definitive therapy,
median, days (IQR)

(n = 15)
8 (7–11) *

(n = 8)
8 (7–8)

(n = 7)
9 (7–14) 0.463 a

Empirical therapy,
median, days (IQR)

(n = 89)
7 (4–8)

(n = 54)
7 (5–8)

(n = 35)
6 (4–8) 0.654 a

a Mann Whitney; * p = 0.010; IQR, interquartile range.

3. Discussion

The high prevalence of antibiotics prescription for critically ill patients admitted to ICU
is common [1,15]. Interestingly, the same proportion at 70% was found during the pandemic
period [5]. However, the issue of increased antibiotic consumption during the pandemic
period is mostly reflected in the proportion of patients being prescribed antibiotics [2,5],
where few reported the magnitude of antibiotic utilization in ICU with the measure of
DDD [3], which is also an important indicator for usage trend monitoring, the impact of
intervention, global comparison [16], as well as correlation with resistance trends [12,17,18].
The decrease in total ICU admissions was attributed to the opening of the COVID-19
ICU with redistribution of manpower and the closure of the operating theatre elective list
during the COVID-19 pandemic. However, this was followed by longer ICU stays and
higher antibiotics consumption. Notably, during the pre-pandemic period, 2016–2019, the
utilization of carbapenems, vancomycin, and polymyxins consumption was found to be
lower than that in surgical ICUs in Serbia (135–340, 83–64, 73–66 DDD per 1000 patient
days) [17] and medical-surgical ICUs in Saudi Arabia (345.9, 180.0 and 157.1 DDD per
1000 patient days) [19], in both of which AMS interventions were absent. On the other hand,
despite the different measures and denominators used, which made it difficult to perform a
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direct comparison, this study found an increase in annual consumption of most antibiotics
during the pandemic year, similar to a Brazilian ICUs [20], yet contrary to the findings in
Spanish ICUs that observed a decrease in meropenem and piperacillin/tazobactam [21].
The relatively lower prevalence of antibiotic prescription found by the study in Malaysia [4]
could have been masked by various populations across disciplines. Nevertheless, the
trajectory increases in antibiotic usage demanded the need to probe into the prescription
rationale and the difference between the COVID-19 ICU and the GICU.

Following the CLSI revision in 2020 on the breakpoint and questioning the clinical
value of polymyxin(s) [22,23], empirical use of polymyxins was discouraged and the restric-
tion on polymyxins was further enhanced to definitive therapy only with microbiological
evidence, in addition to consent by an ID consultant. Therefore, the consumption in 2021
likely reflected the definite use of polymyxins according to culture reports. In this hos-
pital, intravenous polymyxin B was the primary polymyxin of choice for infection due
to carbapenem-resistant gram-negative organisms (CRGNB) [24], whereas colistin was
preferred and used intravenously for urinary tract infection [24] or as an inhalation therapy
for pneumonia [25]. The sharp increase in colistin implied the higher tendency to treat
carbapenem-resistant organisms such as Acinetobacter baumannii (CRAb) isolated from
respiratory cultures, although the clinical significance is debatable, especially in COVID-19
infected critically ill patients [26]. In contrast, the use of polymyxin B did not increase but
was similar to the previous years; it was persistent for carbapenem-resistant gram-negative
organisms isolated from blood cultures.

Carbapenems are broad-spectrum antibiotics belonging to the WATCH group under
the WHO AWaRe classification, which should be the focus of stewardship [27]. Furthermore,
the resistance rate among gram-negative organisms towards carbapenems is on the rise
globally, which is attributed to carbapenems use [28,29]. In the setting of limited human
resources in our hospital, efforts were, therefore, mainly focused on carbapenems instead
of targeting all antibiotics. Following the introduction of local ICU antibiotic treatment
protocol (Supplementary File S2) and a weekly visit of ID consultants to ICUs since 2016,
the consumption of carbapenems in the ICU was maintained at lower than 200 DDD per
1000 patient days. However, the weekly ID rounds were halted in 2020 due to the pandemic
and antibiotics usage has increased since then.

To our knowledge, this was the first study to compare the carbapenems prescription
pattern between the COVID-19 ICU and the GICU. Meropenem was the preferred agent
used, as it had better activities on gram-negative bacteria and central nervous system pene-
tration [30]. This is consistent with the observations in the recent systematic reviews [3,5].
Good compliance to local treatment protocol (Supplementary File S2) was observed as
carbapenems were prescribed mainly for type-3 patients who were at risk of infection by
multi-drug resistant organisms [25]. Broad spectrum antibiotics were recommended by the
last surviving sepsis guideline for the critically ill, as failure to cover possible pathogens in
sepsis will lead to higher mortality [31,32]. Patient types were determined at the point of
carbapenems prescription; hence, a higher proportion of type-3 patients in the COVID-19
ICU was likely a result of longer ICU stay. Predictably, carbapenems were prescribed
empirically in most cases. The fraction of empirical carbapenems prescriptions from the
GICU alone was still higher than the reported 66.1% in French ICUs [33], though the latter
was studied during the pre-COVID-19 pandemic period. A similar proportion in either
ICU indicated that clinicians were practicing high rates of empirical carbapenems, despite
the negative culture or growth of the organism(s) susceptible to narrower spectrum beta-
lactam antibiotics or alternatives. Although carbapenems were the recommended empirical
choice for ICU patients with severe sepsis [13], only a small percentage of prescriptions had
positive growth of ESBL-producing Enterobacterales, which were predominantly Klebsiella
spp., similar to another tertiary hospital in the same region in Malaysia [18].

The reasons for empirical prescription differed between the COVID-19 ICU and the
GICU, associated with the distribution of the patient types. Rectal colonization with
ESBL/MDR GNB was listed as a risk factor for infection [34–36]. Therefore, this drove
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the carbapenems prescription [36], as seen with the GICU. However, the clinical value is
debatable as the positive predictive value is up to 50%, and the screening is unreliable
for ICU patients [37]. The current risk stratification for predicting ESBL GNB infection
was derived from criteria commonly listed in other predicting models with the same
flaw of lacking external validity [38]. To have a better balance between the consequence of
carbapenems exposure and management of infection, a validated scoring system is urgently
needed to allow more objective judgment.

Empirical carbapenems prescription was seen to be mainly driven by the intention to
escalate therapy in the COVID-19 ICU and expectably more for respiratory infection. Diag-
nosing hospital or ventilator-acquired pneumonia was challenging in which overdiagnosis
and overtreatment were commonly practiced [39]. Respiratory sampling was less preferable
in ventilated COVID-19 patients due to the concern of aerosolized transmission from the
ventilator circuit, leading to a reduction in frequency and quality of microbiological investi-
gation [40]. This further increased the uncertainty in infection diagnosis as well as lessened
the reliance on microbiological results [41]. An international survey by Beovic et al. [42]
reported that the preference for broad-spectrum antibiotics in COVID-19 patients and the
decision on antibiotic prescription are mainly based on clinical presentation. However, it is
challenging to differentiate bacterial etiology from COVID-19 pneumonia. Clinicians would
proceed to escalate therapy when the patient’s progress was not satisfactory [43]. Moreover,
broadening the antibiotic spectrum in managing infection of the critically ill could be a
reaction to the fear of missing diagnosis, which needs to be addressed [39,44]. To date,
there is no standard recommendation to guide escalation therapy. The current guidelines
often recommend the initial choice but lack the guidance on next option when the patient
worsens or is not progressing well. The usual practice is mainly broadening the spectrum of
the antibiotic while pending microbiological reports [45]. Teitelbaum et al. [46] suggested
employing antibiogram to guide the next empirical agents [46]. The study found that the
escalation antibiogram did not support the usual exercise of switching from ceftriaxone to
ceftazidime or piperacillin/tazobactam among ceftriaxone resistant GNR, but meropenem
or amikacin instead. Predictably, this appears to encourage carbapenems prescription when
ceftriaxone therapy fails. However, this approach should be applied on the caveat that
antibiogram was derived from positive cultures and might not apply to all infections.

During the pandemic period, both the COVID-19 ICU and the GICU experienced a
shortage in staffing as they were managed by the same clinician teams. Apart from the
uncertainty in COVID-19 management, overwhelming workload and exhaustion could
cause clinicians to rely on broad-spectrum antibiotics in the dread of missing possible
infecting microbes [44]. However, this appeared to be true in only a small proportion of
prescriptions evaluated as definitive therapy for ESBL organisms. When pathogens such
as MDR Acinetobacter spp. and Stenotrophomonas maltophilia are isolated, carbapenems
might be inadequate. Carbapenem-resistant Acinetobacter baumannii (CRAb) was isolated
in substantial proportion among positive cultures from the COVID-19 ICU, compared
to the GICU. This was consistent with studies by Rangel et al. [47] and Russo et al. [48],
which noted that the incidence of CRAb was heightened among COVID-19 patients. Ac-
cording to the recent treatment guideline by IDSA, high dose ampicillin-sulbactam could
be considered, but in reality, there is no antibiotic proven to be effective [49]. A cohort
study among ICU patients found that mortality risk was further increased to twice as high
for bloodstream infection without adequate therapy within the first 24 h [50]. Although
carbapenems might have a role when used as a third agent in combination with ampicillin-
sulbactam and polymyxin, this suggestion is based on in vitro studies and remains to be
proven by robust clinical studies. The present results indicated that carbapenems were
continued as empirical therapy when CRAb was isolated, for which a combination of high
dose ampicillin-sulbactam at 9 g every 8 h with polymyxin is the recommended therapy
by the current local ICU guideline [51]. Referring to the pathogens isolated from the
blood cultures, carbapenems were overly broad for more than three-quarters of empirical
prescriptions. Both inadequate and overbroad antibiotic spectrum could lead to poorer
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survival rates in patients at the odds of a 20% increase in mortality, as revealed in a large
cohort study among US hospitals by Rhee et al. [52]. It was beyond the scope of the current
study to correlate the association with mortality. However, this highlighted the need for
enhancing antimicrobial stewardship and rapid diagnostic tools so that appropriate therapy
could be optimized or deescalated promptly.

When ESBL-producing organism(s) is isolated, carbapenem is the preferred choice as
there is yet an alternative agent proven non-inferiority as in the case of piperacillin/tazobactam
in bacteremia [53]. While the empirical initiation of carbapenem might be rational consider-
ing the ESBL acquisition risk and unsatisfactory response requiring escalation, the duration
was questionable. This study revealed that the carbapenems were empirically continued
for about one week and the COVID-19 ICU had a longer course duration than the GICU.
This was shorter than the median eight days in five French ICUs [32]. A recent position
statement from European Societies of Intensive Care Medicine (ESICM), Clinical Micro-
biology and Infectious Diseases (ESCMID) advocates that daily review of antibiotics and
de-escalation to narrower spectrum antibiotics should be performed for the critically ill
according to microbiological results. Several studies supported that de-escalation is safe
and associated with lower mortality [54]. When no growth is detected, the non-infectious
cause should be investigated and antibiotics may be stopped [45,54]. The initiation and
continuity of broad-spectrum carbapenems despite microbiological reports suggesting
viable alternatives are concerning, as the risk of developing resistance increases endlessly
by 2% for each day of meropenem exposure [7,55]. One of the possible explanations could
be the time lapse required for the microbiological reports. In general, it took about two
to four days to have organism identification and susceptibility reports from cultures [56].
Molecular methods such as multiplex polymerase chain reaction (PCR) and microarray
or matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-
TOF MS) allow for rapid identification of organisms and resistance determination within
hours, which would potentially enable clinicians to optimize antibiotic earlier [57]. Several
studies showed that rapid testing, together with AMS, improves the time to appropriate
antibiotics [58,59] and can potentially lead to better patient outcomes [60].

Negative cultures are also common among the critically ill. It usually takes five days of
blood culture incubation before confirming negative growth [61], during which clinicians
might choose to continue antibiotics before the report is finalized. A shorter incubation time
might allow earlier decision-making on antibiotic prescription. An incubation period of up
to four days [61] or even one day [62] might be possible with certain modern blood culture
systems [61,62], which are often unavailable in resource-limited settings. Biomarkers
including procalcitonin (PCT) could be used to guide the duration of therapy; however,
a rise in PCT in the absence of microbiological evidence might compel the escalation or
initiation of antibiotics [63,64] due to the knowledge gap and skepticism on PCT over
clinical judgment [65,66], especially among COVID-19 patients who are critically ill and
given concurrent steroid and tocilizumab [67].

Antibiotic prescription is often executed by focusing on the immediate benefit in-
stead of the potential detrimental effect in the distant future, which was described by
Langford et al. [68] as cognitive bias. Clinicians might prefer maintaining broad-spectrum
antibiotics as a “safe option” despite the microbiological reports [43,69]. The perception and
attitude could be a consequence of a deficiency in education and training during medical
residency and undergraduate years [70]. Education is one of the objectives of the WHO
global action plan for AMR [8]. Therefore, AMR and AMS modules should be part of
training in critical care practitioners [71] who could act as synergistic AMS champions in
ICU management. These would cultivate confident and judicious antibiotic prescribers [72]
who are the key to combat against AMR, which is aggravated by antibiotics exposure [10].

The findings add to the existing paucity of information on exposure to broad-spectrum
antibiotics in critical care areas in the South-East Asia region. We have demonstrated that
the excessive antibiotic consumption is likely a result of unwarranted empirical use over a
prolonged period and de-escalation is not performed promptly. Furthermore, we report
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the duration of therapy adjusted to indication, which provides more meaningful feedback
to critical care clinicians for engagement in AMS initiatives. The same measurement
can be adopted as a benchmarking across institutions and to design a standard tool of
appropriateness assessment, which is currently lacking for critical care areas [71,73]. MDR
organisms rate and prescription appropriateness in ICUs should be listed in the critical
care units benchmarking worldwide [74] and be added as one of the foci of the global
surveillance on antimicrobial resistance initiatives [75,76].

There were many limitations due to the nature of the retrospective observational study
based on a single center. Furthermore, the data were retrieved from datasets focusing on
carbapenems prescriptions and might not provide the whole picture of antibiotic prescrip-
tion practice. There could also be missing data that were likely lost due to limited physical
access to the COVID-19 ICU. The indication and prescription duration for COVID-19 ICU
was extracted during table round discussion and, therefore, subjected to recall bias though
data availability and accuracy became better when documents were made available elec-
tronically. This study reflected the practice during the COVID-19 pandemic year, which
might be different from the usual practice before that. In addition, therapy was evaluated
according to the microbiological reports and did not assess the correlation with infection
severity [77]. However, this study appraised the reason for carbapenems prescription,
which was closer to identifying that prescriber intention as a clinical judgment of severity
could be subjective [39].

This current study provides a snapshot of the difference in the prescription practice and
the microbiological profile among patients prescribed carbapenems between the COVID-19
ICU and the GICU. This is important as AMS strategies should cater to the circumstances
under which broad-spectrum antibiotics are used [78]. ICU could be the epicenter for
the spread of MDR organisms that are associated with higher patient mortality and the
situation worsens with the pandemic. The AMS efforts should couple with infection control
measures such as hand hygiene, resistance tracking, and transmission prevention to work
synergistically in improving infection prevention and antibiotic use [79,80], to be better
prepared for the ongoing and future pandemic wave(s). Further study should be done
to identify risk factors and determine the consequence of carbapenem use on resistance
trends and patient outcomes. The current data should alert the government and healthcare
institutions to prioritize the effort in optimizing antibiotics use in ICUs. There is an urgent
need to improve the epidemiological reporting and infrastructure for rapid microbiological
diagnostics and reliable biomarkers, in addition to effective communication and knowledge
dissemination to guide antibiotic prescription and exercise de-escalation early.

4. Materials and Methods

4.1. Study Design and Settings

This was a cross-sectional retrospective observational study conducted at the Hospital
Canselor Tuanku Muhriz (HCTM), a 1054 bedded tertiary care university hospital located in
Kuala Lumpur, Malaysia. This study included antibiotic prescriptions dispensed to ICU(s)
during the period from 2016 to 2021. The unit used to be a 17-bedded medical/surgical
ICU. In 2020, another ward was repurposed as COVID-19 ICU with only 3 beds initially.
Following the worsening of the COVID-19 pandemic, the total ICUs’ capacity was config-
ured as the COVID-19 ICU operated fully and expanded to be 22-bedded, while the GICU
was 8-bedded since December 2020.

The GICU was a mixed medical and surgical-based intensive care unit and the COVID-
19 ICU was designed specifically for patients with confirmed COVID-19 infection. The
triaging for admission was based on the admission and discharge protocol of the local
institution, which was adapted from Malaysia National Protocol [81] and criteria proposed
by Malaysia Society of Intensive Care (MSIC) [82–85]. The severity of patients infected by
the COVID-19 virus was categorized into 5 clinical stages from asymptomatic to severely
ill based on syndromes [81]. Those who were admitted to COVID-19 ICU were stage 4
(symptomatic with pneumonia requiring supplemental oxygen) or stage 5 (critically ill
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with multi-organ derangement) or those with medical and surgical conditions that required
ICU care with concomitant COVID-19 infection. The severity of illness was assessed using
APACHE II score [86] upon admission to GICU only.

The GICU and COVID-19 ICU were primarily managed by clinicians of specialty in
anesthesiology and intensive care. One ICU pharmacist was assigned to deliver pharma-
ceutical care service by participating in the daily handover rounds/discussions with a team
remotely for COVID-19 ICU and performing bedside reviews for GICU. Medications were
prescribed by medical officers on duty in both ICUs.

The ICUs practiced a routine infection control measure of collecting nasal and rectal
swabs from newly admitted patients. All microbiological investigations were done by
an in-house microbiological diagnostic laboratory service. Organisms were identified by
automated VITEK® 2 system (bioMérieux, Marcy-l’Etoile, France). Antibiotic suscepti-
bility testings (AST) were performed using the Kirby–Bauer disk diffusion method and
results were interpreted according to Clinical and Laboratory Standard Institute (CLSI)
guidelines [87].

Antibiotics were electronically prescribed using the hospital electronic prescription
system Medipro® to initiate the dispensing process based on the unit of use system by
the pharmacy. Meanwhile, the administration of antibiotic(s) was manually documented
using a paper-based prescription with columns for prescribers to note the indication of
the antibiotic as empirical, definitive, or prophylaxis, and columns for administration by
nurses for up to 7 days. Both electronic and manual prescriptions were renewed if the
duration of antibiotic was beyond 7 days. Antibiotics prescriptions were guided by the
national ICU antimicrobial prescribing guide [51] and local hospital ICU-specific antibiotic
treatment protocol, which was based on a local antibiogram introduced in 2016. The dosage
regimes in the GICU and the COVID-19 ICU were based on the same principle, including
prolonged infusion and renal adjustment [51], as COVID-19 infection is not known to affect
antibiotic pharmacokinetics [88]. Antibiotics including broad-spectrum beta-lactams such
as piperacillin/tazobactam, cefepime, meropenem, and polymyxins were readily available
as limited floor stock to administer the first dose. However, the subsequent continuation of
carbapenems or piperacillin/tazobactam required specialists’ consent and authorization,
whereas initiation of polypeptides required consent from the infectious disease consultant
on duty. Hence, the consent was obtained using a paper-based pre-authorization form
stating the indication and duration completed with signatures by relevant specialists to
be submitted to the pharmacy department for screening and dispensing. Beginning from
2021, during daily work routine, for each carbapenem prescription, the ward pharmacist
would document further details, which include the type of patients/infections, prescription
indication (definitive/empirical/prophylaxis or from infectious disease consultation), the
reason for empirical initiation, suspected site of infection, date of initiation and completion,
and mortality during therapy. The dataset of the antibiotics, pre-authorized forms, and
carbapenems monitoring details were kept in the pharmacy department.

4.2. Data Collection

Data on antibiotics consumption were extracted from the manually recorded dispens-
ing documents from the pharmacy department. The cumulative admissions and patient
days data were acquired from the hospital department of health information. Prescriptions
of carbapenems were extracted from antibiotics preauthorization forms and carbapenems
monitoring datasets in the pharmacy department. Microbiological reports were accessed
using the hospital’s online microbiological reports system (OMS). The duration of carbapen-
ems therapy was calculated by subtracting the date of initiation from the date of completion
and adjusted by adding one day. All carbapenems prescriptions for patients admitted to
COVID-19 ICU and GICU wards during 2021 were included. Carbapenems prescriptions
of patient(s) who died or were transferred out before pharmacist review were excluded due
to incomplete data. Carbapenems courses during which the patient(s) died before doctors’
order to stop/complete therapy were excluded from the evaluation of therapy duration.

66



Antibiotics 2022, 11, 1172

4.3. Antibiotic Utilization

With reference to WHO methodology [14], the DDD used to estimate the parenteral
antibiotic utilization was standardized according to the latest updated value. Therefore,
the DDD for the commonly used antibiotics are amoxicillin/clavulanic acid: 3 g; ampi-
cillin/sulbactam: 6 g; ceftriaxone: 2 g; cefepime: 4 g; piperacillin/tazobactam: 14 g;
imipenem: 2 g; meropenem: 3 g; vancomycin: 2 g; polymyxin B: 0.15 g; colistin: 9 g. The
utilization is estimated by the cumulative data based on the number of vials dispensed
as follows:

Number of DDD for the year =
Total number of dispensed vials × strength of vial in a year (g)

DDD (from WHO)

Number of DDD per 1000 patient days =
Total number of DDD for the year

Total patient days for the year
× 1000

Antibiotic usage before the pandemic was estimated for the year 2016 to 2019. The
antibiotic usage during the pandemic was estimated for 2021. The utilization during 2020
did not belong to either group due to the transitional operation of the COVID-19 ICU.

4.4. Definition
4.4.1. Definitive/Empirical Prescribing

Carbapenems prescriptions were considered definitive when it was initiated or contin-
ued following the availability of microbiological results, with pathogen or susceptibility
requiring coverage with carbapenems’ spectrum, from cultures of relevant sites except
those from nasal swab and/or rectal swab for infection control surveillance purposes.
If carbapenem-resistant Enterobacterales were isolated, carbapenem was considered indi-
cated when MIC was less than 8 [89]. Conversely, empirical therapy was considered
when carbapenems were initiated for presumed infection, continued, or completed with-
out microbiological evidence [90] or the isolate(s) were susceptible to other beta-lactam
antibiotics of a narrower spectrum, such as penicillins, second/third/fourth generation
cephalosporins and/or penicillin/inhibitors; or the isolate(s) was resistant where carbapen-
ems were deemed unsuitable. Empirical escalation was considered when carbapenems
were switched from ongoing narrower spectrum beta-lactam therapy or added to ongoing
antibiotic(s) therapy due to unsatisfactory response.

4.4.2. Classification of Patient Types

Patient types were classified according to the risk factors of infection by resistant
organisms. Type-1 or community-acquired infection referred to young patients with no
or few comorbid conditions who had no contact with the health care system and no prior
antibiotic treatment in the last 90 days; Type-2 or healthcare-associated infection referred
to patients who had contact with the healthcare system in the past 3 months or less than
1 week in the hospital or less than 48 h in the ICU (e.g., admission into hospital or nursing
home), had an invasive procedure or recent antibiotic therapy in the last 3 months or were
more than 65 years old with few comorbidities [91,92]; Type-3 or nosocomial infections
referred to patients who had hospitalization more than 5 to 7 days with or without infections
following major invasive procedures or had recent and multiple antibiotic therapies or
were more than 65 years old with multiple comorbidities (e.g., structural lung disease,
immunodeficiency) [93].

4.4.3. ESBL GNB Risk

The risk of infection with ESBL GNB was considered when a patient had received
antibiotics in the past 90 days, especially second and third generation cephalosporins;
hospitalization for more than 2 days in the past 90 days; was a resident in a nursing home;
had chronic dialysis in the past 1 month; had home wound care, immunosuppressive
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disease, and/or therapy, catheter colonized by ESBL GNB and rectal swab with ESBL GNB.
This was adapted from local guidelines [94,95].

4.5. Statistical Analysis

Antibiotic utilization was measured in units of DDD per 1000 patient days in aggregate
annual data. All analyses were carried out using Statistical Package for the Social Sciences
(SPSS), version 27.0 (IBM Corp, Armonk, NY, USA for descriptive analysis (percentage
and frequency), categorical, and continuous data variables. Univariable analyses were
performed with Chi-Squared test or Fisher Exact test to compare categorical variables where
appropriate. The median of continuous variables was compared using the Mann–Whitney
test. A p-value of <0.05 was used as the level of significance.

5. Conclusions

Antibiotics’ consumption in ICU increased markedly during the pandemic year, with
near to two-fold increments in carbapenems utilization. Most carbapenem therapies were
empirical and the reasons for prescribing differed between the two ICUs. Carbapenems
were frequently prescribed to escalate therapy in the COVID-19 ICU, while in the GICU,
it was for concern of ESBL GNB risk. Both ICUs had a similar duration of empirical
carbapenems’ usage.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antibiotics11091172/s1, Supplementary File S1: ICUs antibiotic consumption 2016–2021;
Supplementary File S2: Local hospital ICU treatment protocol.
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42. Beović, B.; Doušak, M.; Ferreira-Coimbra, J.; Nadrah, K.; Rubulotta, F.; Belliato, M.; Berger-Estilita, J.; Ayoade, F.; Rello, J.; Erdem,
H. Antibiotic use in patients with COVID-19: A ‘snapshot’ Infectious Diseases International Research Initiative (ID-IRI) survey.
J. Antimicrob. Chemother. 2020, 75, 3386–3390. [CrossRef]

43. Anton-Vazquez, V.; Suarez, C.; Krishna, S.; Planche, T. Factors influencing antimicrobial prescription attitudes in bloodstream
infections: Susceptibility results and beyond. An exploratory survey. J. Hosp. Infect. 2021, 111, 140–147. [CrossRef]

44. Wunderink, R.G.; Srinivasan, A.; Barie, P.S.; Chastre, J.; Dela Cruz, C.S.; Douglas, I.S.; Ecklund, M.; Evans, S.E.; Evans, S.R.;
Gerlach, A.T.; et al. Antibiotic Stewardship in the Intensive Care Unit. An Official American Thoracic Society Workshop Report in
Collaboration with the AACN, CHEST, CDC, and SCCM. Ann. Am. Thorac. Soc. 2020, 17, 531–540. [CrossRef]

45. Thorndike, J.; Kollef, M.H. Culture-negative sepsis. Curr. Opin. Crit. Care 2020, 26, 473–477. [CrossRef]
46. Teitelbaum, D.; Elligsen, M.; Katz, K.; Lam, P.W.; Lo, J.; MacFadden, D.; Vermeiren, C.; Daneman, N. Introducing the Escalation

Antibiogram: A Simple Tool to Inform Changes in Empiric Antimicrobials in the Non-Responding Patient. Clin. Infect. Dis.
2022, ciac256. [CrossRef] [PubMed]

47. Rangel, K.; Chagas, T.P.G.; De-Simone, S.G. Acinetobacter baumannii Infections in Times of COVID-19 Pandemic. Pathogens 2021,
10, 1006. [CrossRef]

70



Antibiotics 2022, 11, 1172

48. Russo, A.; Gavaruzzi, F.; Ceccarelli, G.; Borrazzo, C.; Oliva, A.; Alessandri, F.; Magnanimi, E.; Pugliese, F.; Venditti, M. Multidrug-
resistant Acinetobacter baumannii infections in COVID-19 patients hospitalized in intensive care unit. Infection 2022, 50, 83–92.
[CrossRef] [PubMed]

49. Tamma, P.; Aitken, S.; Bonomo, R.; Mathers, A.; van Duin, D.; Clancy, C. Infectious Diseases Society of America Guidance
on the Treatment of AmpC β-Lactamase-Producing Enterobacterales, Carbapenem-Resistant Acinetobacter baumannii, and
Stenotrophomonas maltophilia Infections. Clin. Infect. Dis. 2022, 74, 2089–2114. [CrossRef]

50. Adrie, C.; Garrouste-Orgeas, M.; Ibn Essaied, W.; Schwebel, C.; Darmon, M.; Mourvillier, B.; Ruckly, S.; Dumenil, A.S.; Kallel, H.;
Argaud, L.; et al. Attributable mortality of ICU-acquired bloodstream infections: Impact of the source, causative micro-organism,
resistance profile and antimicrobial therapy. J. Infect. 2017, 74, 131–141. [CrossRef]

51. Chan, L.; Mat Nor, M.B.; Ibrahim, N.A.; Ling, T.L.; Tay, C.; Lin, K.T.H. Guide to Antimicrobial Therapy in the Adult ICU, 2nd ed.;
Malaysian Society of Intensive Care: Kuala Lumpur, Malaysia, 2017; Available online: https://www.msic.org.my/download/
AntibioticGuidelines.pdf (accessed on 1 April 2022).

52. Rhee, C.; Kadri, S.S.; Dekker, J.P.; Danner, R.L.; Chen, H.-C.; Fram, D.; Zhang, F.; Wang, R.; Klompas, M.; CDC Prevention
Epicenters Program. Prevalence of Antibiotic-Resistant Pathogens in Culture-Proven Sepsis and Outcomes Associated With
Inadequate and Broad-Spectrum Empiric Antibiotic Use. JAMA Netw. Open 2020, 3, e202899. [CrossRef]

53. Harris, P.N.; Tambyah, P.A.; Lye, D.C.; Mo, Y.; Lee, T.H.; Yilmaz, M.; Alenazi, T.H.; Arabi, Y.; Falcone, M.; Bassetti, M. Effect
of piperacillin-tazobactam vs. meropenem on 30-day mortality for patients with E coli or Klebsiella pneumoniae bloodstream
infection and ceftriaxone resistance: A randomized clinical trial. JAMA 2018, 320, 984–994. [CrossRef]

54. Tabah, A.; Bassetti, M.; Kollef, M.H.; Zahar, J.-R.; Paiva, J.-A.; Timsit, J.-F.; Roberts, J.A.; Schouten, J.; Giamarellou, H.; Rello,
J.; et al. Antimicrobial de-escalation in critically ill patients: A position statement from a task force of the European Society of
Intensive Care Medicine (ESICM) and European Society of Clinical Microbiology and Infectious Diseases (ESCMID) Critically Ill
Patient. Intensive Care Med. 2020, 46, 245–265. [CrossRef]

55. Teshome, B.F.; Vouri, S.M.; Hampton, N.B.; Kollef, M.H.; Micek, S.T. Evaluation of a ceiling effect on the association of new
resistance development to antipseudomonal beta-lactam exposure in the critically ill. Infect. Control Hosp. Epidemiol. 2020, 41,
484–485. [CrossRef]

56. Van Belkum, A.; Burnham, C.-A.D.; Rossen, J.W.A.; Mallard, F.; Rochas, O.; Dunne, W.M. Innovative and rapid antimicrobial
susceptibility testing systems. Nat. Rev. Microbiol. 2020, 18, 299–311. [CrossRef]

57. Noster, J.; Thelen, P.; Hamprecht, A. Detection of multidrug-resistant Enterobacterales—from ESBLs to carbapenemases. Antibiotics
2021, 10, 1140. [CrossRef]

58. Banerjee, R.; Humphries, R. Rapid Antimicrobial Susceptibility Testing Methods for Blood Cultures and Their Clinical Impact.
Front. Med. 2021, 8, 635831. [CrossRef]

59. Anton-Vazquez, V.; Hine, P.; Krishna, S.; Chaplin, M.; Planche, T. Rapid versus standard antimicrobial susceptibility testing to
guide treatment of bloodstream infection. Cochrane Database Syst. Rev. 2021, 2021, CD013235. [CrossRef]

60. Timbrook, T.T.; Morton, J.B.; McConeghy, K.W.; Caffrey, A.R.; Mylonakis, E.; LaPlante, K.L. The Effect of Molecular Rapid
Diagnostic Testing on Clinical Outcomes in Bloodstream Infections: A Systematic Review and Meta-analysis. Clin. Infect. Dis.
2017, 64, 15–23. [CrossRef] [PubMed]

61. Ransom, E.M.; Alipour, Z.; Wallace, M.A.; Burnham, C.A. Evaluation of Optimal Blood Culture Incubation Time To Maximize
Clinically Relevant Results from a Contemporary Blood Culture Instrument and Media System. J. Clin. Microbiol. 2021, 59,
e02459-20. [CrossRef]

62. Lambregts, M.M.C.; Bernards, A.T.; van der Beek, M.T.; Visser, L.G.; de Boer, M.G. Time to positivity of blood cultures supports
early re-evaluation of empiric broad-spectrum antimicrobial therapy. PLoS ONE 2019, 14, e0208819. [CrossRef] [PubMed]

63. Christensen, I.; Haug, J.B.; Berild, D.; Bjørnholt, J.V.; Jelsness-Jørgensen, L.-P. Hospital physicians’ experiences with procalcitonin—
Implications for antimicrobial stewardship; a qualitative study. BMC Infect. Dis. 2020, 20, 515. [CrossRef] [PubMed]

64. Wang, X.; Long, Y.; Su, L.; Zhang, Q.; Shan, G.; He, H. Using Procalcitonin to Guide Antibiotic Escalation in Patients With
Suspected Bacterial Infection: A New Application of Procalcitonin in the Intensive Care Unit. Front. Cell. Infect. Microbiol. 2022,
12, 844134. [CrossRef]

65. Schuetz, P.; Beishuizen, A.; Broyles, M.; Ferrer, R.; Gavazzi, G.; Gluck, E.H.; Castillo, J.G.d.; Jensen, J.-U.; Kanizsai, P.L.; Kwa,
A.L.H.; et al. Procalcitonin (PCT)-guided antibiotic stewardship: An international experts consensus on optimized clinical use.
Clin. Chem. Lab. Med. (CCLM) 2019, 57, 1308–1318. [CrossRef]

66. Hohn, A.; Balfer, N.; Heising, B.; Hertel, S.; Wiemer, J.C.; Hochreiter, M.; Schröder, S. Adherence to a procalcitonin-guided
antibiotic treatment protocol in patients with severe sepsis and septic shock. Ann. Intensive Care 2018, 8, 68. [CrossRef]

67. Kooistra, E.J.; van Berkel, M.; van Kempen, N.F.; van Latum, C.R.M.; Bruse, N.; Frenzel, T.; van den Berg, M.J.W.; Schouten,
J.A.; Kox, M.; Pickkers, P. Dexamethasone and tocilizumab treatment considerably reduces the value of C-reactive protein and
procalcitonin to detect secondary bacterial infections in COVID-19 patients. Crit. Care 2021, 25, 281. [CrossRef]

68. Langford, B.J.; Daneman, N.; Leung, V.; Langford, D.J. Cognitive bias: How understanding its impact on antibiotic prescribing
decisions can help advance antimicrobial stewardship. JAC-Antimicrob. Resist. 2020, 2, dlaa107. [CrossRef]

69. Krockow, E.M.; Colman, A.M.; Chattoe-Brown, E.; Jenkins, D.R.; Perera, N.; Mehtar, S.; Tarrant, C. Balancing the risks to individual
and society: A systematic review and synthesis of qualitative research on antibiotic prescribing behaviour in hospitals. J. Hosp.
Infect. 2019, 101, 428–439. [CrossRef]

71



Antibiotics 2022, 11, 1172

70. Di Gennaro, F.; Marotta, C.; Amicone, M.; Bavaro, D.F.; Bernaudo, F.; Frisicale, E.M.; Kurotschka, P.K.; Mazzari, A.; Veronese,
N.; Murri, R.; et al. Italian young doctors’ knowledge, attitudes and practices on antibiotic use and resistance: A national
cross-sectional survey. J. Glob. Antimicrob. Resist. 2020, 23, 167–173. [CrossRef]

71. Chiotos, K.; Tamma, P.D.; Gerber, J.S. Antibiotic stewardship in the intensive care unit: Challenges and opportunities. Infect.
Control Hosp. Epidemiol. 2019, 40, 693–698. [CrossRef]

72. Warreman, E.B.; Lambregts, M.M.C.; Wouters, R.H.P.; Visser, L.G.; Staats, H.; van Dijk, E.; de Boer, M.G.J. Determinants of
in-hospital antibiotic prescription behaviour: A systematic review and formation of a comprehensive framework. Clin. Microbiol.
Infect. 2019, 25, 538–545. [CrossRef]

73. Trivedi, K.K.; Bartash, R.; Letourneau, A.R.; Abbo, L.; Fleisher, J.; Gagliardo, C.; Kelley, S.; Nori, P.; Rieg, G.K.; Silver, P.; et al.
Opportunities to Improve Antibiotic Appropriateness in U.S. ICUs: A Multicenter Evaluation. Crit. Care Med. 2020, 48, 968–976.
[CrossRef]

74. Salluh, J.I.F.; Soares, M.; Keegan, M.T. Understanding intensive care unit benchmarking. Intensive Care Med. 2017, 43, 1703–1707.
[CrossRef]

75. Dalton, K.R.; Rock, C.; Carroll, K.C.; Davis, M.F. One Health in hospitals: How understanding the dynamics of people, animals,
and the hospital built-environment can be used to better inform interventions for antimicrobial-resistant gram-positive infections.
Antimicrob. Resist. Infect. Control 2020, 9, 78. [CrossRef]

76. WHO. Global Antimicrobial Resistance and Use Surveillance System (GLASS). Available online: https://www.who.int/
initiatives/glass (accessed on 20 August 2022).

77. Trifi, A.; Abdellatif, S.; Abdennebi, C.; Daly, F.; Nasri, R.; Touil, Y.; Ben Lakhal, S. Appropriateness of empiric antimicrobial therapy
with imipenem/colistin in severe septic patients: Observational cohort study. Ann. Clin. Microbiol. Antimicrob. 2018, 17, 39. [CrossRef]

78. Chiotos, K.; Tamma, P.D. Antibiotics: How can we make it as easy to stop as it is to start? Clin. Microbiol. Infect. 2020, 26,
1600–1601. [CrossRef] [PubMed]

79. Baur, D.; Gladstone, B.P.; Burkert, F.; Carrara, E.; Foschi, F.; Döbele, S.; Tacconelli, E. Effect of antibiotic stewardship on the
incidence of infection and colonisation with antibiotic-resistant bacteria and Clostridium difficile infection: A systematic review
and meta-analysis. Lancet Infect. Dis. 2017, 17, 990–1001. [CrossRef]

80. Manning, M.L.; Septimus, E.J.; Ashley, E.S.D.; Cosgrove, S.E.; Fakih, M.G.; Schweon, S.J.; Myers, F.E.; Moody, J.A. Antimicrobial
stewardship and infection prevention—Leveraging the synergy: A position paper update. Am. J. Infect. Control 2018, 46, 364–368.
[CrossRef]

81. Ministry of Health Malaysia. Clinical Management of Confirmed COVID-19 Case in Adult and Paediatric (Updated 3 May
2021). Available online: http://COVID-19.moh.gov.my/garis-kkm/Annex_2e_CLINICAL_MANAGEMENT_OF_CONFIRMED_
COVID-19_CASE_IN_ADULT_AND_PEADIATRICS-03052021.pdf (accessed on 1 April 2022).

82. Deva, S.R.; Chan, L.; Ibrahim, N.A.; Ling, T.L. MSIC Consensus Statement A Clinical Guide to Decision-Making for Critically Ill
COVID-19 Patients (1 March 2021). Available online: https://www.msic.org.my/download/MSIC_Statement_Clinical_Guide_
to_Decision_Making.pdf (accessed on 1 April 2022).

83. Academy of Medicine of Malaysia. Malaysia Society of Anaesthesiologist CoA Malaysian Society of Intensive Care Joint
Statement on Critical Care Triage during the COVID 19 Pandemic (27 July 2021). Available online: http://www.acadmed.org.
my/newsmaster.cfm?&menuid=174&action=view&retrieveid=160 (accessed on 1 April 2022).

84. Ikhwan, M.; Zulaikha, N.S.; Nadia, A.; Aidalina, M. Policies on Intensive Care Unit (ICU) Admission during COVID-19 Pandemic.
Int. J. Public Health Clin. Sci. 2021, 8, 1–15.

85. Deva, S.R.; Ling, T.L.; Abdul Rahim, A.H.; Weng, F.K.; Tan, I.T.M.A.; Meng, K.T.; Pheng, L.S.; Har, L.C.; Kassim, M.B.; Mohd Noor,
M.R.; et al. ICU Management Protocols, 2nd ed.; Malaysian Society of Intensive Care: Kuala Lumpur, Malaysia, 2020. Available
online: https://www.msic.org.my/download/ICU_Protocol_Management.pdf (accessed on 1 April 2022).

86. Knaus, W. APACHE II Score. Available online: https://www.mdcalc.com/calc/1868/apache-ii-score. (accessed on 30 June 2022).
87. CLSI Supplement M100; Performance Standards for Antimicrobial Susceptibility Testing. CLSI: Wayne, PA, USA, 2021.
88. Chiriac, U.; Frey, O.R.; Roehr, A.C.; Koeberer, A.; Gronau, P.; Fuchs, T.; Roberts, J.A.; Brinkmann, A. Personalized ß-lactam

dosing in patients with coronavirus disease 2019 (COVID-19) and pneumonia: A retrospective analysis on pharmacokinetics and
pharmacokinetic target attainment. Medicine 2021, 100, e26253. [CrossRef] [PubMed]

89. Sheu, C.-C.; Chang, Y.-T.; Lin, S.-Y.; Chen, Y.-H.; Hsueh, P.-R. Infections Caused by Carbapenem-Resistant Enterobacteriaceae: An
Update on Therapeutic Options. Front. Microbiol. 2019, 10, 80. [CrossRef] [PubMed]

90. Carrara, E.; Pfeffer, I.; Zusman, O.; Leibovici, L.; Paul, M. Determinants of inappropriate empirical antibiotic treatment: Systematic
review and meta-analysis. Int. J. Antimicrob. Agents 2018, 51, 548–553. [CrossRef] [PubMed]

91. Cardoso, T.; Almeida, M.; Friedman, N.D.; Aragão, I.; Costa-Pereira, A.; Sarmento, A.E.; Azevedo, L. Classification of healthcare-
associated infection: A systematic review 10 years after the first proposal. BMC Med. 2014, 12, 40. [CrossRef]

92. Cardoso, T.; Almeida, M.; Carratalà, J.; Aragão, I.; Costa-Pereira, A.; Sarmento, A.E.; Azevedo, L. Microbiology of healthcare-
associated infections and the definition accuracy to predict infection by potentially drug resistant pathogens: A systematic review.
BMC Infect. Dis. 2015, 15, 565. [CrossRef]

93. Schechner, V.; Nobre, V.; Kaye, K.S.; Leshno, M.; Giladi, M.; Rohner, P.; Harbarth, S.; Anderson, D.J.; Karchmer, A.W.; Schwaber,
M.J.; et al. Gram-Negative Bacteremia upon Hospital Admission: When Should Pseudomonas aeruginosa Be Suspected? Clin.
Infect. Dis. 2009, 48, 580–586. [CrossRef]

72



Antibiotics 2022, 11, 1172

94. Parasakthi, N.; Ariffin, H. Consensus Guidelines for the Management of Infections by ESBL Producing Bacteria; Ministry of Health;
Academy of Medicine of Malaysia; Malaysian Society of Infectious Disease and Chemotherapy: Kuala Lumpur, Malaysia, 2001.

95. Ben-Ami, R.; Rodríguez-Baño, J.; Arslan, H.; Pitout, J.D.D.; Quentin, C.; Calbo, E.S.; Azap, Ö.K.; Arpin, C.; Pascual, A.;
Livermore, D.M.; et al. A Multinational Survey of Risk Factors for Infection with Extended-Spectrum β-Lactamase-Producing
Enterobacteriaceae in Nonhospitalized Patients. Clin. Infect. Dis. 2009, 49, 682–690. [CrossRef]

73





Citation: Dhaese, S.A.M.; Hoste, E.A.;

De Waele, J.J. Why We May Need

Higher Doses of Beta-Lactam

Antibiotics: Introducing the

‘Maximum Tolerable Dose’.

Antibiotics 2022, 11, 889.

https://doi.org/10.3390/

antibiotics11070889

Academic Editors: Elizabeth

Paramythiotou, Christina Routsi

and Antoine Andremont

Received: 5 June 2022

Accepted: 3 July 2022

Published: 4 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

antibiotics

Perspective

Why We May Need Higher Doses of Beta-Lactam Antibiotics:
Introducing the ‘Maximum Tolerable Dose’

Sofie A. M. Dhaese 1,2,* , Eric A. Hoste 1,2 and Jan J. De Waele 1,2,*

1 Department of Intensive Care Medicine, Ghent University Hospital, 9000 Ghent, Belgium
2 Department of Internal Medicine and Pediatrics, Ghent University Hospital, 9000 Ghent, Belgium
* Correspondence: sofie.dhaese@ugent.be (S.A.M.D.); jan.dewaele@ugent.be (J.J.D.W.)

Abstract: The surge in antimicrobial resistance and the limited availability of new antimicrobial
drugs has fueled the interest in optimizing antibiotic dosing. An ideal dosing regimen leads to
maximal bacterial cell kill, whilst minimizing the risk of toxicity or antimicrobial resistance. For
beta-lactam antibiotics specifically, PK/PD-based considerations have led to the widespread adoption
of prolonged infusion. The rationale behind prolonged infusion is increasing the percentage of
time the beta-lactam antibiotic concentration remains above the minimal inhibitory concentration
(%f T>MIC). The ultimate goal of prolonged infusion of beta-lactam antibiotics is to improve the
outcome of infectious diseases. However, merely increasing target attainment (or the %f T>MIC) is
unlikely to lead to improved clinical outcome for several reasons. First, the PK/PD index and target
are dynamic entities. Changing the PK (as is the case if prolonged instead of intermittent infusion is
used) will result in different PK/PD targets and even PK/PD indices necessary to obtain the same
level of bacterial cell kill. Second, the minimal inhibitory concentration is not a good denominator to
describe either the emergence of resistance or toxicity. Therefore, we believe a different approach to
antibiotic dosing is necessary. In this perspective, we introduce the concept of the maximum tolerable
dose (MTD). This MTD is the highest dose of an antimicrobial drug deemed safe for the patient. The
goal of the MTD is to maximize bacterial cell kill and minimize the risk of antimicrobial resistance
and toxicity. Unfortunately, data about what beta-lactam antibiotic levels are associated with toxicity
and how beta-lactam antibiotic toxicity should be measured are limited. This perspective is, therefore,
a plea to invest in research aimed at deciphering the dose–response relationship between beta-lactam
antibiotic drug concentrations and toxicity. In this regard, we provide a theoretical approach of
how increasing uremic toxin concentrations could be used as a quantifiable marker of beta-lactam
antibiotic toxicity.

Keywords: beta-lactam antibiotics; pharmacokinetics; pharmacodynamics; ICU; critically ill

1. Introduction

Increasing drug resistance rates and the scarcity of new antibacterial drugs pose a
serious threat for the clinical utility of antimicrobial drugs [1]. In response, Antimicrobial
Stewardship Programs (ASP) were introduced to help preserve our antimicrobial armamen-
tarium by interventions designed to ensure the appropriate use of antimicrobial drugs [2,3].
One of these interventions is dose-optimization, i.e., informed decision making regarding
the optimal dose and dosing regimen for the individual patient [4].

The scientific advances in the field of antimicrobial dose optimization have mainly been
determined by pharmacokinetic (PK) and pharmacodynamic (PD) principles. PK/PD is the
science relating the effect of drug exposure (PK) to an outcome measurement (PD) [5]. For
antibiotics specifically, PK/PD describes the drug exposure necessary to achieve bacterial
cell kill, while limiting its side effects i.e., toxicity and antimicrobial resistance. Beta-lactam
antibiotics, amongst the most commonly prescribed antimicrobial drugs in the ICU, are
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a present-day example of how PK/PD considerations led to the adoption of alternative
modes of infusion to optimize their use [6].

In recent years, a wealth of evidence emerged, demonstrating that the PK of beta-
lactam antibiotics in critically ill patients is significantly different from the beta-lactam PK
observed in healthy volunteers or non-critically ill patients [7]. The patients with sepsis and
septic shock may have an increased or decreased drug clearance and an increased volume
of distribution. Because of their hydrophilic nature and predominantly renal elimination,
changes in kidney function and the volume of distribution profoundly impact the beta-
lactam antibiotic PK [7,8]. As a result, several reports have illustrated subtherapeutic
antibiotic drug concentrations in critically ill patients treated with standard dosing beta-
lactam antibiotic drugs [9,10].

2. How PK/PD Is Currently Used to Optimize Dosing of Beta-Lactam Antibiotics in
the Critically Ill

Beta-lactam antibiotics are considered time-dependent antibiotics and the time (T)
that the unbound fraction (f ) of the antibiotic drug remains above the minimal inhibitory
concentration (MIC) is the PK/PD index of choice (f T>MIC) [11,12]. By convention, the
magnitude of the PK/PD index necessary to achieve a certain outcome (for example
a 3-log10 reduction of colony-forming units (CFU/mL)) is called the PK/PD target [5].
Importantly, the MIC is a value determined in the laboratory under highly standardized
conditions that are very different from in vivo conditions; and the MIC therefore does not
represent a concentration that can be compared with an in vivo drug concentration [13].

The rationale for prolonged (i.e., both extended and continuous) infusion of beta-
lactam antibiotics is extending the duration of infusion in order to increase the %f T>MIC
and target attainment rates (Figure 1). The ultimate goal of prolonged infusion is improving
the outcome of the infection.

 
(A) (B) 

Figure 1. Time above the MIC for intermittent (A) and continuous (B) infusion with initial bolus.

The ability of prolonged infusion to increase the %f T>MIC has been clearly demon-
strated [14,15]. Unfortunately, the benefit of prolonged infusion in terms of reduced mor-
tality is still a matter of debate. Indeed, many clinical studies have evaluated intermittent
versus prolonged infusion of beta-lactam antibiotics, but very few have evaluated mortality
as an outcome parameter. Only two randomized clinical trials (RCTs) have demonstrated a
lower mortality rate with a prolonged versus intermittent infusion of beta-lactam antibi-
otics in critically ill patients [16,17]. Other RCTs have demonstrated improved clinical cure
rates [14,18], lower costs [19,20], a faster reduction of the APACHE (Acute Physiology and
Chronic Health Evaluation) II score [21], increased microbiological success rates [22] or im-
proved target attainment rates [15,23] with prolonged infusion, albeit without an effect on
mortality. Two systematic reviews and one individual patient meta-analysis demonstrated
lower mortality rates with prolonged as opposed to intermittent infusion in patients with
sepsis and severe sepsis [24–26]. Currently, BLING III, a large multicenter trial comparing
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the 90-day all-cause mortality between intermittent and continuous infusion piperacillin
and meropenem has almost finished recruitment, and the results are eagerly awaited [27].

3. Why We Need to Rethink the Use of Prolonged Infusion of Beta-Lactam Antibiotics
to Improve the Outcome of Infection

3.1. The PK/PD Index and Target of Choice for Beta-Lactam Antibiotics Are Not Static Entities

Prolonging the duration of infusion to increase the target attainment depends on
the assumption that the PK/PD index and target by itself are static and are independent
of the mode of infusion used. However, this theory has been challenged, and attaining
the same PK/PD target with a different mode of infusion does not necessarily imply an
equal level of bacterial cell kill [28]. For example, Felton et al. [29] published an in vitro
Pseudomonas aeruginosa hollow-fiber infection model for piperacillin. A dosing of 3, 9
and 17 g of piperacillin, either via intermittent (0.5 h infusion duration) or extended in-
fusion (4 h infusion duration) was simulated. The targets (in Cmin/MIC ratios) reported
for stasis, 1-, 2- and 3-log10 kill and the suppression of resistance for extended infusion
were consistently higher compared with the targets documented for intermittent infusion
(Figure 2). In addition, Sumi et al. [30] evaluated intermittent, extended and continuous in-
fusion piperacillin/tazobactam in an in vitro dynamic hollow-fiber infection model against
ceftriaxone-resistant Klebsiella pneumoniae. For the Kp69 strain (with an MIC of 1 mg/L),
a Cmin/MIC ratio of 1.09 with intermittent infusion was sufficient to avoid resistance devel-
opment, while for the extended infusion a Cmin/MIC ratio of 3.18 was necessary. These
examples illustrate that different PK/PD targets may apply for the same reduction of CFU
when different modes of infusion are used.

Figure 2. Cmin/MIC ratio for different PD endpoints and for both intermittent and extended infusion.
Reproduced from Felton et al. [29].

The concept of dynamic PK/PD indices and targets in terms of changing beta-lactam
antibiotic concentrations have previously been described [31–34], and the idea of a dynamic
PK/PD relationship, linking changing antibiotic concentrations to bacterial kill or growth
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over time, is well established [5,13,33,35,36]. However, we do not generally consider that,
for a different mode of infusion of the same antibiotic, different indices and targets may
apply. When comparing the probability of target attainment between intermittent and
continuous infusion, which implies a fundamentally different concentration–time curve, it
is usually assumed that the PK/PD index and target remain the same [6,28,35–37].

Intriguingly, the optimal PK/PD index is also dependent on PK, as described by
Nielsen et al. [38] and Kristofferson et al. [33]. These authors argue that the choice of
f T>MIC as the PK/PD index of beta-lactam antibiotics is related to the short half-life (and
therefore the PK) of most of these drugs. In situations where the half-life is prolonged,
for example in patients with kidney failure, f AUC/MIC was found as the best predictor
of the antibacterial effect of beta-lactam antibiotics [33]. Even more so, when other drugs
(from different antibiotic classes, such as fluoroquinolones or glycopeptides) were used
for simulation, with a half-life equal to the half-life of benzylpenicillin, f T>MIC was the
PK/PD index best related to the antibacterial efficacy [38]. The fact that the PK/PD index is
a summary endpoint, dependent on both PK and PD, has also been demonstrated for drugs
other than beta-lactam antibiotics. For example, in a lung and thigh infection neutropenic
mouse model of Craig et al. [39], f T>MIC is the PK/PD index of choice for amikacin in mice
with a normal kidney function (half-life of 18.5–32.5 min), as opposed to f AUC/MIC in
mice with an impaired kidney function (half-life of 93.3–121 min).

3.2. Bacterial Cell Kill Is Not the Only Goal

An optimal dosing regimen would allow maximal antibacterial effect, whilst mini-
mizing drug toxicity and the risk of resistance development. Nevertheless, most of our
beta-lactam antibiotic dosing regimens were based upon PK/PD targets and indices for
bacterial cell kill alone. However, the recent literature has illustrated that we may need
different antibiotic exposures (illustrated by different PK/PD targets and indices) for the
suppression of resistance, as opposed to bacterial cell kill [40,41]. Moreover, several authors
have advocated for the mutant prevention concentration (MPC) instead of the MIC as the
PD endpoint for the suppression of resistance [42]. The MPC is the concentration that
prevents the growth of first-step resistant mutants. This concept is based on the idea that a
large initial bacterial burden has a high probability of harboring a first-step mutant. The
mutant selection window (MSW) is defined as a range of concentrations between the MIC
and the MPC. The concentrations within the MSW are expected to promote the selection
of resistance [43,44]. However, the MIC may not necessarily be correlated to the MPC or
MSW, and using MIC as a PD denominator to describe the suppression of resistance might
therefore not be appropriate [45]. If the MIC is not a good PD denominator to describe
the risk for resistance development, increasing the %f T>MIC with a prolonged infusion of
beta-lactam antibiotics will be of no use when resistance development is concerned. Indeed,
determinants other than the mode of infusion, such as the pathogen involved, the duration
of therapy and the initial inoculum size, may be much more important for regrowth [41].

Finally, a PK/PD index or target linked to bacterial cell kill will tell us nothing about
the risk of toxicity, as toxicity for a patient is not associated with susceptibility. Hence,
using a PK/PD target (for example Css 10 times the MIC) to avoid toxicity is not relevant.
As Lau et al. [46] and others [47–51] observed, beta-lactam drug toxicity is most likely
linked to the through concentrations. This finding is especially worrisome, as prolonged
infusions of beta-lactam antibiotics will, by definition, lead to higher through (or, in the
case of continuous infusion, steady state) concentrations.

4. Introducing the ‘Maximum Tolerable Dose’ to Overcome the above Limitations

Based on the above considerations, and from a purely clinical point of view, using
a ‘maximum tolerable dose’ could be an attractive alternative for beta-lactam dosing. It
would maximize the cell kill, avoid resistance development and alleviate the need for
complex dosing regimens in response to dynamic PK/PD indices and targets (of which
most were derived from preclinical experiments). In addition, higher dosing will lead to
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higher tissue concentrations, which is important in critically ill patients, given the high
variability of tissue penetration to different foci of infection [7,52]. Finally, using the MTD
may also facilitate shortening the duration of the antimicrobial therapy.

Translation into practice would require knowledge of the concentrations associated
with beta-lactam toxicity and, preferably, toxicity would be easily measurable [5]. To
date, there is very little information available regarding beta-lactam antibiotic toxicity and
dose–response relationships. Known beta-lactam adverse reactions are hypersensitivity,
nephrotoxicity, myelotoxicity, neurotoxicity, hepatotoxicity and Clostridioides difficile infec-
tion [53]. Of these adverse reactions, the evidence for an exposure–response relationship is
strongest for neurotoxicity. Several beta-lactam antibiotic concentrations have been linked
to neurotoxicity (Table 1), although the beta-lactam antibiotic subclass prescribed is also an
important predictor. For example, the proconvulsive effect of cefepime is estimated to be ten
to fifteen times as high when compared with meropenem and piperacillin respectively [54].
Approximately 10–15% of the ICU patients receiving beta-lactam antibiotic drugs develop
neurotoxicity, but this usually soon resolves after discontinuation or dose reduction [53,54].
The problem with beta-lactam antibiotic neurotoxicity, especially in critically ill patients, is
the fact that it is difficult to distinguish from other causes of neurologic changes, such as
brain damage, encephalopathy, sepsis, other toxic medications, delirium, etc. Unfortunately,
no neurologic symptom is specific for beta-lactam-induced neurotoxicity [54].

Crystal nephropathy, which is a result of antimicrobial precipitation and crystallization
in the renal tubuli has been documented with high amoxicillin concentrations, but is
assumed to be very rare and a specific drug level linked to crystallization has not been
defined [55,56].

Hypersensitivity is a common side-effect of beta-lactam antibiotics, but is likely not
linked to the dosing regimen or drug concentration. Acute interstitial nephritis and drug-
induced liver injury (DILI) are immune-mediated idiosyncratic reactions, and it is therefore
assumed that these reactions are also not linked to the drug concentration. Whether or not
myelotoxicity is dose-dependent is a matter of debate [57].

Table 1. Beta-lactam neurotoxicity levels.

Beta-Lactam Antibiotic Neurotoxicity Levels Reported References

Cefepime 20 mg/dL (II, t), 21.6 mg/dL (II, t), 22 mg/dL (II, t),
36 mg/dL (II, t), 63.2 mg/dL (CI, ss) [49–51,58,59]

Piperacillin/tazobactam 361.4 mg/dL (II, t),157 mg/dL (CI, ss) [47,60]

Meropenem 64.2 mg/dL (II, t) [47]

Flucloxacillin 125.1 mg/dL (II, t) [47]

II: intermittent infusion; CI: continuous infusion; t: trough concentration; ss: steady state concentration.

5. What Other Options Might We Have to Assess Beta-Lactam Antibiotic Toxicity?

Not unsurprisingly, beta-lactam through concentrations are related to a decline in
kidney function [47,50,51]. Indeed, beta-lactam antibiotics are predominantly renally
eliminated, and reduced elimination will lead to higher serum levels [8]. However, other
aspects of a decline in kidney function, such as uremic toxin accumulation, might also be
relevant with regards to beta-lactam toxicity. Uremic toxins are endogenous waste products
that are secreted by the kidney in healthy individuals. In patients with kidney disease,
uremic toxins accumulate, leading to symptoms of uremia, such as anorexia, lethargy
and altered mental function [61]. Uremic toxins are divided into small, water-soluble
toxins, middle molecules and protein-bound uremic toxins (PBUTs) [62]. The clearance of
PBUTs is more dependent on tubular secretion than glomerular filtration [63]. The tubular
secretion of these toxins is mediated by basolateral and luminal transporters expressed on
the tubular epithelial cells. More specifically, the organic anion transporter 1 (OAT1) and the
organic anion transporter 3 (OAT3) are the main transporters responsible for the basolateral
uptake of PBUTs from renal blood. For several β-lactam antibiotics, renal elimination
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is assumed to consist of both glomerular filtration, as well as tubular secretion via the
basolateral OAT1 and OAT3 transporters [64–69]. It is, for example, assumed that as much
as 50 to 75% of the renal elimination of piperacillin, a broad spectrum β-lactam antibiotic,
is governed by tubular secretion [70]. Unlike glomerular filtration, tubular secretion is
a competitive process with the potential for interactions between several drugs and/or
endogenous solutes, in this case, an interaction between PBUTS and beta-lactam antibiotic
concentrations [71].

With respect to the theory of the ‘maximum tolerable dose’, modeling beta-lactam
concentrations (PK) as well as modeling uremic toxin concentrations (PD) as two dy-
namic parameters (pharmacokinetic/toxicodynamic modeling), analogous to the PK/PD
models incorporating dynamic bacterial growth in response to changing antibiotic concen-
trations, may circumvent the issues we currently experience with static PK/PD indices
and targets [5].

6. Conclusions

An ideal antibiotic dosing regimen maximizes bacterial cell kill, whilst minimizing
drug toxicity and the risk for resistance development. In critically ill patients, the finding
of low beta-lactam antibiotic concentrations due to PK variability has led to the adoption
of prolonged infusion to increase target attainment. From a purely PK/PD point of view,
increasing the duration of the infusion to increase the %f T>MIC will not, by definition, lead
to increased bacterial cell kill given that the PK/PD index and target are not static entities.
Moreover, merely prolonging the duration of infusion in an attempt to increase the %f T>MIC
is likely irrelevant when it comes to suppression of regrowth and avoidance of toxicity. In
the future, administering a maximum tolerable dose instead of a (minimum) dose that has
been developed to achieve a predefined PK/PD target for efficacy only, may help preserve
our antimicrobial armamentarium. Currently, the specific levels of beta-lactam drug toxicity
are ill-defined and therefore research focusing on the pharmacodynamics of beta-lactam
antibiotic toxicity is urgently needed. A first step in this process should be measuring the
uremic toxin concentrations in patients receiving beta-lactam antibiotics. These data can
then be used to develop a pharmacokinetic/toxicodynamic model, which in turn could
inform clinicians on the maximum tolerable dose. The patients with advanced kidney
disease are at risk of both high uremic toxin concentrations, as well as high beta-lactam
antibiotic concentrations and therefore represent a study population of interest for the
purpose of developing such a pharmacokinetic/toxicodynamic model.
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Abstract: Multidrug-resistant A. baumannii (MDRAB) VAP has high morbidity and mortality, and
the rates are constantly increasing globally. Mono- and polybacterial MDRAB VAP might differ,
including outcomes. We conducted a single-center, retrospective (January 2014–December 2016)
study in the four ICUs (12–18–24 beds each) of a reference Lithuanian university hospital, aiming to
compare the clinical features and the 30-day mortality of monobacterial and polybacterial MDRAB
VAP episodes. A total of 156 MDRAB VAP episodes were analyzed: 105 (67.5%) were monomicrobial.
The 30-day mortality was higher (p < 0.05) in monobacterial episodes: overall (57.1 vs. 37.3%),
subgroup with appropriate antibiotic therapy (50.7 vs. 23.5%), and subgroup of XDR A. baumannii
(57.3 vs. 36.4%). Monobacterial MDRAB VAP was associated (p < 0.05) with Charlson comorbidity
index ≥3 (67.6 vs. 47.1%), respiratory comorbidities (19.0 vs. 5.9%), obesity (27.6 vs. 9.8%), prior
hospitalization (58.1 vs. 31.4%), prior antibiotic therapy (99.0 vs. 92.2%), sepsis (88.6 vs. 76.5%), septic
shock (51.9 vs. 34.6%), severe hypoxemia (23.8 vs. 7.8%), higher leukocyte count on VAP onset (me-
dian [IQR] 11.6 [8.4–16.6] vs. 10.9 [7.3–13.4]), and RRT need during ICU stay (37.1 vs. 17.6%). Patients
with polybacterial VAP had a higher frequency of decreased level of consciousness (p < 0.05) on ICU
admission (29.4 vs. 14.3%) and on VAP onset (29.4 vs. 11.4%). We concluded that monobacterial
MDRAB VAP had different demographic/clinical characteristics compared to polybacterial and
carried worse outcomes. These important findings need to be validated in a larger, prospective study,
and the management implications to be further investigated.

Keywords: Acinetobacter baumannii; antibiotic optimisation; antibiotic stewardship (AMS);
aspiration pneumonia; colistin; hospital-acquired pneumonia (HAP); multidrug-resistance (MDR);
mortality; non-fermentative Gram-negative bacilli (GNB); polymicrobial; pneumonia resolution;
ventilator-associated pneumonia (VAP)

1. Introduction

Ventilator-associated pneumonia (VAP) is the most frequent infection in the intensive
care unit (ICU) with a significant impact on the morbidity and mortality of critically ill
patients, as VAP development has been associated with increased duration of mechanical
ventilation (MV), prolonged ICU and hospital stay, increased consumption of antibiotics,
and increased health-care costs [1,2]. The reported incidence varies significantly in the
relevant literature, from 1–2.5 cases per 1000 ventilator-days in the USA to 116 cases
per 1000 ventilator-days in the Southeast Asian Region, and this variation might be, at
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least partially, attributed to differences in prevention measures, definitions used, and
case mix [3,4]. It has been demonstrated that the clinical manifestation and outcomes of
VAP might vary depending on the pathogen. There are multiple VAP studies on specific
pathogens describing their clinical, management, and outcome-related aspects without,
however, considering the mono- or polybacterial VAP origin [5,6].

The clinical importance of Acinetobacter baumannii (A. baumannii) has been steadily
increasing on a worldwide level. It has established a niche in the hospital environment
causing a variety of severe infections, especially in the critical care setting. It is usually
a difficult-to-treat pathogen displaying a high resistance profile and has been associated
with high mortality, morbidity, and health care costs [5–22]. Although some controversy
exists in the relevant literature, it seems that the high mortality of infections caused by
multidrug-resistant (MDR) pathogens may be related not only to the bacterial resistance
but also to the severity of illness and the appropriateness and timeliness of antibacterial
treatment [1,5,8–12].

Regarding VAP, A. baumannii is one of the most common pathogens of both mono-
and polybacterial VAP [6,7]. The association between mono- and polybacterial VAP caused
by MDRAB and patients’ mortality has not been thoroughly investigated yet. We believe
that it would be methodologically more accurate to analyze the monobacterial VAP cases
separately from the polybacterial ones in order to reliably estimate the association between
a pathogen and the clinical presentation and outcomes of VAP. Our hypothesis was that the
mortality and clinical characteristics of patients with VAP due to MDRAB differ between
mono- and polybacterial cases. Hence, the primary objective of our study was to compare
the 30-day mortality between patients with mono- and polybacterial MDRAB VAP, while
the secondary objective was to compare their clinical features.

2. Methods and Materials

A retrospective cohort study was conducted in the four adult ICUs (medical-surgical,
neurosurgical, cardiosurgical, and coronary care; 12–18–24 beds each) of the Hospital of
Lithuanian University of Health Sciences Kaunas Clinics, a reference hospital that is the
largest of the country (2300 beds). The study was approved by Kaunas Regional Biomedical
Research Ethics Committee (No BEC-MF-156 and No P1-BE-2-13/2016). The need for
written consent was waived due to the observational nature of the study.

The medical records of all patients admitted to the ICUs over a three-year period
(from January 2014 to December 2016) were reviewed. Inclusion criteria were as follows:
(1) age ≥ 18 years and (2) the first episode of VAP due to MDRAB. Exclusion criteria were:
(1) polybacterial cases with Gram-positive co-pathogens, (2) neutropenia, and (3) deceased
within the first 24 h after VAP onset.

Pneumonia was considered to be ventilator-associated when it occurred 48 h or more
after intubation and onset of mechanical ventilation. Clinical diagnosis of VAP was made
according to 2005 American Thoracic Society/Infectious Diseases Society of America
(ATS/IDSA) criteria [23]. Sepsis status was diagnosed according to Sepsis-2 criteria [24].
The severity of illness was assessed on ICU admission and on VAP diagnosis using the
Sequential Organ Failure Assessment (SOFA) and Simplified Acute Physiology Score II
(SAPS II) scores. The identification of A. baumannii isolates and antibiotic susceptibility was
performed according to the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) guidelines [25]. A. baumannii isolates were defined as MDR and extensively
drug-resistant (XDR) according to an international expert proposal for the interim standard
definitions for acquired resistance criteria, i.e., MDR when they were non-susceptible to
at least one agent in three or more antimicrobial categories, and XDR when they were
non-susceptible to at least one agent in all but two or fewer antimicrobial categories [26].
XDR isolates represent a sub-group of MDRs [26].
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Demographics, clinical and laboratory data for each VAP case were recorded, in-
cluding: (1) data of the first MDRAB positive tracheal aspirate culture, bacterial load
(moderate/heavy growth), and drug resistance of A. baumannii strains; (2) age, gender, type
of admission (medical/surgical), and comorbidities; (3) red blood cell (RBC) transfusion,
reintubation, tracheostomy, and the need for renal replacement therapy (RRT) during the
ICU stay; (4) sepsis, septic shock, oxygenation, temperature, inflammatory, and acid-base
status on VAP diagnosis; (5) severity of illness on ICU admission and on VAP onset; (6) the
use of intravenous (IV) antibiotics within the prior 90 days; (7) outcome: discharge or death
at day 30 after VAP onset. The SOFA score was used to define organ dysfunction (>0) and
organ failure (>2) both on ICU admission and on VAP onset. The baseline comorbidities
were assessed using the Charlson comorbidity index (CCI), and the sepsis status using
SEPSIS 2 criteria. Admission was considered as surgical in patients who had undergone
surgery in the preceding four weeks. Antibacterial therapy was considered appropriate
when at least one antibacterial agent, to which all causative pathogens were susceptible
in vitro, was administered.

The mortality was defined as all-cause mortality within 30-day period after VAP
diagnosis. To rule out the potential impact of several factors on mortality, the patients
were grouped based on their disease severity on VAP diagnosis (SOFA < 8 vs. SOFA > 7),
antimicrobial resistance of A. baumannii strains (MDR vs. XDR), appropriateness (appro-
priate vs. inappropriate) and timeliness (less vs. more than 48 h from VAP onset) of
antibacterial treatment.

Statistical Analysis

The variables were summarized as frequencies and percentages or medians and in-
terquartile range (IQR). Mann–Whitney non-parametric test, Pearson’s chi-square test, or
two-tailed Fisher’s exact test were performed to detect the differences between groups as
appropriate. Mortality was analyzed both, as a binary outcome (survivor/non-survivor)
and as survival time data. In the survival analysis, Kaplan–Meier estimates of the probabil-
ity of survival were obtained, and survival curves were compared between groups using
the Log Rank test. Two-sided p values of <0.01 and <0.05 were considered statistically
significant for the Log Rank test and all other analyses, respectively. Statistical analysis was
performed using the Statistical Package for the Social Sciences (SPSS), version 24 (SPSS,
Chicago, IL, USA).

3. Results

A total of 156 VAP cases due to MDRAB were included in the analysis: 105 (67.3%)
monobacterial and 51 (32.7%) polybacterial episodes, p < 0.001. In association with
A. baumannii, one co-pathogen was found in 40 (25.6%), and two co-pathogens in 11 (7.1%)
cases of polybacterial VAP; Klebsiella spp. and P. aeruginosa were the most frequently iso-
lated co-pathogens. Most of A. baumannii strains (85.3%) were found to be of XDR profile
(p < 0.001). All of them were susceptible to colistin, however, the vast majority (>90%) were
resistant to piperacillin/tazobactam, cephalosporins, and carbapenems.

Patients with monobacterial episodes had more frequently prior antibiotic use, partic-
ularly carbapenems and antifungals, higher CCI, higher white blood cells count on VAP
onset, and more frequent RRT during the ICU stay. Moreover, they had a higher respiratory
SOFA score on ICU admission and more severe hypoxia on VAP onset, as depicted by the
PaO2/FiO2 ratio (detailed comparison in Table 1).

Patients with monobacterial VAP due to MDRAB had higher mortality compared to
those with polybacterial VAP, even after controlling for factors that may affect mortality.
The detailed characteristics of 30-day mortality are provided in Table 2.

The time to death (censored at day 30) was also shorter in the group with monobacterial
VAP due to MDRAB, p = 0.01 (Figure 1).
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Table 1. Characteristics of mono- and polybacterial cases of VAP due to MDRAB.

Variable

VAP Origin

Monobacterial
n = 105

Polybacterial *
n = 51

p Value

Age, years, median (IQR) 63 (54–72) 59 (52–67) 0.22

Sex, male, n (%) 61 (58.1) 32 (62.7) 0.61

Prior hospitalization within 90 days, n (%) 61 (58.1) 16 (31.4) <0.01

Disease severity on ICU admission, median (IQR):
� SOFA 7 (4–9) 7 (5–8) 0.64
� SAPS II 40.5 (33.0–56.0) 44.0 (35.0–54.0) 0.66

Admission to ICU from, n (%):
� Community—ED 39 (37.1) 23 (45.1)

0.62� Ward 37 (35.2) 15 (29.4)
� Other ICU 29 (27.6) 13 (25.5)

Duration of hospital stay prior to VAP onset, days,
median (IQR) 13.0 (6.25–20.0) 11.0 (6.0–16.75) 1.00

Duration of ICU stay prior to VAP onset, days,
median, IQR 8.5 (5.0–14.0) 9.0 (5.0–13.75) 0.26

Admission, n (%):
� Medical 66 (62.9) 30 (58.8)

0.73
� Surgical 39 (37.1) 21 (41.2)

CCI ≥ 3, n (%) 71 (67.6) 24 (47.1) 0.01

Chronic illness, n (%): 86 (81.9) 39 (76.5) 0.43
� Cardiovascular 73 (69.5) 33 (64.7) 0.55
� Respiratory 20 (19.0) 3 (5.9) 0.03

� Neurological 8 (7.6) 2 (3.9) 0.50
� Renal 22 (21.0) 7 (13.7) 0.28
� Liver 9 (8.6) 4 (7.8) 0.89
� DM 18 (17.1) 7 (13.7) 0.59
� Oncology ** 17 (16.2) 4 (7.8) 0.15
� Obesity *** 29 (27.6) 5 (9.8) 0.01

Organ failure on ICU admission, n (%):
� SOFA respiratory ≥ 3 75 (71.4) 26 (50.0) 0.01

� SOFA cardiovascular ≥ 3 42 (40.0) 20 (39.2) 0.93
� SOFA neurologic ≥ 3 15 (14.3) 15 (29.4) 0.03

� SOFA renal ≥ 3 17 (16.2) 6 (11.8) 0.47
� SOFA liver ≥ 3 2 (1.9) 0 (0) 0.56
� SOFA coagulation ≥ 3 6 (5.7) 3 (5.9) 0.97
� MODS 53 (34) 22 (14.1) 0.39

Tracheostomy before VAP, n (%) 15 (14.3) 10 (19.6) 0.49

Reintubation before VAP, n (%) 13 (12.4) 4 (7.8) 0.39

RBC transfusion before VAP, n (%) 55 (51.9) 28 (57.1) 0.54

Use of IV antibiotics within 90 days, n (%): 104 (99) 47 (92.2) 0.04

� Penicillins 44 (41.9) 16 (31.4) 0.21
� Cephalosporins 86 (81.9) 39 (76.5) 0.43
� Fluoroquinolones 21 (20.0) 6 (11.8) 0.20
� Aminoglycosides 5 (4.8) 1 (2.0) 0.66
� Carbapenems 9 (37.1) 9 (17.6) 0.02

� Antifungal 16 (15.2) 1 (2.0) 0.01

88



Antibiotics 2022, 11, 892

Table 1. Cont.

Variable

VAP Origin

Monobacterial
n = 105

Polybacterial *
n = 51

p Value

Disease severity on VAP onset, median (IQR):
� SAPS II score 45 (32.5–54.5) 43 (33.0–51.0) 0.40
� SOFA score 6 (4–10) 5 (4–8) 0.53

Organ failure on VAP onset, n (%):
� SOFA respiratory ≥ 3 86 (81.9) 35 (68.6) 0.06
� SOFA cardiovascular ≥ 3 41 (39.0) 14 (27.5) 0.16
� SOFA neurological ≥ 3 12 (11.4) 15 (29.4) 0.01

� SOFA renal ≥ 3 18 (17.1) 6 (11.8) 0.38
� SOFA liver ≥ 3 4 (3.8) 0 (0) 0.30
� SOFA coagulation ≥ 3 9 (8.6) 2 (3.9) 0.29
� MODS 51 (48.6) 17 (33.3) 0.07

Sepsis on VAP onset, n (%) 93 (88.6) 39 (76.5) 0.049

Septic shock on VAP onset, n (%) 54 (51.9) 18 (34.6) 0.041

Temperature on VAP onset, n (%):
� <36 ◦C 13 (12.4) 6 (11.8) 0.91
� ≥38.3 ◦C 48 (45.7) 22 (43.1) 0.76

Oxygenation index on VAP onset, n (%)
� PaO2/FiO2 ≤ 300–>200 19 (18.1) 14 (27.5) 0.18
� PaO2/FiO2 ≤ 200–>100 62 (59.0) 34 (64.7) 0.36
� PaO2/FiO2 ≤ 100 24 (22.9) 3 (5.9) <0.01

Inflammatory markers on VAP onset, median (IQR):
� WBC, cells × 109/L 12.2 (8.7–17.9) 10.9 (7.3–13.4) 0.03

� CRP, mg/L 172 (113–241) 172 (119–235) 0.88

Acidosis on VAP onset, metabolic, n (%) 39 (37.1) 17 (33.3) 0.64

RRT during the ICU stay, n (%) 39 (37.1) 9 (17.6) 0.01

CCI: Charlson comorbidity index; CRP: C-reactive protein; DM: diabetes mellitus; ED: emergency department;
ICU: intensive care unit; IQR: interquartile range; IV: intravenous; MDRAB: multidrug-resistant Acinetobacter
baumannii; MODS: multiple organ dysfunction syndrome; SAPS II: Simplified Acute Physiology Score II; SOFA:
Sequential Organ Failure Assessment; RBC: red blood cells; RRT: renal replacement therapy; VAP: ventilator-
associated pneumonia; WBC: white blood cells. * polybacterial VAP only due to Gram-negative pathogens;
** Oncology: cancer of a solid organ; *** Obesity: body mass index over 30 kg/m2.

Table 2. The 30-day mortality of mono- and polybacterial cases of VAP due to MDRAB.

Variable

30-Day Mortality

VAP Origin p Value
Monobacterial,
n/Total (%) **

Polybacterial *,
n/Total (%) **

All sample 60/105 (57.1) 19/51 (37.3) 0.02

Severity on VAP diagnosis
� SOFA < 8 28/64 (43.8) 9/35 (25.7) 0.08

� SOFA > 7 32/41 (78.0) 10/16 (62.5) 0.23

Appropriateness of antibacterial treatment
� Appropriate 35/69 (50.7) 8/34 (23.5) <0.01

� Inappropriate 25/36 (69.4) 11/17 (64.7) 0.73
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Table 2. Cont.

Variable

30-Day Mortality

VAP Origin p Value
Monobacterial,
n/Total (%) **

Polybacterial *,
n/Total (%) **

Appropriate treatment and severity on VAP diagnosis
� SOFA < 8 18/43 (41.9) 4/21 (19.0) 0.07
� SOFA > 7 17/26 (65.4) 4/13 (10.3) 0.04

Time of appropriate antibacterial treatment
� Early 26/47 (55.3) 6/18 (33.3) 0.11
� Late 34/58 (58.6) 13/33 (39.4) 0.08

Antibacterial resistance profile of A. baumannii strains
� MDR 9/16 (56.3) 3/7 (42.9) 0.68
� XDR 51/89 (57.3) 16/44 (36.4) 0.02

ICU: intensive care unit; MDR: multidrug-resistant; SOFA: Sequential Organ Failure Assessment; XDR: extensively
drug resistant; VAP: ventilator-associated pneumonia. * polybacterial VAP only due to Gram-negative pathogens;
** n: number of deceased patients in the subgroup/total: total of the respective subgroup.

Figure 1. Kaplan–Meier survival curves for time to death in monobacterial vs. polybacterial VAP due
to MDR A. baumannii (censored at 30 days).

4. Discussion

The key new finding of this analysis: the 30-day mortality rate in VAP due to MDRAB
was higher in monobacterial compared to polybacterial cases. Mortality remained higher
or showed the trend to be higher even after adjusting for the impact of disease severity,
adequacy of treatment, timeliness of treatment, and the resistance profile of A. baumannii
strains. Moreover, mono- and polybacterial cases of VAP had different demographic and
clinical characteristics.

Previous studies show high all-cause mortality due to MDRAB VAP, however, it
remains unclear whether, and to what degree, the poor outcomes are associated with the
case mix, the underlying comorbidities, the multi-organ dysfunction, the pathogenicity
and antibiotic resistance of A. baumannii strains, or other factors, such as the presence of
co-pathogens in case of polybacterial infection [27–30]. The role of a specific pathogen in
the disease course and outcome of polybacterial infections is difficult to be estimated due
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to possible positive or negative bacterial interactions. Although MDRAB is becoming one
of the most common pathogens of VAP in several countries, so far, we have found no study
comparing the impact of monobacterial and polybacterial origin of VAP on patient mortality.
The current study adds knowledge to the field, demonstrating that the 30-day mortality
was statistically significantly higher (57.1% vs. 37.3%) in the group of monobacterial
VAP compared to polybacterial cases. Similarly, in the study of Brewer et al. [31] that
compared mono- and polybacterial P. aeruginosa VAP, there was a trend for higher mortality
in monobacterial cases (78.0% vs. 53.0%, p = 0.15). In contrast, Combes et al. [32] did not
identify any differences in 30-day mortality between mono- and polybacterial VAP cases.
Nevertheless, it is difficult to compare these results with ours, as they did not analyze
MDRAB cases exclusively, but VAP caused by various pathogens, including Gram-positive
ones, without specifying their antimicrobial susceptibility. Furthermore, in the study of
Combes et al., Acinetobacter species accounted for less than 6% of all pathogens [32].

To assess the possible impact of confounders affecting mortality, we stratified monobac-
terial and polybacterial VAP cases into subgroups according to the severity of illness, ap-
propriateness, and timeliness of antibacterial treatment, and MDR profile (MDR vs. XDR).
When we controlled for the severity of illness (SOFA < 8 vs. SOFA > 7), we noted a trend
for increased mortality in both sub-groups of monobacterial VAP cases. Both recent studies
of Chang et al. [11] on HAP/VAP, with MDRAB as the most common pathogen, and of
the ID-IRI group [9] on A. baumannii VAP demonstrated an association between reduced
mortality and appropriate treatment. Nonetheless, these studies did not analyze whether
this association persisted after assessing pneumonia’s mono- vs. polybacterial origin. In our
analysis, 30-day mortality was found to be significantly higher in the monobacterial cases,
even in the cases with appropriate antibacterial treatment. When comparing the additional
impact of both disease severity and appropriateness of treatment, we revealed higher
30-day mortality in monobacterial VAP cases in the sub-group with the more severe disease,
while a trend for higher mortality was shown in the lower disease severity sub-group, too
(p = 0.07). Early appropriate therapy was not associated with mortality differences in mono-
vs. polybacterial VAP cases. On the other hand, in delayed appropriate treatment, a trend
for increased 30-day mortality in monobacterial VAP cases was identified.

The fact that the monobacterial MDRAB VAP had a worse outcome compared to
the polybacterial cases might be explained by possible higher pathogen virulence and,
consequently, a worse disease course. There is evidence that the same pathogen in a
polybacterial environment might become less virulent compared to a monobacterial set-
ting due to pathogen competition in the process of infection [33–35]. Bacteria can form
dynamic polymicrobial communities with complex interactions, either co-operative or
competitive [33–35]. Competition between bacteria may be expressed in several ways,
including consuming resources to limit the growth of the competitor and even production
of intrinsic antimicrobial compounds [33–36]. If A. baumannii is the only causative agent
of VAP, there is no need for an intraspecies fight, and authentic virulence is revealed. Fur-
thermore, there is evidence in the literature that the co-existence of several pathogens may
influence their physiological functions, including their susceptibility to specific antimicro-
bial agents [33]. Further research is needed to address pending questions regarding the
molecular mechanisms behind the interactions between co-existing pathogens in terms
of virulence and antimicrobial susceptibility and between co-existing pathogens and host
immune responses [35].

Although it has been speculated that bacteria lose their fitness and virulence by
gaining antibiotic resistance, several studies that report very high infection-related mortality
contrast this speculation [30,36–38]. Almomani et al. [38] had reported mortality of 42.0%
in MDRAB VAP, while the reported mortality of Choi et al. [30] in XDR A. baumannii
VAP was 23.8%. The high mortality of monobacterial MDRAB VAP reported in our study
corroborates the data that demonstrate the very aggressive nature of these bacteria.

A rapid spread of resistance of A. baumannii strains against most of the widely used
antibiotics limits the therapeutic choices and make appropriate treatment challenging.
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Although a clear and unanimous consensus on MDRAB VAP treatment is still missing, the
current ATS/IDSA hospital-acquired/ventilator-associated (HAP/VAP) guidelines [39] rec-
ommend reserving colistin for cases of A. baumannii sensitive only to this agent. Polymyxins
effectively suppress A. baumannii growth in vitro, however, the following factors question
their safety and efficacy in clinical use: narrow therapeutic window and only bacteriostatic
effect, variable PK/PDs, side effects, and not clearly determined optimal dosage [40,41].
Moreover, strong evidence is missing on whether colistin should be used as monotherapy
or in combination. It has been suggested that colistin, combined with other antibiotics, such
as carbapenems, leads to better outcomes due to the synergism of the different antibiotic
classes [42]. Many clinical studies on MDRAB VAP treatment with colistin or its combina-
tions have been conducted, however, most of them were retrospective and heterogeneous
(diverse patient populations, A. baumannii phenotypes and genotypes, and different an-
tibiotic combinations), that is why their results cannot be easily compared, generalized,
or translated into clinical practice. For instance, Tsioutis et al. [6] and Gu et al. [43] did
not find any statistically significant differences in patient groups treated with colistin as
monotherapy compared to colistin combinations with tigecycline, carbapenems, aminogly-
cosides, and trimethoprim/sulfamethoxazole. On the other hand, in the meta-analysis of
Wang et al. [40], the mortality trend was shown to be higher in the colistin monotherapy
group. A possible explanation for worse outcomes in the colistin monotherapy group could
be the phenomenon that some subpopulations of MDRAB strains, which are resistant to
colistin, are able to multiply in an environment with a much higher colistin concentration
than the minimum inhibitory concentration (MIC) [43,44]. What also might contribute to
worse outcomes is the poor colistin penetration into the lung tissue that leads to insufficient
concentration in epithelial lining fluid when administered IV in the regular recommended
dose. Therefore, it has been suggested to administer colistin, not only by IV, but also by
inhalation [45]. It has been hypothesized that an aerosolized route of administration may
contribute to a higher local colistin concentration and lower incidence of superinfections
and side effects [46]. However, the meta-analyses of Florescu et al. [46] and Gu et al. [43]
that compared the treatment efficacy of colistin administered alone IV vs. a combination
of IV and inhaled colistin in VAP due to Gram-negative bacilli (GNB), did not reveal any
significant differences in 28-day mortality or ICU- and hospital-related mortality, even
after controlling for concomitant antibiotic treatment or the dose of IV colistin. Moreover,
although the meta-analysis of 16 studies conducted by Valachis et al. [47] showed that a
combination treatment of IV antibiotic plus inhaled colistin reduced the infection-related
mortality (OR 0.58; 95% CI, 0.34–0.96), it did not show any significant influence on all-
cause mortality (OR 0.74, 95% CI, 0.54–1.01). Nonetheless, this meta-analysis included
observational cohorts only, and most studies were of low/very low quality of evidence
with multiple risks of bias. Another systematic review and meta-analysis of randomized
clinical trials restricted to VAP did not confirm the findings of Valachis et al. and, moreover,
reported that aerosolized colistin might increase respiratory complications in severely
hypoxemic patients [48]. A position paper of the European Society of Clinical Microbiology
and Infectious Diseases (ESCMID) [49] recommended against the use of aerosolized antibi-
otics in addition to IV treatment as standard clinical practice. Among VAP cases caused
by resistant pathogens, replacing systemic administration by aerosolization also failed to
demonstrate further efficacy but showed reduced nephrotoxicity. In addition, the role of
the aerosol device and standardization of administration is a major issue [50].

Treatment of infections due to MDR GNBs using colistin alternatives—sulbactam and
tigecycline combinations—has been investigated [7,51,52]. However, most of the studies
that compared the outcomes of A. baumannii infections treated with colistin vs. other
antibiotics did not find any significant differences in mortality [32,35,40,43,45–47,53–55].
On the other hand, a meta-analysis of Jung et al. [7] on critically ill patients with pneumonia
due to MDR/XDR A. baumannii investigated treatment efficacy with colistin compared to
15 other antibiotic regiments (sulbactam, high sulbactam dose, fosfomycin + IV colistin,
high tigecycline dose, and IV + inhaled colistin) and found that a cefoperazone/sulbactam
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combination ranked higher than IV colistin for reducing all-cause mortality. In summary,
these results should be interpreted cautiously, since the studies included not only VAP cases,
but other infections, as well, and not all of them were A. baumannii-associated. Regarding
cefoperazone/sulbactam, specifically, an open-label clinical trial in a patient with MDRAB
HAP/VAP suggested that a combined pharmacokinetics/pharmacodynamics (PK/PD)
index for both antibiotic agents [%(T > MICcpz × T > MICsul)] was more appropriate for
dose optimization than for a single agent PK/PD index [56]. Due to the limited therapeutic
options, minocycline, alone or in combination, has also been used for MDRAB treatment,
and a recent systematic review of MDRAB infections (the majority was pneumonia cases)
has reported promising results that set the ground for further research [57]. New antibiotics
are needed to reinforce the limited armamentarium against MDRAB [58].

The effect of the drug resistance profile of A. baumannii strains on mortality remains
unclear. A large study by Lakbar et al. [10] that analyzed the association between antibiotic
resistance and mortality in ICU-acquired pneumonia found that higher resistance of the
causative pathogens increased the risk of death. On the contrary, Paramythiotou et al. [59]
did not confirm the link between higher resistance of GNBs as VAP pathogens and increased
mortality. The potential differences in the in vitro and in vivo activity of the antimicrobial
agents might confound the association between drug resistance profiles and mortality. In
our study, a higher resistance profile of A. baumannii strains, i.e., XDR, was significantly
associated with increased mortality in monobacterial VAP cases. This relationship could be
partly explained by the fact that the more resistant the pathogen, the less likely was the
administration of appropriate antibacterial treatment.

Bringing novelty to the literature, we also compared the clinical characteristics of
mono- and polybacterial MDRAB VAP on ICU admission and VAP onset. On ICU admis-
sion, the main findings were the more frequent multiple comorbidities (CCI ≥ 3, chronic
respiratory disease, and obesity) and prior hospitalization in the monobacterial sub-group,
whereas, on VAP onset, the patients with monobacterial MDRAB were in more severe
conditions (e.g., leukocytosis, sepsis, septic shock, hypoxemia, and organ dysfunction).
Moreover, the use of IV antibiotics, particularly carbapenems and antifungals, within
90-day before VAP onset was strongly associated with the monobacterial cases. The higher
frequency of prior carbapenem use might have led to less diversity of bacterial flora in the
lower respiratory tract and, thus, to monobacterial MDRAB VAP. The interaction between
non-fermentative bacilli in the respiratory tract and yeast has been well documented, par-
ticularly for P. aeruginosa. Our findings support a close relationship between microbiome
and microbiota diversity and the development of monobacterial episodes, with potentially
important implications for antimicrobial stewardship. Ferrer et al. [27], in a methodologi-
cally quite similar study, also demonstrated that chronic underlying diseases were more
prevalent among patients with monobacterial ICU-related pneumonia, but contrary to our
study, it was found that hypoxemia and inflammatory response did not differ between
mono- and polybacterial cases. However, a direct comparison of our study and the one
of Ferrer et al. [27] would be inaccurate since the latter included ICU-related pneumonia
cases with various pathogens/resistance profiles (not only Gram-negatives/MDRs). On
the other hand, an interesting finding is that neurological impairment (as depicted by
higher neurological SOFA) was significantly more frequent in the polybacterial VAP sub-
group. Similar to our results, in the very recent study of Natarajan et al. [60], the decreased
level of consciousness at the time of intubation (Glasgow Coma Scale < 8) was the single
independent predictor of polybacterial VAP. The link between impaired consciousness
and polybacterial VAP might be partly attributed to the fact that neurological dysfunction
increases the risk of regurgitation and aspiration of polymicrobial-laden oropharyngeal
secretion and gastric contents [60–64].

Study Novelties and Limitations

To our knowledge, this is the first study to compare the mortality and the clinical
characteristics of the mono- vs. the polybacterial episodes of VAP due to MDRAB. The
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results of our study indicate the important differences in the clinical characteristics and
mortality of monobacterial vs. polybacterial MDRAB VAP. This information, along with the
bacterial load (as depicted by quantitative or semi-quantitative cultures), could be taken
into consideration when the results of respiratory cultures indicate polybacterial growth
and we face the dilemma of whether A. baumannii represents a pathogen or an innocent
by-stander (colonizer).

Our study also has some limitations. Although the data were collected in ICUs with
a variety of case-mix in the country’s largest university hospital, it is still a single-center,
retrospective study, so the results might not exactly depict the situation in other hospitals in
the country, and further research is required before extrapolating them. On the other hand,
regional hospitals use to transfer the critically ill patients to the tertiary care ICUs where
the study was conducted, that is why we think our findings should represent well the
whole country’s profile of VAP due to MDRAB. Furthermore, due to the quite limited size
of the study cohort, some differences in the mortality of monobacterial in comparison with
polybacterial episodes were found only in clinical relevance and did not reach statistical
significance. Moreover, due to the limited sample size, neither sub-group analysis of
MDRAB strains with different resistance profiles nor sub-group analysis of MDRAB co-
infection with different pathogens could be performed. Finally, tracheobronchitis, VAP
relapses, or superinfections were not recorded in our database, while the results of the
respiratory cultures were not quantitative, facts that might have led to misclassification
and under- or over-estimation of VAP.

5. Conclusions

Despite the limitation of being retrospective and single-centered, our study has pro-
vided important information on a field that the relevant literature is limited: whether
monobacterial MDRAB VAP differs from the polybacterial one in clinical findings and mor-
tality. Although the current study by itself, due to the limitations mentioned already, cannot
inform change in practice, it can act as a platform for larger, well-designed, prospective
studies that will further explore the difference between mono- and polymicrobial MDRAB
VAP and their potential clinical implications, such as, whether—and to which subgroups of
patients—the antimicrobial agent(s) could be withheld or discontinued when the results of
the respiratory cultures depict polybacterial MDRAB VAP.
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Abstract: The objectives of this study were to investigate the incidence of candidemia, as well as
the factors associated with Candida species distribution and fluconazole resistance, among patients
admitted to the intensive care unit (ICU) during the COVID-19 pandemic, as compared to two
pre-pandemic periods. All patients admitted to the ICU due to COVID-19 from March 2020 to
October 2021, as well as during two pre-pandemic periods (2005–2008 and 2012–2015), who developed
candidemia, were included. During the COVID-19 study period, the incidence of candidemia
was 10.2%, significantly higher compared with 3.2% and 4.2% in the two pre-pandemic periods,
respectively. The proportion of non-albicans Candida species increased (from 60.6% to 62.3% and
75.8%, respectively), with a predominance of C. parapsilosis. A marked increase in fluconazole
resistance (from 31% to 37.7% and 48.4%, respectively) was also observed. Regarding the total patient
population with candidemia (n = 205), fluconazole resistance was independently associated with ICU
length of stay (LOS) before candidemia (OR 1.03; CI: 1.01–1.06, p = 0.003), whereas the presence of
shock at candidemia onset was associated with C. albicans (OR 6.89; CI: 2.2–25, p = 0.001), and with
fluconazole-susceptible species (OR 0.23; CI: 0.07–0.64, p = 0.006). In conclusion, substantial increases
in the incidence of candidemia, in non-albicans Candida species, and in fluconazole resistance were
found in patients admitted to the ICU due to COVID-19, compared to pre-pandemic periods. At
candidemia onset, prolonged ICU LOS was associated with fluconazole-resistant and the presence of
shock with fluconazole-susceptible species.

Keywords: candidemia; ICU; incidence; epidemiology; Candida species; non-albicans Candida species;
fluconazole resistance; COVID-19; critically ill

1. Introduction

Coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), being declared a pandemic by the World Health
Organization on 11 March 2020 [1], spread rapidly around the world, causing a global
health emergency [2]. Severe forms are complicated by hypoxemic acute respiratory failure
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requiring intensive care unit (ICU) admission [3,4]. In these patients, secondary infec-
tions, both bacterial and fungal, have been increasingly reported [5–9], resulting in the
widespread use of antibiotics for the empirical treatment of suspected as well as of microbi-
ologically confirmed infections, hence contributing to an increase in multidrug-resistant
bacteria and fungi and increased costs of care [10].

Regarding fungal infections, a growing number of studies have mainly focused on
Aspergillus superinfections in mechanically ventilated patients admitted to the ICU due to
COVID-19, whereas bloodstream infections due to Candida species have been less studied
thus far [11–16]. On the other hand, candidemia’s incidence, often cited as the fourth
most common bloodstream infection in the ICU [17], is increasing, particularly in ICU
patients [18,19]. In addition, the epidemiology of candidemia may change over time and can
vary significantly across different geographic regions and hospitals. Furthermore, emerging
azole resistance displays major challenges for therapeutic strategies [20,21]. Information on
the epidemiology of candidemia in the ICU remains limited in the context of the ongoing
COVID-19 pandemic. The objectives of the present study were to investigate the incidence
of candidemia, as well as the factors associated with Candida species distribution and
fluconazole resistance, among patients admitted to the intensive care unit (ICU) during the
COVID-19 pandemic, as compared to two pre-pandemic periods.

2. Methods

2.1. Study Setting and Design

All patients with SARS-CoV-2 infection confirmed by reverse transcription polymerase
chain reaction on nasopharyngeal swabs, and acute respiratory failure, admitted to the
COVID-19 ICUs of ‘Evangelismos’ Hospital, a tertiary-care medical center, from March
2020 to October 2021, who developed candidemia during their ICU stay, constituted the
COVID-19 candidemia cohort. Candidemia cases were identified through the electronic
system. Approval for the use of the de-identified data was obtained from the ethics
committee of the hospital (approval number 116/03-2021). Demographics, dates of hospital
and ICU admissions, date of candidemia, detected Candida species, admission diagnosis
classified as medical or surgical, main co-morbidities including diabetes mellitus and
current malignancy, illness severity, length of stay (LOS) in ICU and ICU clinical outcome
were recorded. The severity of acute illness was evaluated by the Acute Physiology and
Chronic Health Evaluation (APACHE) II score [22] on ICU admission. The severity of organ
dysfunction was assessed by the Sequential Organ Failure Assessment (SOFA) score [23],
calculated on the first day of ICU admission and, additionally, on the day of candidemia.
The difference (Delta) in the SOFA score, defined as the SOFA score on the ICU day that
the positive blood culture for Candida species was collected minus the SOFA score on ICU
admission, was also calculated. For the management and therapy of the ICU patients
with COVID-19, international recommendations were followed [24]. For the treatment of
candidemia, recommendations for application in non-immunocompromised critically ill
patients were followed [25]. Accordingly, after candidemia diagnosis, antifungal treatment,
mainly an echinocandin, was given, with the exception of three patients who died because
of the severity of their acute illness before blood culture results were available. After
the susceptibility results became available, the initial treatment could be modified by the
attending intensivists.

Characteristics of COVID-19 patients who developed candidemia were compared with
those of two historical candidemia cohorts from our ICU before the COVID-19 pandemic—
in particular, an earlier cohort including all ICU patients who developed candidemia from
2005 to 2008 (n = 66) and a later one comprising all ICU patients who developed candidemia
from 2012 to 2015 (n = 77).

2.2. Definitions

ICU-acquired candidemia was defined as the presence of at least one positive blood
culture for any Candida species in the blood specimen collected more than 48 h after ICU
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admission. Blood cultures were performed in the presence of signs and symptoms of sepsis
or when infection was suspected on clinical rounds. The onset of candidemia was defined
as the specimen collection date for the positive Candida blood culture.

2.3. Species Identification and Antifungal Susceptibility Testing

The BD Bactec (Becton Dickinson, Sparks, MD, USA) automated blood culture system
was used for monitoring blood culture bottles. Fungal isolates were identified at species
level by using the VitekMS (BioMeriéux, Marcy l’Etoile, France) device and MALDI-TOF
MS method. Antifungal susceptibility was evaluated with the Vitek2 (BioMeriéux, Marcy
l’Etoile, France) automated system. The phenotypic susceptibility profile for each fungal
isolate was interpreted according to the EUCAST standard (European Committee on An-
timicrobial Susceptibility Testing Breakpoint tables for interpretation of MICs for antifungal
agents, Version 10.0, valid from 4 February 2020). In addition, for the period of March 2020
to October 2021, directly from the signal-positive blood culture vials with yeasts in Gram
staining, a multiplex syndromic approach was applied, namely the FilmArray Blood Cul-
ture Identification 2 panel (BCID2 assay, BioMeriéux, Marcy l’Etoile, France), for the early
detection of the emerging species Candida auris.

2.4. Statistical Analysis

Statistical data analysis was performed using the R software, Version 4.1.1 (R Foun-
dation for Statistics, Vienna, Austria). Data are described as mean ± SD or median and
interquartile range (IQR) in case of variables with non-normal distribution, and as number
and percentage (%) in case of categorical variables. In order to compare the distributions
of numerical variables between two groups of patients, we used the two-sample t-test, or,
alternatively, the Mann–Whitney U test in case of variables with non-normal distribution,
whereas associations between qualitative factors were appropriately investigated via the
chi-squared (X2) statistic or Fisher’s exact test. Incidence between the various cohorts was
also compared via the statistical test of proportions. Univariate and multivariate binary
logistic regression models were built for the determination of risk factors for bloodstream
infection with albicans versus non-albicans Candida species and for potentially fluconazole-
resistant species, reporting odds ratios (OR) and corresponding 95% confidence intervals
(CI) in relation to the model covariates. The level of statistical significance was set at 0.05.

3. Results

3.1. COVID-19 Candidemia Cohort

In the 18-month study period during the pandemic, among 600 patients who were
admitted to the ICU due to COVID-19, 62 patients developed candidemia during the ICU
stay, accounting for an incidence of 10.2%. The median [IQR] age of the patients with
candidemia was 69 [15.8] years, and 72.4% were males. Admission APACHE II and SOFA
scores were 15 [7] and 8 [3], respectively.

The median [IQR] time between hospital and ICU admission and positive Candida
culture was 28.5 [19.5] days and 22 [18.2] days, respectively. Non-albicans Candida species
predominated (in 47 out of 62 patients, 77%). Among the non-albicans species, the most
frequently isolated was C. parapsilosis (31 patients, 50%), followed by C. auris (9 patients,
14%) and C. glabrata (6 patients, 9.7%).

3.2. Comparison between COVID-19 Candidemia Cohort and the Pre-COVID-19 Cohorts

Baseline characteristics of the ICU patients with candidemia development, stratified
according to the time period of ICU admission, are presented in Table 1. Compared with
patients without COVID-19, patients with COVID-19 were older and had lower illness
severity as expressed by APACHE II and SOFA scores on ICU admission. However, on
candidemia day, they were more likely to present circulatory shock and they had a higher
SOFA score. As a result, the Delta SOFA score was significantly higher in COVID-19 patients
than in the non-COVID-19 ones (3 (6) versus 0 (4) and −1 (3.5), respectively, p < 0.001).
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As expected, patients with COVID-19 were less likely to have a surgical diagnosis on
ICU admission. Patients with and without COVID-19 had similar hospital and ICU LOS
before candidemia development. While the incidence of candidemia did not change
significantly between 2005–2008 and 2012–2015, a significant increase was observed in the
COVID-19 cohort compared to the two pre-pandemic cohorts (10.2% (62/600) versus 3.8%
(66/1737) and 4.2% (77/1833), respectively, p < 0.001). All-cause ICU mortality was 47.8%
for C. albicans and 59% for non-albicans Candida. There were no differences in mortality
rates among the three periods; see Table 1.

Table 1. Characteristics of ICU patients with candidemia in the three candidemia cohorts.

Variables

Pre-COVID-19 Cohorts COVID-19 Cohort

p-Value2005–2008
n = 66

2012–2015
n = 77

2019–2021
n = 62

Age, median (IQR) 67 (21) 63 (31) 69 (15.8) 0.001

males, n (%) 45 (68.1) 46 (59.7) 45 (72.4) 0.27

APACHE II score on ICU admission, median (IQR) 19 (8.8) 20 (10) 15 (7) <0.001

SOFA score on ICU admission, median (IQR) 9 (4) 10 (5) 8 (3) 0.001

SOFA score on candidemia day, median (IQR) 8.5 (6) 7 (5) 11 (6) 0.001

Delta SOFA score, median (IQR) 0 (4) −1 (3.5) 3 (6) <0.001

ICU admission diagnosis
Medical, n (%)
Surgical, n (%)

22 (33)
44 (66.7)

40 (53.3)
35 (46.7)

62 (100)
0 (0)

<0.001

Co-morbidities
Diabetes mellitus, n (%)
Current malignancy, n (%)

5 (7.6)
6 (9.1)

3 (3.9)
5 (6.5)

16 (25.8)
5 (8.1)

<0.001
0.99

Hospital stay before candidemia onset, days,
median (IQR) 24 (18) 30 (41.8) 28.5 (19.5) 0.15

ICU stay before candidemia onset, days, median (IQR) 15.5 (19.8) 25 (34.5) 22 (18.2) 0.69

ICU length of stay, days, median (IQR) 35.5 (34.5) 49 (51) 34.5 (39.8) 0.029

Presence of shock on candidemia day, n (%) 34 (52.3) 30 (46.1) 45 (75) 0.001

Incidence of candidemia, (%) 3.8 4.2 10.3 <0.001

Mortality, n (%) 42 (63.6) 35 (46.7) 35 (56.5) 0.92

ICU, intensive care unit; IQR, interquartile range; APACHE, Acute Physiology and Chronic Health Evaluation;
SOFA, Sequential Organ Failure Assessment; Delta SOFA, SOFA score on candidemia day minus SOFA score on
ICU admission.

3.3. Candida Species Distribution and Fluconazole Resistance

The distribution of Candida species and the antifungal susceptibility during the three
study periods are shown in Table 2. Non-albicans Candida species predominated in all
cohorts, with C. parapsilosis being the most commonly isolated. Considerable differences in
Candida species distributions were observed over the years. In particular, a gradual decrease
in the incidence of C. albicans was observed in the COVID-19 pandemic cohort (from 39.4%
in 2005–2008 and 37.7% in 2012–2015 to 24.2% in COVID-19 cohort), accompanied by a
corresponding increase in non-albicans Candida species, including the emergence of C. auris;
see Figure 1.

During the COVID-19 period, fluconazole resistance occurred in 30 (48.4%) candidemia
cases: 2/15 in C. albicans, 17/31 in C. parapsilosis, 3/6 in C. glabrata, 9/9 in C. auris; see
Table 2. Fluconazole resistance considerably increased over the three time periods, from
31.8% in 2005–2008, to 37.7% in 2012–2015, and to 48.4% in the COVID-19 period, p = 0.098;
see Table 2 and Figure 1.
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Table 2. Candida species and fluconazole resistance in the three candidemia cohorts.

Pre-COVID-19 Cohorts COVID-19 Cohort

p2005–2008
n = 66

2012–2015
n = 77

2020–2021
n = 62

Candida species

C. albicans, n (%) 26 (39.4) 29 (37.7) 15 (24.2) 0.069

non-albicans Candida, n (%) 40 (60.6) 48 (62.3) 47 (75.8) 0.069

C. parapsilosis 28 (70) 36 (75) 31 (66) 0.16

C. glabrata 8 (20) 6 (12.5) 5 (10.6) 1

C. tropicalis 2 (5) 3 (6.3) 1 (2) 0.77

C. krusei 0 (0) 1 (2) 0 (0) 1

C. auris 0 (0) 0 (0) 9 (19) <0.001

other Candida species 2 (5) 2 1

Fluconazole resistance

Fluconazole-resistant, n (%) 21 (31.8) 29 (37.7) 30/62 (48.4) 0.098

C. albicans 4/26 (15.4) 1/29 (3.4) 2/15 (13.3)

C. parapsilosis 10/28 (35.7) 20/36 (55.6) 17/31 (48.6)

C. glabrata 7/8 (87.5) 2/6 (33.3) 2/5 (40)

C. tropicalis 0/2 (0) 0/3 (0) 0/1 (0)

C. krusei NA 1/1(100) NA

C. auris NA NA 9/9 (100)

NA: non-applicable.

Regarding the susceptibility tests for other antifungal agents, we did not observe resistance
of the aforementioned Candida species to amphotericin B, echinocandins and voriconazole.

3.4. Factors Associated with Non-Albicans Candidemia

Regarding the entire cohort of patients who developed candidemia during the three
time periods (n = 205), factors associated with non-albicans Candida species, according to
univariate and multivariate models, are shown in Table 3.

Table 3. Factors associated with candidemia development due to Candida albicans versus non-albicans
Candida species in the overall study population: univariate and multivariate models. OR (95% CI)
takes non-albicans Candida as the reference group.

Patients with Candidemia, n = 205

Candida albicans
Species, n = 70

Non-albicans Candida
Species, n = 135

OR (95% CI) p-Value

Univariate analysis

Age (years) ‡ 63.0 (22.0) 67.0 (21.0) 0.98 (0.97–1.01) b 0.19

Gender (Female), n (%) 24 (34.3%) 45 (33.3%) 1.04 (0.56–1.91) 0.89

ICU stay before candidaemia onset, days ‡ 15.0 (19.2) 23.0 (24.5) 0.98 (0.9–1.00) c 0.08

Hospital stay before candidaemia
onset, days ‡ 23 (25) 29.5 (24) 0.99 (0.98–1.01) c 0.17

Delta SOFA −0.32 ± 4.07 1.10 ± 4.15 0.91 (0.84–0.98) d 0.03

103



Antibiotics 2022, 11, 771

Table 3. Cont.

Patients with Candidemia, n = 205

Candida albicans
Species, n = 70

Non-albicans Candida
Species, n = 135

OR (95% CI) p-Value

ICU length of stay, days ‡ 39.0 (36.5) 38.0 (37.0) 0.99 (0.99–1.01) c 0.90

Diagnosis (surgical), n (%) 30 (43.5%) 49 (36.6%) 1.33 (0.73–2.41) 0.33

Presence of shock on candidemia day, n (%) 36 (54.5%) 73 (58.9%) 0.83 (0.45–1.53) 0.56

COVID-19 15 (24.2%) 47 (75.8%) 0.51 (0.25–0.98) 0.049

Multivariate analysis a

ICU stay before
candidemia onset, days 0.97 (0.95–1.00) c 0.08

Delta SOFA 0.74 (0.60–0.89) d 0.002

Presence of shock on candidemia day 6.89 (2.2–25.0) 0.001

‡: Median (IQR) for skewed parameters; OR: odds ratio; CI: confidence interval. a Significant results adjusted
for other variables in the model; b per each year increase; c per each day increase; d per each unit increase; ICU,
intensive care unit; SOFA, Sequential Organ Failure Assessment; Delta SOFA, SOFA score on candidemia day
minus SOFA score on ICU admission.

Figure 1. Species distribution of Candida bloodstream isolates and fluconazole resistance before and
during the COVID-19 pandemic era.
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Multivariate logistic regression analysis revealed that an increased SOFA score on
candidemia day (compared to that on ICU admission) was independently associated with
candidemia due to Candida albicans, whereas the presence of shock on candidemia day was
independently associated with candidemia due to non-albicans Candida species; see Table 3.

3.5. Factors Associated with Fluconazole Resistance

Resistance to fluconazole was significantly associated with non-albicans Candida species
(54.8% versus 8.6%, in non-albicans Candida species and C. albicans, respectively, p < 0.001);
see Figure 2. Factors associated with fluconazole resistance are shown in Table 4. Compared
to patients who developed candidemia due to fluconazole-susceptible Candida species,
patients with fluconazole-resistant strains had longer hospital and ICU LOS before the
onset of candidemia (33 (27) versus 23 (22.8) days, p = 0.03, and 26 (22.5) versus 16 (21)
days, p = 0.003, respectively). Multivariate analysis showed that prolonged ICU LOS before
candidemia onset was significantly associated with the development of candidemia due
to fluconazole-resistant Candida species (OR 1.03, CI: 1.01–1.06, p = 0.003), whereas the
presence of shock at candidemia onset was independently associated with candidemia due
to fluconazole-susceptible Candida species (OR 0.23, CI: 0.07–0.64, p = 0.006); see Table 4.

Figure 2. Fluconazole resistance in all (n = 205) bloodstream-isolated Candida albicans and non-albicans
Candida species.
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Table 4. Factors associated with candidemia development due to fluconazole-resistant Candida
species in the overall patient population: univariate and multivariate models. OR (95% CI) takes
fluconazole-susceptible as the reference group.

Patients with Candidemia, n = 205

Fluconazole-
Resistant Species,

n = 80

Fluconazole-
Susceptible Species,

n = 125
OR (95% CI) p-Value

Univariate analysis

Age (years) ‡ 67.0 (20.8) 65.5 (22.5) 1.01 (0.98–1.03) b 0.22

Gender (Female), n (%) 29 (36.2%) 40 (32.0%) 1.20 (0.66–2.17) 0.53

ICU stay before candidemia onset, days ‡ 26.0 (22.5) 16 (21.0) 1.02 (1.01–1.04) c 0.003

Hospital stay before candidemia onset, days ‡ 33.0 (27.0) 23.0 (22.8) 1.01 (1.00–1.03) c 0.03

Delta SOFA 0.49 ± 4.64 0.68 ± 3.87 0.98 (0.91–1.06) d 0.76

ICU length of stay, days ‡ 43.0 (48.0) 36.0 (37.0) 1.01 (0.99–1.02) c 0.09

Diagnosis (surgical), n (%) 30 (38.0%) 49 (39.5%) 0.93 (0.52–1.66) 0.82

Presence of shock on candidemia day, n (%) 37 (52.9%) 72 (60.0%) 0.74 (0.41–1.35) 0.33

COVID-19 30 (48.4%) 32 (51.6%) 1.74 (0.95–3.20) 0.07

Multivariate analysis a

ICU stay before candidemia onset 1.03 (1.01–1.06) 0.003

Presence of shock on candidemia day 0.23 (0.07–0.64) 0.006

‡: Median (IQR) for skewed parameters; OR: odds ratio; CI: confidence interval. a Significant results adjusted
for other variables in the model; b per each year increase; c per each day increase; d compared to Day 0; ICU,
intensive care unit; SOFA, Sequential Organ Failure Assessment; Delta SOFA, SOFA score on candidemia day
minus SOFA score on ICU admission.

4. Discussion

This study investigated the incidence and epidemiology of candidemia in patients
admitted to the ICU due to COVID-19, compared to two previous non-COVID-19 ICU
candidemia cohorts. The main findings are the following: (i) candidemia incidence was
10%, more than two-fold higher compared to the pre-pandemic era; (ii) there was an epi-
demiological shift to non-albicans Candida species from 60.6% to 75.8% with a predominance
of C. parapsilosis and (iii) there was a considerable increase in the rate of fluconazole resis-
tance from 31.8% to 48.4%. In addition, for the whole cohort of patients with candidemia,
fluconazole resistance was independently associated with ICU LOS before candidemia
onset, whereas fluconazole susceptibility was independently associated with the presence
of shock at candidemia onset.

The increase in the incidence of candidemia shown in our study during the ongoing
pandemic is striking, though consistent with initial findings from our ICU in the first
pandemic wave [8], as well as with findings of other institutions in different geographic
regions [6,11,14,16,26–28]. In particular, in studies comparing patients with and without
COVID-19, a two-fold increase in the incidence of candidemia in COVID-19 compared to
non-COVID-19 patients was observed in two ICUs in India [29], whereas a nearly five-fold
increase has been reported in Brazil [16], and a 10-fold rise in another report [27]. Similarly,
in another case series from Italy, a higher incidence of candidemia in COVID-19 patients
compared with a historical control has been reported [11], though, in the latter two studies,
information about patients’ hospital location (i.e., ICU or ward) was not reported.

There was no difference in the incidence of candidemia in our ICU between the two
pre-pandemic periods. This is in accordance with nationwide data from Germany showing
that there was no increase in the ICU-acquired candidemia incidence during the period
from 2006 to 2011 [30]. However, an increasing incidence of candidemia has been reported

106



Antibiotics 2022, 11, 771

in internal medicine wards in our country, possibly associated with the financial crisis [20];
the present study shows that COVID-19 has further accelerated the phenomenon.

In fact, the above findings are not surprising since critically ill patients with COVID-19
have similar risk factors for candidemia development with the other, non-neutropenic
ICU patients and they also received corticosteroid treatment, as recommended after the
first pandemic wave [31], which might have been an additional risk factor, as already
commented elsewhere [27]. Furthermore, over-occupancy of the ICU, along with the higher
workload of healthcare workers and the subsequent relaxation in compliance with the
infection control measures, might be additional causes [28].

The increased incidence of non-albicans Candida species detected in our study is con-
sistent with comparable data previously reported from our ICU [32] and elsewhere [19],
as well as with recent data demonstrating an increasing incidence of candidemia in a na-
tionwide study from Greece, with a species shift towards C. parapsilosis [33]. The increased
incidence of non-albicans Candida species is in accordance with an epidemiological shift
across the globe, including the emergence of non-albicans Candida species. Indicatively, in a
recent study [27], non-albicans Candida collectively constituted the majority of isolates in
candidemic patients, considering non-COVID-19 and COVID-19 cases together. Similarly,
in another study from India during the current pandemic [30], 64% of candidemia cases
were due to non-albicans Candida species. On the contrary, C. albicans remains the predomi-
nant pathogen of candidemia in COVID-19 patients in Europe [11,13,34–36], as well as in
the pre-pandemic era, according to German data for candidemia in the ICUs [31].

Introduced in the early 1990s, fluconazole is an often-preferred treatment for many
systemic Candida infections as it is inexpensive and exhibits limited toxicity; it is implicated,
however, in the subsequent resistance acquisition due to its extensive use over the years [19,37].

According to our results, concomitantly to the increase in non-albicans Candida species,
a worrisome increase in the rate of fluconazole resistance was observed, from around
32% in the pre-COVID-19 era to 48% in the COVID-19 period. Although not surprising,
since fluconazole resistance is closely associated with non-albicans Candida species, such
an increase in fluconazole-resistant Candida species is of major concern. Notably, among
the various isolated species, C. parapsilosis presented the highest proportion of resistance of
around 50% across all three time periods, with the exception of C. auris, which has expected
fluconazole resistance as a potential multidrug-resistant yeast. All-cause mortality did not
differ significantly among the three study periods.

In our analysis, at candidemia onset, the SOFA score was significantly higher and the
presence of shock was more frequent in patients with COVID-19 compared to those in the
pre-pandemic periods, indicating an excess severity of the multi-organ dysfunction in those
patients, though without a significant increase in mortality.

Interestingly, considering non-COVID-19 and COVID-19 cases together, the results
of multivariate analyses revealed that the presence of shock at candidemia onset was
independently associated with the isolation of Candida albicans and with fluconazole-
susceptible species. This is a novel finding, possibly suggesting a more virulent capacity of
the Candida albicans compared to non-albicans species. Although this finding is consistent
with recent experimental data [38], it deserves further research.

Certain limitations of the present study should be pointed out. The first is the absence
of a contemporaneous group to the COVID-19 pandemic cohort, i.e., critically ill patients
admitted to the non-COVID-19 ICUs during the current pandemic; thus, the comparisons
have been made with pre-pandemic cohorts. In fact, such a design was not feasible since the
majority of our ICU beds were dedicated entirely to the admission of COVID-19 patients.
However, thanks to the availability of data from the two historical non-COVID-19 cohorts,
the trends in the incidence and epidemiology of candidemia in our ICU have been shown.
Secondly, consumption of antifungal drugs, namely fluconazole, at the individual patient
level before the onset of candidemia has not been recorded. However, in our ICU, there
was no routine prophylactic use of antifungals, as has already been reported [31]; therefore,
pre-exposure to fluconazole is less likely to have influenced these results.
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Finally, comparisons between patients with and without candidemia during the study
periods were not available, since only patients who developed candidemia have been
included in the analysis. However, despite the above limitations, the present study high-
lights the importance for the critical care teams to be aware of the increased incidence of
candidemia and of fluconazole resistance in COVID-19 ICU patients, in order to recognize
cases early and treat them accordingly, as well as the urgent need to integrate antimicrobial
stewardship activities in the pandemic response.

5. Conclusions

In summary, the present study provides temporal trends for candidemia in an ICU
setting. The incidence of candidemia was significantly increased during the COVID-
19 pandemic compared to previous non-COVID-19 periods. Additionally, a substantial
increase in the incidence of non-albicans Candida and in fluconazole-resistant species was
observed during the COVID-19 era. Prolonged ICU LOS was associated with fluconazole-
resistant and the presence of shock with flunonazole-susceptible species. Further study is
needed to clarify the reasons for the increased incidence of candidemia and of fluconazole
resistance in the COVID-19 ICU patients. Meanwhile, the present findings underscore the
urgent need for increased awareness, as well as for the implementation of antimicrobial
and antifungal stewardship programs in order to diminish the incidence of candidemia
and fluconazole resistance rates.
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Abstract: Intensive care unit patients may present infections by difficult-to-treat-resistant Gram-
negative microorganisms. Colistin resurfaced as a last resort antibiotic for the treatment of multi-
drug-resistant Gram-negative bacteria. However, colistin might not improve survival, particularly
after the emergence of colistin-resistant isolates. We aimed to (1) examine the first Gram-negative-
associated-bloodstream infection (GN-BSI) effect on 28-day mortality and (2) distinguish mortality
risk factors. From 1 January 2018 to 31 December 2019, we retrospectively studied all adult patients
admitted for more than 48 h in the critical care department of a regional Greek hospital, with prevalent
difficult-to-treat Gram-negative pathogens. We examined the patient records for the first GN-BSI. The
local laboratory used broth microdilution to evaluate bacterial susceptibility to colistin. Seventy-eight
patients fulfilled the entry criteria: adult and first GN-BSI. They developed GN-BSI on day 10 (6–18),
while the overall mortality was 26.9%. Thirty-two and 46 individuals comprised the respective
colistin-resistant and colistin-sensitive groups. The admission Acute Physiology Assessment and
Chronic Health Evaluation II score was associated with acquiring colistin-resistant GN-BSI in the
multivariable logistic regression analysis (odds ratio (CI), 1.11 (1.03–1.21)). Regarding mortality,
the index day sequential organ failure assessment score was solely associated with the outcome
(hazard-ratio (CI), 1.23 (1.03–1.48), Cox proportional hazard analysis). GN-BSI was often caused by
colistin-resistant bacteria. Concerning our data, sepsis severity was the independent predictor of
mortality regardless of the colistin-resistance phenotype or empirical colistin treatment.

Keywords: APACHE II score; bacteremia; bloodstream infection; broth microdilution; colistin;
colistin-resistant; Gram-negative; intensive care unit; mortality; SOFA score

1. Introduction

Intensive care unit patients are predisposed to bacterial infection, as they are exposed
to invasive devices and the critical illness might impair their immune response. A large
worldwide point prevalence study of infections in the intensive care unit (ICU) found that
15.1% of the infected patients had bacteremia [1]. Another multicenter study highlighted
that multi-drug-resistant Gram-negative (MDR-GN) bacteria are responsible for most
bacteremic episodes and are associated with increased mortality [2]. Polymyxin E (colistin)
is a drug of last resort to deal with these difficult-to-treat, often carbapenem-resistant,
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microorganisms [3]. Colistin is a polycationic peptide that disrupts the bacterial cell by
binding to its anionic lipid A (endotoxin) part of the outer lipopolysaccharide membrane.
The drug also possesses in vivo anti-endotoxin activity, and free radical generation through
its passage via the outer bacterial membrane [4,5].

However, empirical colistin treatment may fail to demonstrate efficacy against carbapenem-
resistant bacteria [6,7]. Meanwhile, acquired resistance to this drug has spread globally,
following its increased use in agriculture and medicine. Bacteria present various genetic
determinants of colistin resistance, either chromosomal or plasmid-related. Notably, the
latter, transferrable plasmid-mediated resistance genes, can spread fast through the food
chain. At the time being, their expanding list requires vigilant epidemiological surveil-
lance [8]. Regarding resistance mechanisms, modification of the lipid A component of the
outer bacterial membrane, via the chromosomal modulation of PmrAB and PhoPQ two-
component systems, can lead to a decreased negative membrane charge, and, thus, to lower
detergent action of the drug [4,5]. Moreover, bacteria may shed capsular polysaccharides
that bind to colistin and decrease its availability to interact with the membrane molecules
or may possess efflux pumps [4,5,9]. The increasing colistin-resistance prevalence can be
particularly challenging in countries with an overall heavy MDR burden, infection control
challenges, and submarginal antimicrobial stewardship [10]. Additionally, heteroresistance
to colistin, i.e., a resistant subpopulation that co-exists as part of an otherwise sensitive
population, may not allow the correct classification of the MDR-GN bacteria, regarding
colistin susceptibility status [4]. Finally, the clinical interpretation of colistin resistance
has been jeopardized by methodological issues on susceptibility testing. The European
Committee On Antimicrobial Susceptibility Testing (EUCAST) recently issued guidelines
(second version) for the detection of resistance mechanisms; the document advises laborato-
ries to invariably use broth microdilution in the process of distinguishing colistin-resistant
microorganisms to avoid major errors in the interpretation of susceptibility [11].

Although bloodstream infections (BSI) occur less often than lower respiratory tract
infections [1], the isolation of a microorganism in a blood sample is solid evidence of infec-
tion compared to an isolate recovered from the tracheal secretions, which may represent
colonization [12].

We aimed to explore the impact of a first episode of GN bacteremia on the primary out-
come of 28-day all-cause mortality and other secondary endpoints. Additionally, we aimed
to identify risk factors for (1) a colistin-resistant (CR) bacteremic episode and (2) 28-day
mortality in an area of prevalent and endemic multi-drug resistance, after the adoption of
EUCAST recommendations concerning colistin’s susceptibility testing.

2. Materials and Methods

Our current study results were presented in part at the 40th International Symposium
on Intensive Care and Emergency Medicine.

2.1. Study Design, Setting, and Selection Criteria

The study setting was a 16-bed mixed ICU in a regional hospital with 400 admis-
sions per year. It is one of the largest ICUs in central Greece, an area populated by one
million people.

From 1 January 2018 to 31 December 2019, all adult patients with an ICU stay >48 h
had their data retrospectively examined for the presence of a GN-BSI.

The infection control policy comprises a hand hygiene protocol and widely recom-
mended bundles concerning ventilator-associated pneumonia and catheter-related BSI
prevention [13,14]. More specifically, to prevent CVC-related BSI, the bundle included the
following measures: (1) meticulous hand hygiene, (2) insertion of CVC through echocardio-
graphic guidance and with full-barrier precautions, (3) skin disinfection with chlorhexidine,
(4) avoiding the femoral vein as a CVC placement site, and (5) disposal of nonessential
CVCs. Whenever the CVC catheter had remained in place for more than 48 h and there
was a suspicion of infection without an evident focus, it was removed.
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The protocol for culturing includes: (1) avoidance of routine culturing, (2) culturing
whenever there is a suspicion of infection or sepsis, (3) at a minimum, we draw two sets
of blood cultures, one from the central venous catheter if present and the other through
venipuncture, (4) a single positive blood culture suffices for the diagnosis of GN-BSI, (5) the
CVC tip is cultured after its withdrawal, and (6) routine lower respiratory tract culturing is
performed through endotracheal aspirate sampling, to validate infection or once weekly
for surveillance reasons.

Regarding colistin administration, the individuals with normal renal function received
4.5 million units twice daily; otherwise, the dose was modified accordingly [15]. Patients in
need of continuous renal replacement therapy were given a higher colistin dose of 6 million
units bis in die [15].

This hospital’s microbiology department had adopted broth microdilution for colistin
susceptibility assessment since October 2017 [16].

The patients enrolled in this study fulfilled the following criteria: adult, first blood-
stream infection due to a GN pathogen. We excluded non-bacteremic patients, individuals
with Gram-positive or fungal BSI, and those with an incomplete data file.

The handling of individual patient data followed the Declaration of Helsinki and
the current Health Insurance Portability and Accountability Act regulations [17]. No
informed consent was required, as we used anonymized hospital data. We reported our
results based on the Statement on Strengthening the Reporting of Observational Studies
in Epidemiology [18]. The ethics committee of the hospital approved this study (Protocol
187/4-11-2019).

2.2. Variables

Variables of interest on admission were: age, sex, Charlson Comorbidity Index [19],
prior ICU stay during the previous 12 months, medical or surgical admission category,
infectious disease status, presence o-immunosuppression, and receipt of antibiotic therapy
in the last three months. Moreover, we evaluated the clinical severity on the day of
admission with the Acute Physiology Chronic Health Evaluation II score (APACHE II)
and the Sequential Organ Failure Assessment (SOFA) score [20,21]. Before the event, we
reported the CVC status (CVC for at least 48 h) and antibiotic treatment with activity
against Gram-negative bacteria. We documented the day of the BSI event, its timing (<48 h
or ≥48 h from admission), the bacteremia source, and whether it was controlled within
24 h following the episode. Finally, on the index day, we recorded the Pitt bacteremia score
and the fever or hypothermia status [22]. We assessed the severity of the index event with
the SOFA score every 48 h from day 2 before the event until day 10 after the episode. We
also recorded the maximum body temperature, white blood cell count, C-reactive protein,
and procalcitonin at the aforementioned 48 h intervals.

2.3. Definitions

We defined GN-BSI whenever there was a positive blood culture for a GN microorgan-
ism, and the patient presented clinical and laboratory indices of infection. Index day was
the day of collecting the first positive blood culture (index culture) that recovered a GN
isolate. ICU-associated GN-BSI was further defined as the first bacteremic episode under
two circumstances: (1) When the index culture was collected after two days in the ICU [23];
(2) We also included earlier onset events if the patients had been treated in an ICU during
the previous year, as they likely continued to carry bacteria having similar resistance pro-
files [24]. In the case of a prior ICU stay, the patient should have been discharged from the
ICU at least one month before the current readmission to be considered a first bacteremia
event. Therefore, it was less likely to misclassify a bacteremia recurrence as a first event. We
defined recurrent bacteremia, sepsis, and septic shock accordingly [25,26]. We examined
only the first GN bloodstream infection.

The local laboratory categorized the bacteria isolated for susceptibility according to
EUCAST criteria (version 7.0; 2017, EUCAST) [16]. Colistin-resistance was considered a
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minimal inhibitory concentration higher than 2 ng/mL, in line with EUCAST reports [16].
In the case of a polymicrobial BSI, we considered an event as colistin-resistant if at least one
GN isolate was resistant to the drug. A minimal inhibitory concentration ≥8 ng/mL defined
carbapenem (meropenem) resistance according to the EUCAST clinical breakpoints [16].

Primary BSI, source control, and CVC-related BSI have been defined accordingly [27,28].
The empirical treatment delivered to an infected patient was considered appropriate if
the drug(s) was (were) active in vitro to the isolate (or both isolates, if present) [29]. We
defined immunosuppression in keeping with predefined criteria [21]. Renal failure was
characterized as risk, injury, failure, loss, and end-stage kidney disease (RIFLE) stage ≥3
(with a 3-fold rise in the serum creatinine, urine volume less than 0.3 mL/kg/h for 24 h, or
no urine output for 12 h, or the use of renal replacement treatment) [30].

2.4. Outcome

The primary study outcome was 28-day mortality after the event. Secondary out-
comes were 14-day mortality post-event, overall ICU mortality, hospital mortality, ICU
stay post-event, overall ICU stay. More secondary outcomes included recurrent bacteremia,
secondary bacteremia, mechanical ventilation days post-event, overall mechanical ven-
tilation days, renal failure-free days, renal SOFA at 7 and 14 days, and continuous renal
replacement therapy at 7 and 14 days following the index day.

2.5. Statistical Analysis

We used the median with interquartile range (IQR) and number with percentage (%)
to describe quantitative data and qualitative data, where appropriate. Fisher’s exact (or
Chi-squared test) and Mann–Whitney test (or t-test) were used to compare qualitative and
quantitative variables. Statistical significance was set at a p-value of <0.05.

Missing data, concerning only laboratory values, were handled in keeping with a
reported algorithm [31]. Specifically, we imputed missing numerical values with the
respective median if the percentage of not-available numbers was <10%. However, we
added the values derived from multivariate imputation, with the predictive mean matching
method, if the total non-available variable values were less than 50%. Otherwise, we
excluded the variables implicated.

The longitudinal variables were analyzed by comparing their means with the Tukey
test and the alternative method “less”.

Regarding multivariable regression analyses [32], at first, we considered the clinical
value of a variable before its inclusion into the model, regardless of the univariate compari-
son. Despite any significant difference, we have not included variables that did not convey
unique information in the models assessed (i.e., immunosuppression status is included in
the APACHE II score, the index day temperature is part of the Pitt bacteremia score, and
event day septic shock status adds 4 points to the index day SOFA score). Secondly, we
included any variable presenting a p-value of ≤0.10. Finally, we tested multicollinearity
using a variance inflation factor score before inserting any variables in the model.

Overall, the optimal cutoffs of quantitative explanatory variables were assessed with
the Youden criterion.

We performed multivariable logistic regression analysis to evaluate risk factors for
developing colistin-resistant BSI. The initial full model for CR phenotype was comprised
of age, admission due to infection, Charlson Comorbidity Index, and the APACHE II and
SOFA scores on admission. The final model was selected in a backward, stepwise method
following a bootstrap resampling of the original data. The derived variables then entered
the final model.

Regarding 28-day mortality, we used Kaplan–Meier survival analysis and log-rank
test to assess the association between colistin susceptibility and mortality [33]. We also
performed Cox proportional hazard analysis to evaluate time to 28-day mortality [33]. The
initial, full model included age, Charlson Comorbidity Index, APACHE II, Pitt Bacteremia
score, index day SOFA score, CR status, and empirical receipt of colistin for 5 days. The
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full model variables were examined for violation of proportionality assumption via the
global Schoenfeld test and the visual inspection of the covariate Cox model plots. Any
violating variable was used as a stratification variable. Afterward, the qualifying variables
were regularized by the Least Absolute Shrinkage and Selection Operator to select the
explanatory variables of the final model. Finally, the discriminative power of the final Cox
proportional hazard model was evaluated with the concordance index.

We also conducted three more statistical sensitivity studies: (1) regarding a threshold
of colistin sensitivity at a minimal inhibitory concentration of 0.5 ng/mL instead of the
recommended 2 ng/mL, (2) data were reanalyzed after exclusion of eleven patients who
presented early BSI, before a 48 h stay in the ICU), and (3) finally, dividing the patients into
two groups by the median SOFA score at the index day (the sicker group had a score ≥ 7).

We analyzed data with R version 4.0.3 (R Core Team, Vienna, Austria) [34].

3. Results

3.1. Population

During the study period (Figure 1, flowchart), seventy-eight patients fulfilled the
entry criteria: eleven (14.1%) received BSI diagnosis during the first two days of admission
and the rest afterward. The colistin-resistant (CRG) and the colistin-sensitive groups
(CSG) comprised thirty-two and forty-six patients, respectively. The baseline patient
characteristics are shown in Table 1. Notably, most patients had received antibiotics in
the three months before the admission, and a third had been treated in an ICU during the
previous year. Before the event, 80% of the study participants had had a CVC in place and
had received antibiotics.

Figure 1. Study flowchart.

3.2. Infection

Bloodstream infection occurred on day 10 (IQR 6–18), and it was most often primary
or related to intravascular catheter use (Table 1). Most isolates (73.1%) were carbapenem-
resistant. Eight episodes were polymicrobial (including two GN isolates). The culprit
isolates differed between groups; of note, the CRG included pathogens endogenously
resistant to colistin (Serratia and Providencia spp.), and no Pseudomonas isolates, in contrast
to the CSG (Table 2).
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Table 1. Patient characteristics on admission, before the bloodstream infection, and on the day of
the event.

Overall
(n = 78)

Colistin-Resistant
(n = 32)

Colistin-Sensitive
(n = 46)

p-Value **
Odds Ratio
(95% CI) ##

On admission

Age, years 66 (50.2–76) 72 (59–78) 62.5 (47.7–74.5) 0.07

Male 51 (65.4) 22 (68.7) 29 (63) 0.64

Charlson Comorbidity Index 3 (1–5) 4 (2–5) 2.5 (1–5) 0.25

APACHE II 19 (13–24) 21.5 (15.2–25) 17.5 (10.7–21) 0.01 1.11 (1.03–1.21)

SOFA score 8 (5–10) 9 (6.2–10) 7 (3.5–10.5) 0.15

Prior ICU stay, previous year 27 (34.6) 12 (37.5) 15 (32.6) 0.80

Medical patients 48 (61.5) 23 (71.9) 25 (54.3) 0.16

Immunosuppression 9 (11.5) 6 (18.7) 3 (6.5) 0.14

Admission due to infection 21 (26.9) 6 (18.7) 15 (32.6) 0.20 0.35 (0.1–1.07)

Antibiotics in the previous 3
months 48 (61.5) 19 (59.4) 29 (63) 0.64

Before the event

CVC for at least 48 h 61 (78.2) 25 (78.1) 36 (78.3) >0.99

Antibiotics in the ICU 61 (78.2) 24 (75) 37 (80.4) 0.59

Maximum number of drugs with
AGNA at any time 0.29

None given 17 (21.8) 8 (25) 9 (19.6)

Single 31 (39.7) 9 (28.1) 22 (47.8)

Two 9 (11.6) 3 (9.4) 6 (13)

Three 10 (12.8) 5 (15.6) 5 (10.9)

Four 11 (14.1) 7 (21.9) 4 (8.7)

Antibiotic classes/class members *

Third & fourth generation
cephalosporins 26 (33.3) 11 (34.4) 15 (32.6)

Colistin 28 (35.9) 14 (43.8) 14 (30.4)

Tigecycline 24 (30.8) 13 (40.7) 11 (23.9)

Carbapenems 33 (42.3) 14 (43.8) 19 (41.3)

Aminoglycosides 10 (12.8) 5 (15.6) 5 (10.9)

Quinolones 13 (16.7) 10 (31.2) 3 (6.5)

Ampicillin/sulbactam 15 (19.2) 8 (25) 7 (15.2)

Piperacillin/tazobactam 9 (11.5) 4 (12.5) 5 (10.9)

Ceftazidime/avibactam 7 (9) 4 (12.5) 3 (6.5)

Index day NA

Event, days 10 (6–18) 12 (5.2–21.5) 9.5 (6–17.2) 0.66

Timing of the event 0.34

>48 h stay 67 (85.9) 26 (81.3) 41 (89.1)

<48 h stay 11 (14.1) 6 (18.7) 5 (10.9)

Source 0.73

Primary 32 (41) 13 (40.6) 19 (41.3)
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Table 1. Cont.

Overall
(n = 78)

Colistin-Resistant
(n = 32)

Colistin-Sensitive
(n = 46)

p-Value **
Odds Ratio
(95% CI) ##

Catheter-related # 25 (32.1) 12 (37.5) 13 (28.3)

Urinary 5 (6.4) 3 (9.4) 2 (4.3)

Intraabdominal 5 (6.4) 1 (3.1) 4 (8.7)

Surgical site infection 5 (6.4) 1 (3.1) 4 (8.7)

Lung/pleural empyema 4 (5.1) 1 (3.1) 3 (6.5)

Bone/joint 2 (2.6) 1 (3.1) 1 (2.2)

Source control performed 30 (38.5) 15 (46.9) 15 (32.6) 0.24

Pitt bacteremia score 3 (1–4) 4 (2–4.7) 3 (1–4.2) 0.25

Septic shock 43 (55.1) 18 (56.2) 25 (54.3) >0.99

Temperature max, ◦C 38.5 (37.9–39) 38.5 (37.9–39) 38.5 (37.7–39) 0.97

Fever 49 (62.8) 22 (68.7) 32 (69.6) >0.99

Hypothermia 4 (5.1) 0 (0) 4 (8.7) 0.14

SOFA score 6.5 (3.8–11) 8 (5–12.7) 5 (3–11) 0.07 -

White Blood Cells /mm3, ×1000
13.4

(9.5–18.1) 13.94 (11.47–19.63) 12.97 (9.25–16.83) 0.69

Leucopenia 2 (2.6) 1 (3.1) 1 (2.2) >0.99

CRP, mg/L 121
(62.7–155) 125 (58–204) 119 (63.2–141) 0.34

Procalcitonin, μg/L 1.23
(0.34–2.08) 1.51 (0.51–2.94) 1.01 (0.22–2.16) 0.19

Final model’s accuracy, AUC (95% CI) 0.71 (0.59–0.83)

Abbreviations: AGNA, anti-Gram-negative activity; APACHE II, Acute Physiology Assessment and Chronic
Health Evaluation; AUC, area under the curve; CI, confidence intervals; CRP, C-reactive protein; ICU, intensive
care unit; NA, not applicable; SOFA, sequential organ failure assessment. Apart from the cells where it is otherwise
stated, all values are in median (IQR) and n (%). * Often two or more combined antibiotics; only antibiotics with
Gram-negative activity included. No comparison is feasible as patients were usually receiving more than a single
antibiotic; # 24 central venous catheters and 1 peripherally inserted central catheter are included; ** Values in
bold represent variables that entered the initial, full multivariate models with response variable the development
of colistin-resistant bacteremia; ## Final logistic model for a colistin-resistant event. The explanatory variables
included APACHE II score and admission due to infection.

Concerning the colistin susceptibility phenotype, patients of the CRG were older
and presented increased APACHE II score on the day of admission compared to the
CSG; however, in the final multivariable logistic regression model, only the APACHE II
score remained independently associated with the development of CR-GN-BSI (Table 1,
Supplementary Tables S1 and S2).

The estimated optimal cutoff value of the APACHE II score for discriminating CR
from CS events was 20, with an AUC (95% CI) of 0.67 (0.55–0.79), a sensitivity of 59.4%,
and a specificity of 69.6%.

The clinical and laboratory parameters on the index day are displayed in Table 1; there
were no significant differences between the two groups. Overall, septic shock was evident
in 55.1% of cases. The presence of septic shock and the sepsis rate of the CRG, indicated by
the SOFA score, were similar to the CSG (Supplementary Materials Figure S1).

The temporal evolution of the SOFA score, the maximum daily temperature, white blood
cell count, C-reactive protein, and procalcitonin unveiled a limited, though steady decline
(Supplementary Materials Table S1, p = 0.01). In the vast majority of measured values, there
was no difference as to colistin susceptibility status (Supplementary Materials Table S3).
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Table 2. Microbiology of index culture.

Overall Colistin-Resistant Group Colistin-Sensitive Group

Pathogen *

Acinetobacter baumannii 29 12 17

Klebsiella pneumoniae 24 8 16

Pseudomonas aeruginosa 10 0 10

Proteus mirabilis 6 6 0

Enterobacter cloace 4 0 4

Providencia stuartii 4 4 0

Serratia marcescens 2 2 0

Carbapenem-resistant 57 24 33

Event > 48 h 47 19 28

Event < 48 h 10 5 5

Colistin MIC (ng/mL) #

=2 - - 8

=1 - - 4

≤0.5 - - 34
* p < 0.01 (chi-square test); Other pathogens include: Elizabethkingia meningoseptica, E. coli, Ochrobactrum anthropi,
Pseudomonas putida, Stenotrophomonas maltophilia, Sphingomonas paucimobilis. # Plausible only in the presence of
colistin susceptibility.

3.3. Sensitivity Analyses for the Occurrence of the Colistin-Resistant Phenotype

We re-explored the data by lowering the susceptibility threshold to a minimal in-
hibitory concentration to colistin of 0.5 ng/mL and confirmed the significance of the
admission APACHE II score. Moreover, we found that ICU admission due to infection was
found more often in the optimal colistin-sensitive group (Supplementary Materials Table S1).

We also repeated the analysis after the exclusion of eleven patients who presented
early BSI, before a 48 h stay in the ICU. The reanalysis showed that the APACHE score
was the sole independent variable associated with the presence of colistin BSI phenotype
(Supplementary Materials Table S2).

3.4. Treatment

The infection was empirically, appropriately treated in less than half the cases
(Supplementary Materials Table S4). The most commonly administered antibiotics, pos-
sessing anti-Gram-negative activity and used for the treatment of various infections before
the BSI diagnosis, were: carbapenems in 33 (42.3%), colistin in 28 (35.9%), cephalosporins
in 26 (33.3%), tigecycline in 24 (30.8%), and ampicillin-sulbactam in 15 (19.2%) patients.
Colistin has already been given for a median of 12.5 days before the event (IQR 5–15.5 days).

Thirty patients (45.5%) received combined targeted treatment for the GN-BSI event.
The most frequently prescribed antimicrobial was colistin (30/67), followed by tigecycline
(22/67), carbapenems (18/67), and aminoglycosides (16/67).

Overall, colistin was extensively used, usually in combination with other drugs
(Supplementary Materials Table S4). There was no difference between the two groups
regarding treatment aspects; of note, at least five-day colistin administration in the CRG
started as an empirical antimicrobial regimen was similar to the CSG. However, the CR
individuals tended to receive delayed targeted therapy than the CSG (on day three vs.
day 0).

3.5. Outcomes

The study outcomes are displayed in Supplementary Materials Table S5.
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Twenty-eight-day mortality post-event was overall 26.9%, and the Kaplan–Meier
curves did not reveal any difference between the colistin-sensitive and the colistin-resistant
groups (log-rank test, p = 0.57) (Figure 2). The corresponding 28-day mortality of the
carbapenem-resistant Acinetobacter baumannii and Klebsiella pneumoniae infected patients
was 34.5% and 28.6%.

Figure 2. Kaplan–Meier survival curve of both colistin-resistant and colistin-sensitive groups until
day 28 post-event.

Regarding 28-day mortality, univariate analysis and the hazard ratios of the multivariable
Cox proportional hazard analysis are presented in Table 3. The SOFA score on the index day was
independently associated with higher mortality (Table 3 and Supplementary Materials Table S5).
The optimal discriminative cutoff value for the index day SOFA score was 11 (AUC (95% CI)
0.871 (0.77–0.97)), while the respective sensitivity and specificity were 76% and 88%.

Concerning sepsis evaluation, analysis of the data by using the median SOFA score
threshold, which is valued at 7 in this dataset, the high SOFA score group had similar CR-
BSI incidence compared to the lower SOFA score group. Of interest, the individuals with the
higher score had independently had a prior ICU admission, increased Charlson Comorbid-
ity Index, and Pitt bacteremia score on the event day (Supplementary Materials Table S7).

Recurrent bacteremia occurred on 8 (6–12) and secondary BSI on 12 (7–18) days fol-
lowing the index culture (Supplementary Materials Table S6). Secondary isolates were
mostly Gram-negative (89%); the latter were often colistin-resistant (41.2%). Neither the
primary analysis nor the alternative, using a strict, 0.5 ng/mL, the threshold for suscepti-
bility to the drug, have revealed significant differences in the secondary study outcomes
(Supplementary Materials Tables S5 and S8).
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Table 3. Factors associated with 28-day mortality.

Dead (n = 21) Alive (n = 57) p-Value # Hazard Ratio (95% CI) ##

Age 75 (67–79) 62 (47–73) <0.01

Male 12 (57.1) 39 (68.4) 0.42

APACHE II 20 (19–25) 17 (12–22) 0.04

CCI 4 (4–5) 2 (1–4) 0.01

SOFA Admission 10 (8–12.2) 7 (4–10) 0.01 **

Prior ICU admission * 8 (38.1) 19 (33.3) 0.79

Infectious admission 7 (33.3) 14 (24.6) 0.57

Medical admission 10 (47.6) 38 (66.7) 0.19

Immunosuppression 2 (9.5) 7 (14) >0.99

Source control 10 (47.6) 20 (35.1) 0.43

Pitt bacteremia score 4 (4–6) 3 (1–4) <0.01

Septic shock 20 (95.2) 23 (40.4) <0.01

Colistin-resistance status 0.80

-Colistin-resistant 8 (38.1) 24 (42.1)

-Colistin-sensitive 13 (61.9) 33 (57.9)

Colistin MIC ≤ 0.5 12 (57.1) 32 (56.1) >0.99

Empirical colistin for at least
3 days 8 (38.1) 25 (43.9) 0.80

SOFA index day 13 (11–16) 5 (3–9) <0.01 ** 1.23 (1.03–1.48)

Temperature index day, ◦C 38 (36.8–38.5) 38.7 (38.1–39.2) 0.01

WBC index day, 103/mm3, ×1000 13.63 (10.44–17.88) 13.43 (9.31–18.14) 0.99

CRP index day, mg/L 109.4 (71.83–136.25) 126 (61.08–154.5) 0.53

Procalcitonin index day, ng/mL 1.33 (1.13–5.63) 0.84 (0.32–1.94) 0.20

Five-day empirical treatment
with colistin 6 (28.6) 20 (35.1) 0.79

Ten-day colistin treatment,
post-event 5 (23.8) 16 (28.1) 0.58

One appropriate drug within 24 h
post-event 7 (33.3) 21 (36.8) >0.99

One appropriate drug within 48 h
post-event 8 (38.1) 25 (43.9) 0.80

Two appropriate drugs within 24 h
post-event 3 (14.3) 7 (12.3) >0.99

Two appropriate drugs within 48 h
post-event 3 (14.3) 11 (19.3) 0.75

All values are in median (IQR) and n (%). APACHE II, Acute Physiology Assessment and Chronic Health
Evaluation; CCI: Charlson comorbidity index; CI, confidence intervals; CRP, C-reactive protein; ICU, intensive
care unit; MIC, minimal inhibitory concentration; SOFA, sequential organ failure assessment; WBC; white blood
cell count. * 2–12 months before the index admission; # Values in bold represent variables that entered the initial,
full multivariate Cox model. ** We considered the index SOFA score as it was more recent and clinically more
relevant than the admission score. ## Final Cox proportional hazard model for 28-day mortality. The final model,
stratified for age, included one explanatory variable, the index day SOFA score; the concordance index was 0.83
(se = 0.128).

4. Discussion

The present study reports on a population of critically ill patients with GN-BSI present-
ing overall 28-day mortality of 26.9%. The occurrence of the colistin-resistant phenotype
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was independently associated with the patients’ clinical severity status on ICU admission,
evaluated by an increased APACHE II score, and not with the antimicrobials administered.
Similarly, the sepsis severity status of the patient on the index day, as assessed by the SOFA
score, was associated with worse 28-day mortality; however, we could not link the colistin
susceptibility status or administration of colistin to the outcome.

In other studies, regarding CR, K. pneumoniae, and A. baumannii, infections had not
presented increased admission severity in the non-susceptible group. However, their
participants were often not critically ill and not exclusively bloodstream-infected [7,35].
Apart from the worse admission status, the CRG’s event SOFA score was higher, though
not significantly, than the respective CSG’s value (p = 0.07). Re-analyzing the data by the
index day SOFA value, the sicker patients (score ≥ 7) had independently had a prior ICU
admission (Supplementary Materials Table S7), which is in line with a CDC-affiliated study
showing that prior hospitalization with broad-spectrum antimicrobials’ exposure increases
sepsis risk [36].

A recent ICU study showed that combined A. baumannii CR-BSI and septic shock were
always fatal [37]. Only half of our population presented septic shock, and the corresponding
mortality was in comparison lower, at 34.5%. However, according to the above, a higher
event SOFA score was independently associated with 28-day mortality regardless of the CR
phenotype (Table 3). Notably, a re-analysis of A. baumannii-infected patients unexpectedly
found that the CR individuals presented less mortality than their CS counterparts [7].
Regarding combined carbapenem-resistant and CR K. pneumoniae infections, we observed a
fatality rate of 28.6%, contrary to recent literature, which had exhibited increased mortality,
over 50%, before ceftazidime-avibactam’s inception [35,38]. In this study, carbapenem-
resistant K. pneumoniae-associated BSI patients often received ceftazidime-avibactam, as
part of empirical or targeted treatment (data not shown), a drug with superior efficacy
compared to colistin [39].

Colistin has recently re-emerged as therapy for the difficult-to-treat GN pathogens [3,40].
Regardless of the susceptibility status, colistin’s BSI treatment failed to add any survival
benefit despite its extensive empirical use and its recommended dosing [14]. However,
antimicrobial coverage’s appropriateness throughout the study groups was less than 50%
in the first 48 h post-event (Supplementary Materials Table S4). Many CRG patients reg-
ularly received colistin as an empirical regimen, and they would likely have survived
regardless of an ineffective antibiotic scheme. Unfortunately, similar to other investiga-
tors [6], we could not demonstrate any benefit from the empirical regimen. The reasons
for the lack of colistin’s therapeutic efficacy could be the gloomy evolution of high-level
resistance, leaving little room for efficacious antibiotic therapy, or the insufficient activity
of the drugs delivered, notably colistin, or even the decreased fitness—virulence of the
CR bacteria [41,42]. A final issue could be the possible antagonistic rather than synergistic
effects of colistin with other antimicrobials, which may have influenced the outcome [40].

Nonetheless, there are in vitro data that seem promising for the development of
future therapeutic strategies. At first, Enterobacterales bacterial strains that expressed the
mobilized colistin-resistant gene-1 were tested for resistance to several antibiotics; these
strains remained susceptible to eravacycline, which can be studied in vivo for the treatment
of CR bacteria [43]. Analysis of the secondary resistome, i.e., genes that are not known
resistance determinants, of K. pneumoniae has found a conditionally essential gene for the
CR phenotype (only in the presence of colistin) [44]. That chromosomal gene encodes a
DedA family membrane transporter protein, which can restore sensitivity to the drug if
depolarized [45].

The study’s strength lies in the adoption of broth microdilution, a robust methodology
concerning colistin susceptibility. The routine use of the recommended laboratory method
minimizes bacterial misclassification and enables between-study comparison. Moreover,
we dosed colistin according to the latest pharmacokinetic data [15]. Notably, we also
included very early infections in those patients who had previously been cared for in an
ICU. These patients probably remain critically ill, viewed from a microbiological viewpoint,
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as they carry resistant microbiota, which may evolve to even more resistant phenotypes
through rehospitalizations [24,46].

The single-center study design limits its generalizability. Moreover, the investigation
setting presents extreme multi-drug-resistant GN flora that renders the results plausible
only to critical care departments with isolates of similar susceptibility patterns. In addition,
we do not have local data regarding the molecular determinants of colistin resistance;
however, it is likely to represent similar mutations as those reported from other Greek
hospitals [47,48]. Another drawback is that the hospital laboratory had not performed
assays to evaluate colistin’s synergy with other antibiotics; however, such assays are
complex and of questionable predictive value for therapeutic efficacy [49].

5. Conclusions

ICU-associated Gram-negative bloodstream infection in a setting of limited treatment
options can adversely impact outcomes. The colistin-resistant phenotype was more com-
mon in association with a high APACHE II score on admission. The higher SOFA score
on the BSI index day was associated with increased 28-day mortality, contrary to the iso-
late’s susceptibility status to colistin or treatment of the episode with colistin, which were
unassociated with this outcome. However, due to the study’s retrospective design, these
observations should be re-evaluated in a future prospective study.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antibiotics11030405/s1, Figure S1: The evolution of the median SOFA score of both study
groups every two days, starting from two days before the index day until day 10 post-event, Table S1:
Patient characteristics regarding the 0.5 ng/mL threshold for colistin resistance, Table S2: Patients’
characteristics regarding bacteremia acquisition >48 h after the present ICU admission., Table S3:
Evolution of clinical and laboratory indices at 48 h intervals, Table S4: Antibiotic treatment, Table S5:
Outcomes, Table S6: Factors associated with 28-day mortality in patients with bacteremia acquisition
>48 h after ICU admission, Table S7: Patient characteristics in relation to SOFA score on the index day,
Table S8: Outcomes of bloodstream infections regarding a 0.5 ng/mL threshold for colistin resistance.
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GN Gram-negative
ICU intensive care unit
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Abstract: This review aims to summarize current progress in the management of critically ill, using
biomarkers as guidance for antimicrobial treatment with a focus on antimicrobial stewardship. Accu-
mulated evidence from randomized clinical trials (RCTs) and observational studies in adults for the
biomarker-guided antimicrobial treatment of critically ill (mainly sepsis and COVID-19 patients) has
been extensively searched and is provided. Procalcitonin (PCT) is the best studied biomarker; in the
majority of randomized clinical trials an algorithm of discontinuation of antibiotics with decreasing
PCT over serial measurements has been proven safe and effective to reduce length of antimicrobial
treatment, antibiotic-associated adverse events and long-term infectious complications like infections
by multidrug-resistant organisms and Clostridioides difficile. Other biomarkers, such as C-reactive
protein and presepsin, are already being tested as guidance for shorter antimicrobial treatment, but
more research is needed. Current evidence suggests that biomarkers, mainly procalcitonin, should
be implemented in antimicrobial stewardship programs even in the COVID-19 era, when, although
bacterial coinfection rate is low, antimicrobial overconsumption remains high.

Keywords: antimicrobial stewardship; sepsis; COVID-19; ICU; procalcitonin; C-reactive protein;
presepsin; infection; biomarker; guided antimicrobial therapy

1. Introduction

Early and appropriate antimicrobial treatment remains key for sepsis management [1].
It is, however, sometimes difficult even for the most experienced physician to rule-out an
infection in the critically ill and withhold antibiotics. The appropriate duration of treatment
for severe infections is also not fully described. Current sepsis guidelines recommend a
shorter rather than longer duration of antimicrobial treatment, but the definite duration
remains at the discretion of the treating physician [2]. Doubts and fear for relapse have led
to injudicious broad-spectrum and unnecessarily long antimicrobial treatment adding up
to the emergence of antimicrobial resistance. In 2019, about 5 million deaths have been
associated with bacterial antimicrobial resistance, underlying the urgent need for tight
infection control and robust antimicrobial stewardship programs [3].

A biomarker should be easily measured and interpreted as an indicator of biological
or pharmacologic responses to a therapeutic intervention [4]. The optimal sepsis biomarker
should be sensitive and specific enough to rule in/out diagnosis, predict unfavorable
outcomes and evaluate the host’s response to treatment in order to encourage escalation or
de-escalation; this is a strategy called “biomarker-guided treatment” [5]. More than one
hundred biomarkers have been studied for sepsis management [6]. However, the only
biomarker developed to guide antimicrobial treatment based on evidence coming from
randomized clinical trials (RCTs) is procalcitonin (PCT). PCT is a precursor of the thyroid
gland hormone calcitonin, and it is increased in the circulation during bacterial infection as
a product of cells of mesenchymal origin. This review aims to present cumulative evidence
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from clinical trials, mainly RCTs, on the use of PCT-guidance in promoting antimicrobial
stewardship for the critically-ill by restriction of injudicious antimicrobial treatment. Brief
reference is also done to other biomarkers that are under consideration.

2. Results and Discussion

2.1. Antimicrobial Stewardship through PCT-Guidance for Lower Respiratory Tract Infections

PCT is the best studied biomarker to guide antimicrobial treatment in lower respiratory
tract infections (LRTI). The majority of these RCTs shared a common design comparing an
algorithm to start or discontinue antibiotics based on measurements of PCT, with standard-
of-care (SOC); SOC was defined as start, continuation, or stop of antibiotics at the discretion
of the treating physician and in accordance with local and international guidelines [7–29].
Available trials of PCT-guidance versus SOC are summarized in Table 1. Participants
have a wide spectrum of symptoms, ranging from acute exacerbation of asthma and
chronic obstructive pulmonary disease admitted in the Emergency Department, to severe
community- or hospital-acquired pneumonia necessitating admission in medical wards
or in the Intensive Care Unit (ICU). The common finding of all studies is the reduction
of antimicrobial treatment duration with PCT-guidance. This reduction of antimicrobial
treatment did not generate any safety signal as far as infection relapse, new infection,
adverse events, or mortality are concerned. The ProHOSP trial studied the efficacy of
PCT guidance directed to both start and stop of antibiotics. More precisely, 671 patients
with LRTI received PCT-guided treatment and 688 received SOC [12]. For the PCT group,
physicians were advised to start antibiotics when serum PCT was more than 0.25 ng/mL.
Measurements were repeated on days 3, 5 and, 7 and stop of treatment was encouraged
when levels decreased to more than 80% from the baseline. PCT-guidance led to a shorter
antimicrobial treatment compared to SOC (5.7 versus 8.7 days, p < 0.05). However, the
ProACT trial conducted in the USA a decade later, failed to show a similar effect. In the
ProACT trial, mean duration of treatment for the 826 patients randomized in the PCT
group was 4.2 days compared to that of 4.3 days for the 830 patients allocated in the SOC
group (p: 0.87) [24]. One explanation for this lack of effect is the already reduced SOC
duration of treatment in patients following local guidelines which does not allow any
further benefit from the intervention to be shown. The majority of the first trials evaluating
PCT-guidance provided such promising results that led to a switch in the current guidelines
to a shorter duration of antimicrobial treatment for pneumonia [30] and to the approval of
PCT guidance by the US Food and Drug Administration [31].
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2.2. Antimicrobial Stewardship through PCT-Guidance in Sepsis

Critically ill and sepsis patients are the next most commonly studied population for
benefit following PCT-guidance [32–51]. The efficacy of existing trials is summarized
in Table 2. The majority of participants suffered from LRTI and intra-abdominal or uri-
nary infections were less common. The majority of RCTs were conducted before Sepsis-3
implementation. One concern is that specific subgroups of patients, like pregnant and
immunosuppressed, have been excluded from participation. Most of trials conclude that a
PCT strategy reduces antimicrobial treatment duration without increase in adverse events
and unfavorable outcomes.

The PRORATA trial was the first large study evaluating PCT-guidance in ICU pa-
tients with suspicion of bacterial infection [36]. Three hundred and seven patients were
randomized to PCT-guided treatment and 314 to SOC. For those in the PCT group, an
algorithm of both initiation and cessation of antimicrobials was applied. When serum PCT
was 0.5 ng/mL or more, physicians were encouraged to start antimicrobials and continue
treatment until levels became less than 0.5 ng/mL in serial measurements or they decreased
by at least 80% of the baseline value. The same algorithm was followed for every secondary
infection episode until day 28 or discharge. The trial ended in a significant decrease in
antimicrobial treatment duration from 14.3 days in SOC to 11.6 in PCT group (p < 0.0001).
Mortality, relapse, and re-infection rate was similar between the two groups. There was
however a trend for higher mortality with PCT-guidance after 60 days.

The largest SAPS trial so far incorporated this knowledge and was designed to eval-
uate a stopping algorithm based on serial PCT measurements [44]. In the PCT group,
physicians were encouraged to stop antimicrobials when PCT was less than 0.5 ng/mL
on two consecutive days or PCT decreased by at least 80% of the baseline value. Mean
antimicrobial duration was 5 days for 761 patients allocated to PCT group compared to
7 days for 785 patients allocated to SOC (p < 0.0001). Surprisingly, SAPS investigators came
across a novel, interesting finding; PCT-guidance reduced both 28-day (19.6% vs. 25%,
p: 0.0122) and 1-year mortality (34.8% vs. 40.9%, p: 0.0158).

The recently published PROGRESS trial was the first trial conducted after the intro-
duction of the Sepsis-3 definitions using the same stopping rule for antimicrobials as the
SAPS trial [48]. PROGRESS was designed to provide an explanation of the findings of
the SAPS trial on mortality. As a consequence, the primary endpoint of PROGRESS was
the effect of long-term infectious complications in the critically ill, i.e., the incidence of
new infection by multi-drug resistant organisms (MDRO) and Clostridioides difficile and
mortality associated with baseline infection by MDRO or C. difficile. The incidence of
these long-term complications after six months was 7.2% in the PCT and 15.3% in the
SOC group (p: 0.045). Alongside this benefit, PCT guidance, decreased the length of an-
timicrobial treatment (5 vs. 7 days; p < 0.0001); and decreased 28-day mortality (15.2% vs.
28.2%; p: 0.02) among the 125 patients allocated in the PCT group compared to 131 patients
allocated in the SOC group. The incidence of antibiotic-associated adverse events was strik-
ingly decreased using PCT-guidance, in particular diarrhea and acute kidney injury (AKI);
in the SOC arm, 36.6% of patients presented diarrhea and 17.6% AKI, compared to 19.2%
(p: 0.002) and 7.2% (p: 0.01) in the PCT-guidance arm, respectively. Interestingly, the incidence
of gut colonization by MDRO and C. difficile was similar between the two groups but the
risk for clinical infection was significantly higher in colonized patients in the SOC but not
in the PCT arm. These results indicate that long-term antibiotic exposure in the SOC arm
could either affect the integrity of the mucosal barrier or modulate the composition of the gut
microbiota resulting in the increased incidence of infections by MDRO and C. difficile.

Two trials similar in design to PROGRESS, are ongoing in France. The MultiCov trial
(NCT04334850) is randomizing patients with severe COVID-19 into PCT-guided treatment
or SOC. PCT-guidance is accompanied by sampling of respiratory secretions with multiplex
PCR to identify bacterial pathogens [52]. The main aim of the study is to show a reduction
in antibiotic exposure in the era of COVID-19 having as primary endpoint the number of
antibiotic-free days until day 28 and among secondary outcomes the rate of colonization
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and/or infection by MDRO or C. difficile [53]. The MULTI-CAP trial randomizes patients
with severe community-acquired pneumonia in the ICU to a combined PCT/multiplex
respiratory PCR arm versus SOC; primary endpoint is antibiotic-free days until day 28.

The benefit disclosed by the larger ProHOSP and SAPS trial was further corroborated
by smaller studies from developing countries [49–51] and meta-analyses [54–62]. A first
meta-analysis was published in 2018 including a total of 4482 ICU patients and sub-
analyzing patients meeting Sepsis-3 criteria [58]. PCT-guidance reduced 28-day mortality
(OR 0.89; 95% CI: 0.80–0.99; p: 0.03) and mean duration of antibiotic treatment (−1.19 days;
95% CI: −1.73 to −0.66; p < 0.0001). Meta-analyses also confirmed reduction of antimicrobial
treatment by PCT-guidance in special populations, such as patients with bacteremia [63],
renal failure [64], or among the elderly [65]. Interestingly, some meta-analyses support that
PCT-guidance is associated with decreased antimicrobial consumption and mortality only
if cessation algorithms are applied [58]. A summary of published meta-analyses evaluating
PCT-guidance is presented in Table 3 [54–66].

Table 2. Summary of randomized trials evaluating Procalcitonin (PCT)-guided antimicrobial treat-
ment in critically ill patients with severe infection/sepsis in the Intensive Care Unit (ICU).

Ref Trial Setting
PCT Algorithm

Applied
N of Patients Main Results

[32]
Severe sepsis and septic shock

(65% respiratory infections)
Single-center—Switzerland

Cessation if ≥90%
decrease or

PCT < 0.25 ng/mL
PCT: 31
SOC: 37

LOT: 3.5 vs. 6 days, p = 0.15 (ITT)
6 vs. 10 days, p = 0.003 (PP)

Length of ICU stay: 4 vs. 7 days, p = 0.02

[33]
Severe sepsis after intraabdominal

surgery
Single-center—Germany

Cessation if
PCT < 1 ng/mL for
3 consecutive days

PCT: 14
SOC: 13 LOT: 6.6 vs. 8.3 days, p < 0.001

[34] Sepsis
Single-center—Germany

Cessation if
PCT < 1 ng/mL or
≥65% decrease for

3 serial days

PCT: 57
SOC: 53

LOT: 5.9 vs. 7.9 days, p < 0.001
Length of ICU stay: 15.5 vs. 17.7 days, p = 0.046

[35] VAP
Multicenter—Switzerland and USA Initiation-cessation PCT: 50

SOC: 51 LOT: 7 vs. 11 days, p = 0.044

[36]
Sepsis (mainly [70%]
respiratory infections)
Multicenter—France

Initiation-cessation PCT: 307
SOC: 314

LOT: 6.1 vs. 9.9 days, p < 0.0001
Relapse: absolute difference 1.4%

Reinfection: absolute difference 3.6%

[37] Suspected infection
Multicenter—Denmark

Up-escalation when
PCT > 1.0 ng/mL

PCT: 604
SOC: 596

Significantly higher antimicrobial consumption
in PCT group

[38]
Suspected infection

(60% respiratory infections)
Single-center—Belgium

Initiation PCT: 258
SOC: 251

Antimicrobial consumption (% days in ICU):
62.6 vs. 57.7, p = 0.11

[39] Acute pancreatitis
Single-center—China

Initiation-cessation
PCT cutoff: 0.5 ng/mL

PCT: 35
SOC: 36

LOT: 10.89 vs. 16.06 days, p < 0.001
Length of stay: 16.66 vs. 23.81 days, p < 0.001

[40] Sepsis
Single-center—Brazil

Cessation if
PCT < 0.5 ng/mL or

≥90% decrease

PCT: 42
SOC: 39

LOT: 10 vs. 11 days, p = 0.44 (ITT)
9 vs. 13 days, p = 0.008 (PP)

[41] Sepsis (60% respiratory infections)
Two-center—Brazil

Cessation
PCT < 0.1 ng/mL or
≥90% from baseline

CRP < 25 mg/L or ≥50%
decrease from baseline

PCT: 50
CRP: 47

LOT: 7 vs. 6 days, p = 0.06
Mortality: 32.7% vs. 33.3%, p = 1.000

[42] Sepsis
Multicenter—France Initiation-cessation PCT: 27

SOC: 26
Patients (%) under treatment at day 5: 67 vs. 81,

p = 0.24

[43] Suspected sepsis
Multicenter—Australia

Initiation-cessation
Cessation when

PCT < 0.10 ng/mL or
≥90% decrease
from baseline

PCT: 196
SOC: 198

LOT: 9 vs. 11 days, p = 0.58
Total doses of antimicrobials: 1200 vs. 1500,

p = 0.001
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Table 2. Cont.

Ref Trial Setting
PCT Algorithm

Applied
N of Patients Main Results

[44] Sepsis
Multicenter—Netherlands

Cessation if
PCT < 0.5 ng/mL or

≥80% from baseline for
2 serial days

PCT: 761
SOC: 785

LOT: 5 vs. 7 days, p < 0.0001
Mortality (28 days):19.6% vs. 25%, p = 0.0122
Mortality (1 year): 34.8% vs. 40.9%, p = 0.0158

[45] Sepsis
Multicenter—Germany

Cessation if
PCT < 1.0 ng/mL or

≥50% decrease

PCT: 552
SOC: 537

Mortality: 25.6% vs. 28.2%, p = 0.34
Antimicrobials/1000 ICU days: 823 vs. 862,

decrease 4.5%, p = 0.02

[46] Severe sepsis and/or septic shock
Multicenter—Korea

Cessation if
PCT < 0.5 ng/mL or
≥90% from baseline

PCT: 23
SOC: 29

LOT:10 vs. 13 days, p = 0.078 (ITT),
8 vs. 14 days, p < 0.001 (PP)

Mortality (28 days): 17% vs. 21%, p = 0.709

[47] * VAP
Multicenter—France Initiation-cessation PCT: 76

No-PCT: 81
LOT: 8 vs. 9.5 days, p = 0.02

Death and/or relapse: 51.3% vs. 46.9%, p = 0.47

[48] Sepsis-3
Multicenter—Greece

Cessation if
PCT < 0.5 ng/mL or
≥80% decrease from

baseline

PCT: 125
SOC: 131

LOT: 5 vs. 10 days; p < 0.001
Mortality (28 days): 15.2% vs. 28.2%, p = 0.02

[49] ** Surgical trauma
Single center—South Africa

Cessation if
PCT < 0.5 ng/mL or
≥80% from baseline

PCT: 40
SOC: 40

LOT: 9.3 vs. 10.9 days, p = 0.10
Mortality: 15% vs. 30%, p = 0.045

[50] VAP
Single center—Malaysia

Cessation if
PCT < 0.5 ng/mL or
≥80% from baseline

PCT: 43
SOC: 42

LOT: 10.28 vs. 11.52 days,
difference −1.25 (95%CI −2.48 to 0.01),

p = 0.049

[51] Sepsis and septic shock
Single center—India

Cessation if
PCT < 0.01 ng/mL or
≥80% from baseline

PCT: 45
SOC: 45

LOT: 4.98 vs. 7.73 days, p < 0.001
Length of ICU stay: 5.98 vs. 8.80 days, p < 0.001
Secondary infections: 4.4% vs. 26.7%, p = 0.014

Mortality: 8.9% vs. 15.6%, p = 0.522
Readmission: no difference

* prospective observational trial; ** prospective two-period cross-over trial. Abbreviations: CI—confidence
interval; ICU—intensive care unit; ITT—intention to treat; LOT—length of therapy; PCT—procalcitonin; PP—per
protocol; SOC—standard-of-care; VAP—ventilator-associated pneumonia.

Table 3. Summary of meta-analyses evaluating Procalcitonin (PCT)-guided antimicrobial treatment
in critically ill patients.

Ref N of Trials N of Patients Focus of Interest Main Results

[54] 10 1215 NA Antibiotic duration (days): −1.28 days (95% CI −1.95 to −0.61)
Mortality: RR 0.81 (95% CI 0.65 to 1.01)

[55] 13 5136 Antibiotic Initiation, Cessation, or
Mixed Strategies

Antibiotic duration (days): −1.66 (95% CI −2.36 to −0.96)
Mortality: RR 0.87 (95% CI 0.76 to 0.98)

[56] 26 6708 Acute respiratory infections
Antibiotic duration (days): −2.4 (95% CI −2.71 to −2.15)

Mortality: OR 0.83 (95% CI 0.70 to 0.99)
Antibiotic-related side-effects: OR 0.68 (95% CI 0.57 to 0.82)

[57] 11 4482 Subgroup of sepsis-3
Antibiotic duration (days): −1.19 (95% CI −1.73 to −0.66)

Mortality: OR 0.89 (95% CI 0.80 to 0.99)
Sepsis-3, OR 0.86 (95% CI 0.76 to 0.98)

[58] 15 Antibiotic Initiation, Cessation, or
Mixed Strategies

Antibiotic duration (days): −1.26 (p < 0.001) and −3.10 (p = 0.04)
for cessation and mixed strategies, respectively

Mortality: OR 1.00 (95% CI 0.86 to 1.15), 0.87 (95% CI 0.77 to
0.98), and 1.01 (95% CI 0.80 to 1.29) for the initiation, cessation,

and mixed procalcitonin strategies, respectively

[59] 10 3489 Suspected or confirmed sepsis Antibiotic duration (days): −1.49 (95% CI −2.27 to −0.71)
Mortality: RR 0.90 (95% CI 0.79 to1.03)

[60] 16 5158 Subgroup (5 trials) with high
algorithm adherence

Mortality: RR 0.89 (95% CI 0.83 to 0.97)
In high algorithm adherence, RR 0.93 (95% CI 0.71 to 1.22)

[61] 16 6452 NA
Antibiotic duration (days): −0.99 (95% CI −1.85 to −0.13),

p = 0.02
Mortality: OR 0.90 (95% CI 0.80 to1.01)
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Table 3. Cont.

Ref N of Trials N of Patients Focus of Interest Main Results

[62] 14 4744 NA Antibiotic duration (days): −1.23 (95% CI −1.61 to −0.85)
Mortality: OR 0.91 (95% CI 0.82 to 1.01)

[63] 13 523 (IPD) Positive blood culture Antibiotic duration (days): −2.86 (95% CI −4.88 to −0.84)
Mortality: 16.6% vs. 20.0%, p = 0.263

[64] 15 5002 (IPD)
Kidney function

(3 groups: GFR > 90, GFR 15–89
and GFR < 15)

Antibiotic duration (days): −2.06 (95% CI −2.87 to −1.25),
−1.72 (95% CI −2.29 to −1.16),

−2.49 (95% CI −3.59 to −1.40), pinteraction = 0.336.
Overall, −2.01 (95% CI −2.45 to −1.58)

Mortality: OR 1.08 (95% CI 0.79 to 1.49), 0.74 (95% CI 0.63 to
0.87), 1.03 (95% CI 0.83 to 1.29), pinteraction = 0.888.

Overall, 0.88 (95% CI 0.78 to 0.98)

[65] 28 9421 (IPD)
Age

(4 groups: <75, 75–80, 81–85
and >85 years)

Antibiotic duration per age group (days): Less than 75 years:
−1.99 (95% CI −2.36 to −1.62);

75–80 years: −1.98 (95% CI −2.94 to −1.02);
81–85 years: −2.20 (95% CI −3.15 to −1.25),

more than 85 years: −2.10 (95% CI −3.29 to −0.91),
pinteraction = 0.654.

Overall, −2.01 (95% CI −2.32 to −1.69)
Mortality: Less than 75 years: OR 0.87 (95% CI 0.76 to 1.00);

75–80 years 0.86 (95% CI 0.67 to 1.10);
81–85 years 1.19 (95% CI 0.76 to 1.06), pinteraction = 0.891.

Overall, 0.90 (95% CI 0.81 to 1.00)

[66] 12 42,921 NA
Antibiotic duration (days): 1.98 days (95% CI: −2.76, −1.21)

Mortality: RR 0.89 (95% CI 0.79 to 0.99)
ICU-length of stay (days): −1.21 (95% CI −4.16 to 1.74)

Abbreviations: CI—confidence interval; GFR—glomerular filtration rate; IPD—individual patient data; NA—non
applicable; OR—odds ratio; PCT—procalcitonin; RR—risk ratio.

2.3. Real-World Data

Evidence supporting PCT-guidance for antimicrobial stewardship in critically ill
patients, as already discussed, is from RCTs with different degrees of compliance to the
PCT rule applied in each RCT, ranging from 44% up to 97%. It has not yet been clear if
low adherence to PCT algorithms interferes with results and affects antimicrobial duration
and mortality. Results of RCTs may not be in alignment with real-world data. Treating
physicians participating in a RCT are influenced in decision making as they may feel
under observation from the Sponsor or trial coordinators; this is namely the “Hawthorne
effect” [67]. With this in mind, real-world evidence is mandatory. Soon after ProHOSP
trial has been published, real world data supported compliance of physicians with the
suggested algorithm as high as 72.5% [68].

Several implementation trials have investigated the effect of PCT-guidance in antimi-
crobial stewardship programs [69–77]. Main conclusions of these trials include
(i) reduction in antimicrobial consumption; (ii) reduction in length of stay; (iii) reduction
in hospitalization cost; and (iv) no difference in infection-relapse of rehospitalization rate.
Best implementation of the biomarker in real-world settings requires constant education of
treating physicians for rightful use [78,79].

2.4. Antimicrobial Stewardship through Other Biomarkers

Other biomarkers have been also tested in antibiotic stewardship programs like serum
C-reactive protein (CRP), serum presepsin, and interleukin (IL)-1β/IL-18 in bronchoalveo-
lar lavage (BAL).

In a former trial, CRP was compared to PCT for the early stop of antibiotics. Discon-
tinuation of antibiotics in the PCT arm was advised by more than 90% baseline decreases
(n = 49) and in the CRP arm by more than 50% baseline decreases or values less than
25 mg/L (n = 45) [41]. Both strategies were non-inferior in terms of length of treatment,
relapse rate, and ICU length of stay. A recent trial compared in a 1:1:1 randomization
pattern, the clinical effectiveness of CRP-guided stop of antibiotics with fixed 7- and 14-day
antibiotic durations in 504 hospitalized patients with gram-negative bacteremia [80]. Me-
dian antibiotic duration in the CRP group was seven days; clinical failure between the three
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arms of treatment was non-inferior. In another open-label RCT, CRP-guided antimicrobial
treatment was compared to SOC in 130 ICU patients with sepsis and/or septic shock [81].
In the CRP arm, the biomarker was measured after five days from start of antibiotics and
antibiotics were stopped when CRP decrease more than 50% or when it was found less
than 35 mg/L. This strategy did reduce antibiotic duration or 28-day mortality.

Presepsin is the soluble form of CD14 (sCD14), an anchored glycoprotein expressed
on monocytes and macrophages, serving as a receptor for bacterial lipopolysaccharide
(LPS) [82]. Compared to CRP and PCT, presepsin appears advantageous in sepsis diagnosis,
as it rises early, already in the first two hours after an infection. Recently, Xiao et al.,
conducted a prospective, multicenter, not randomized trial in China, comparing presepsin-
guidance to SOC in sepsis [83]. In the presepsin group, physicians were advised to stop the
antibiotics by serum concentrations lower than 350 pg/mL or any baseline decrease more
than 80%. Antibiotic adjustment was encouraged when the blood presepsin concentration
did not decline. Although the primary outcome (days without antibiotics at day 28) was
achieved, mortality did not differ between treatment arms.

In a recent trial conducted in the United Kingdom, 210 ICU patients with suspicion of
ventilator-associated pneumonia (VAP) were allocated to a biomarker-guided approach
(n: 104) or SOC (n: 106) [84]. In the biomarker-guided recommendation group measure-
ments of IL-1β and IL-18 were performed in the bronchoalveolar lavage (BAL), and if
concentrations were below a previously validated cutoff, clinicians were advised that VAP
was unlikely and withheld antibiotics. The primary outcome was antibiotic-free days in
the seven days following BAL; the trial did not achieve this endpoint.

2.5. Antimicrobial Stewardship Using Biomarkers in the COVID-19 Era

In December 2019, a novel coronavirus, namely SARS-CoV-2, spread rapidly around
the globe causing millions of cases of pneumonia leading to a rapid increase in hospitaliza-
tions and deaths. Patients presenting with COVID-19 pneumonia share common features
with bacterial pneumonia (fever, cough, dyspnea, infiltrates in chest X-ray, and elevated
inflammation markers) making the differential diagnosis troublesome. In severe cases,
COVID-19 may resemble bacterial sepsis leading to multiorgan failure and requiring organ
support in the ICU [85]. Although data are very heterogenous, unlike other viral respiratory
diseases, bacterial co-infection at the time of hospital admission is rare in COVID-19; this
may occur during hospital and/or ICU stay. A recent systematic review reports a rate of
8% of COVID-19 bacterial coinfection; surprisingly, the proportion of patients receiving
antimicrobials is as high as 72% [86]. In such case, biomarkers, mainly PCT, may be useful
in reducing unnecessary antimicrobial consumption.

A number of small case-series support that PCT is not elevated in COVID-19 patients,
in contrast to other inflammation markers like CRP and ferritin [87–89]. The largest of
these observational studies, conducted in New York, reports that only 16.9% of patients
have PCT levels 0.5 ng/mL or more at hospital admission [90] and such high levels are
associated with development of critical disease, admission in the ICU and increased risk for
death [91–93]. A recent meta-analysis of 10 cohort studies including a total of 7716 patients
estimated a pooled risk of 1.77 (95% CI, 1.38 to 2.29) for severe and critical COVID-19 by
elevated PCT levels at admission, although results are highly heterogenous (I2:85.6%) [94].
Similarly, rise in PCT is associated with secondary bacterial infections, such as VAP and
bacteremia [91,95–97]. PCT levels less than 0.25 ng/mL have been suggested as an optimal
cut-off to rule out bacterial co-infection (negative predictive value 81%) and levels more than
1 ng/mL as optimal cutoff to rule in bacterial co-infection (positive predictive value 93%) [95].

It is questionable if pre-treatment with dexamethasone and tocilizumab in these
patients is limiting the diagnostic performance of biomarkers. Kooistra et al. studied
190 ICU patients with COVID-19 having received different immunomodulatory agents and
concluded that after treatment with dexamethasone and/or tocilizumab, CRP levels remain
suppressed in case of a secondary bacterial infection but that the kinetics of PCT were not
affected [98]. Thus, it is reasonable that CRP, which is elevated by the COVID-19-driven
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hyperinflammation and is suppressed by the immunomodulatory treatment does not repre-
sent the optimal biomarker to screen for bacterial complications in critically ill COVID-19.
In contrast, PCT may inform about the early diagnosis of bacterial superinfection.

Real world data of PCT-guidance in COVID-19 support its use for a judicious an-
timicrobial approach. In a small retrospective cohort of 48 patients, median duration of
antimicrobials was shorter if at least one PCT measurement was performed [99]. Similar
results were also reported by Calderon et al. [100]. Williams et al. implemented a PCT
guideline in the first 48 h after hospital admission of COVID-19 patients to withhold antibi-
otics with PCT less than 25 ng/mL [101]. Adherence to the guideline was high (77%). This
strategy ended in lower defined daily doses (DDDs) per day alive, lower 28-day mortality,
lower intubation, and ICU-admission rate. Staub et al. reported an increase in the antimi-
crobial usage during the COVID-19 pandemic compared with the pre-COVID era, but this
usage decreased again after implementation of a guidance team using biomarkers [102]. A
summary of PCT trials in COVID-19 patients is provided in Table 4.

Table 4. Summary of trials evaluating Procalcitonin (PCT) in COVID-19 patients.

Ref Type and Setting of Study N of Patients Severity of COVID-19 Main Results

[87]
Observational

February-March 2020
Single-center, USA

21 Critical
ICU patients Median PCT 1.8 (0.12–9.56)

[88] January-February 2020
Single-center, Wuhan China 138 Hospitalized

Both critical/non-critical
PCT ≥ 0.05 ng/mL in 35.5% of patients
Higher levels in patients requiring ICU

[90]
Retrospective case series

March 2020
Two-center, USA

393 Hospitalized
Both critical/non-critical

PCT ≥ 0.05 ng/mL in 16.9% of patients
Higher levels in patients requiring intubation

[91]
Retrospective observational

March-April 2020
Single-center, USA

324 Hospitalized
Both critical/non-critical

PCT for prediction of bacteremia,
AUC 0.81 (0.64–0.98)

PCT for prediction of bacterial pneumonia,
AUC 0.75 (0.64–0.86)

[92]
Retrospective observational

March-April 2020
Multicenter, UK

224 Hospitalized
Both critical/non-critical

PCT > 0.5 ng/mL in 16.5% of patients
PCT associated with increased risk of death (p = 0.0004)

[93]
Retrospective observational

March-June 2020
Multicenter, Spain

777 Critical
ICU patients

PCT 0.64 (0.17–1.44) ng/mL in non-survivors
compared to 0.23 (0.11–0.60) ng/mi in survivors,

p < 0.01

[95] Observational
Single-center, Netherlands 66 Critical

ICU patients

PCT > 1.00 ng/mL at admission rule in secondary
bacterial infection

PCT < 0.25 ng/mL at admission rule out secondary
bacterial infection

[96]
Retrospective observational

March-June 2020
Single-center, UK

65 Critical
ICU patients

PCT rise in 81.5% of patients
PCT rise in 97% of patients with confirmed

VAT/VAP and/or BSI

[97]
Retrospective observational

March-October 2020
Single-center, Germany

99 Hospitalized
Both critical/non-critical

PCT of patients with secondary bacterial infection
0.4 ng/mL versus 0.1 of those without, p = 0.016

cut-off 0.55 ng/mL: sensitivity 91%, specificity 81%
for bacterial infection

Abbreviations: AUC—area under the curve; BSI—bloodstream infection; ICU—intensive care unit; PCT—
procalcitonin; VAT—ventilator-associated tracheobronchitis; VAP—ventilator-associated pneumonia.

In contrast with a plethora of RCTs evaluating PCT-guidance in sepsis, such high-
quality data are missing for COVID-19. MultiCov is an ongoing RCT in France, evaluat-
ing PCT-guided treatment in combination with FilmArray syndromic diagnostics com-
pared to SOC to prove a benefit in the number of antibiotic-free days, mortality, rate of
bacterial superinfection and rate of colonization/infection by MDRO and/or C. difficile
(NCT04334850) [52]. Results of the trial will be of great interest to guide appropriate
antimicrobial administration in the COVID-19 era.

3. Materials and Methods

To address the aim of this review and to present recent evidence in biomarker-guidance
in the critically ill with emphasis on antimicrobial stewardship, the authors searched
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independently “Pubmed” and the database “clinicaltrials.gov” under the terms: “sepsis”,
“COVID-19”, “infection”, “critically ill”, “intensive care unit”, “biomarker guidance”,
“guided treatment”, “procalcitonin”, and “c-reactive protein” about randomized clinical
trials and observational studies conducted in humans aged equal to or older than 18 years
old, published in English, with emphasis on trials published in the last decade (2012–2022).
The literature search yielded 11,791 records; after removal of duplicates and records with
irrelevant titles, 611 were screened in full-text by the reviewers. After applying exclusion
criteria, 102 studies were finally analyzed (Figure 1).

Figure 1. Study selection.

4. Conclusions

Biomarkers, mainly procalcitonin, may guide antimicrobial treatment with safety in
two directions; (i) improve patient outcomes by reduction in antibiotic-associated adverse
events and (ii) globally reduce the high burden of antimicrobial resistance. Procalcitonin-
guidance of antimicrobial treatment for the critically ill decreases the length of antimicrobial
treatment, the length of stay (Hospital/ICU), and the cost of hospitalization and in parallel,
the strategy improves both short- and long-term outcomes including mortality and rate of
secondary infections by MDRO and C. difficile. In the COVID-19 era, data suggest a crucial
role of the biomarker to reduce unnecessary antimicrobial overuse. Thus, biomarkers
should be incorporated in antimicrobial stewardship programs and physicians’ education
is key for their appropriate application in every day clinical practice.
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Abstract: Ventilator-associated pneumonia is a frequent cause of ICU-acquired infections. These in-
fections are associated with high morbidity and mortality. The increase in antibiotic resistance,
particularly among Gram-negative bacilli, makes the choice of empiric antibiotic therapy complex
for physicians. Multidrug-resistant organisms (MDROs) related infections are associated with a
high risk of initial therapeutic inadequacy. It is, therefore, necessary to quickly identify the bacterial
species involved and their susceptibility to antibiotics. New diagnostic tools have recently been
commercialized to assist in the management of these infections. Moreover, the recent enrichment
of the therapeutic arsenal effective on Gram-negative bacilli raises the question of their place in
the therapeutic management of these infections. Most national and international guidelines rec-
ommend limiting their use to microbiologically documented infections. However, many clinical
situations and, in particular, the knowledge of digestive or respiratory carriage by MDROs should
lead to the discussion of the use of these new molecules, especially the new combinations with
beta-lactamase inhibitors in empirical therapy. In this review, we present the current epidemiological
data, particularly in terms of MDRO, as well as the clinical and microbiological elements that may
be taken into account in the discussion of empirical antibiotic therapy for patients managed for
ventilator-associated pneumonia.

Keywords: antibiotic choices; HAP; VAP; colonization; antibiotic pressure

1. Introduction

Ventilator-associated pneumonia (VAP) is one of the most frequent causes of inten-
sive care unit (ICU)-acquired infections [1]. In French ICUs, 8% of patients developed
hospital-acquired pneumonia in 2016, and 88.7% among them were ventilator-associated
pneumonia [2].

For more than a decade, we have been confronted with the spread of multi-resistant
bacteria in hospitals [3–5] and the community [6–8].

The increasing prevalence of resistance among bacteria, particularly gram-negative
bacilli (GNB) and especially Enterobacterales, makes harder the choice of antibiotics, in case
of infection. Several factors seem to be associated with a higher risk of infection related to
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multidrug-resistant organisms (MDRO), such as the local prevalence, previous antibiotic
therapy, time of occurrence of the infection, and previous MDRO colonization.

In our clinical practice, the spread of MDRO resistance leads to a higher risk of
antibiotic inadequation. Indeed, there are two opposing risks when choosing an empirical
antibiotic therapy. On one side is the individual level, reflected by the risk to choose a
narrow spectrum antibiotic with potentially important consequences in terms of mortality
and morbidity. On the other side is the collective level, reflected by the choice of a broad-
spectrum antibiotic which could contribute to the amplification of resistance.

In the last four years, medical research has been driven by the discovery of new beta-
lactamase inhibitors and the marketing of new antibiotics with broad-spectrum activity.

Numerous authors suggest and encourage rational use of these new antibiotics out of
fear of the emergence of new resistance mechanisms. However, certain clinical situations
require empirical choices. It, therefore, seemed important to assess relevant factors and
variables at the time of prescribing in order to choose the most appropriate molecule, both
in terms of spectrum and possible ecological effects.

2. HCAP, HAP, VAP: Clinical Concepts and Historical Perspective

From the first consensus conference in 1996 until now, the history of concepts and
definitions around nosocomial pneumonia has never been a long calm river. Its evolution is
intrinsically linked to epidemiological, diagnostic, and therapeutic advances in the context
of precision medicine [9]. A remarkable example would be the path of the Healthcare-
Associated Pneumonia (HCAP) category in guidelines. If the term was initially defined in
the 2005 ATS recommendations [10] in order to avoid inappropriate empiric antimicrobial
therapy after the emergence of the “golden hours” concept in the intensive care unit
(ICU) [11], it has finally proved to be irrelevant. By HCAP, it was meant “any patient
who was hospitalized in an acute care hospital for 2 or more days within 90 days of
the infection”. This categorization resulted in the increasing usage of broad-spectrum
antibiotics in a population which eventually appeared to be no more infected with MDRO
pathogens than patients with community-acquired pneumonia (CAP) [12]. Furthermore,
this category failed to predict mortality [13]. The starting point was a retrospective cohort
study based on more than 4000 patients with proven bacterial pneumonia within the 48 h
following admission and transfer from a healthcare facility which showed an incidence
of a quarter of admitted patients with Methicillin-Resistant Staphylococcus aureus (MRSA)
infection, with the same incidence for Pseudomonas aeruginosa (PA) [14]. These findings,
which led to treating CAP with risk factors of MDRO organisms carriage the same way as
ventilator-associated pneumonia (VAP) regardless of the severity status, were later largely
overruled [15]. Indeed, recent studies found no major difference in terms of bacterial
epidemiology between CAP and HCAP [16], and antibiotic-resistant organisms were found
to be rare whatever population at risk of carriage was analyzed [17].

Then, a deeper knowledge of bacterial epidemiology stood out as the key challenge of
nosocomial pneumonia management for future years.

3. Definitions and Issues of Nosocomial Pneumonia

Hospital-Acquired Pneumonia (HAP) is defined as new pneumonia (a lower respira-
tory tract infection verified by the presence of a new pulmonary infiltrate on imaging) in
non-intubated patients, that develops more than 48 h after admission. When it develops
after 48 h of endotracheal intubation, it is categorized as a VAP. In the ICU, VAPs are the
most present entity, with an overwhelming majority (more than 95%) of reported cases of
pneumonia [18].

VAP is a major problem in the ICU due to its frequency and short-term consequences.
It is the main source of healthcare-associated infections (HAI) in these departments, with
an incidence reaching 40% of patients with up to 16 episodes per 1000 days of mechanical
ventilation [19]. It is associated with significant morbidity since it is complicated in 30 to
50% of cases by septic shock, in 10 to 15% of cases by acute respiratory distress syndrome
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(ARDS), and in 10 to 15% of cases by multi-organ failure (MOF) [20–24]. It also has an
impact on the duration of mechanical ventilation (increased from 7 to 11 days), the length
of hospital stay (increased from 11 to 13 days), and health economics (EUR 30,000 to
40,000/per episode) [25–27]. Finally, the overall mortality of patients who experienced
a VAP in the ICU is considerable (20 to 40% depending on the series), with an average
attributable mortality (to the VAP episode alone) of 13% [28].

4. Epidemiology

HAP and VAP may be caused by a variety of pathogens and can be polymicrobial.
Common pathogens include aerobic GNB (e.g., Escherichia coli, Klebsiella pneumoniae, En-
terobacter spp., PA, Acinetobacter spp.) and Gram-positive cocci (e.g., Staphylococcus aureus,
including MRSA, Streptococcus spp.) [29,30]. Furthermore, there is increasing recognition
that a substantial fraction of nosocomial pneumonia may be due to viruses [29].

Among 8474 cases of VAP reported in the United States Centers for Disease Con-
trol and Prevention, the distribution of pathogens associated were Staphylococcus aureus,
Pseudomonas aeruginosa, Klebsiella species, Enterobacter species, Acinetobacter baumannii, and
E. coli in, respectively, 24.1%, 16.6%, 10.1%, 8.6%, 6.6%, and 5.9% of cases [31]. In a prospec-
tive observational study evaluating 158,519 patients admitted to the University of North
Carolina Hospital over a 4-year period, a total of 282 episodes of documented VAP and
190 episodes of documented HAP in non-ventilated patients were identified (Table 1) [32].

Table 1. Frequency of isolation of pathogens from patients with Ventilator-Associated Pneumonia
(VAP) and non-ventilated patients with Hospital-Acquired Pneumonia (HAP) [32].

Ventilator-Associated
Pneumonia

Healthcare-Associated
Pneumonia

Gram-positive cocci 39.3% 55.8%
Staphylococcus aureus (SA) 36.8% 47.9%
Methicillin Resistant SA 24.4% 28.9%

Methicillin Susceptible SA 12.4% 19%
Streptococcus pneumoniae 2.5% 7.9%

Gram-negative bacilli 60.7% 44.2%
Enterobacter sp. 3.2% 4.3%
Escherichia coli 3.5% 4.3%

Klebsiella pneumoniae 2.1% 6.8%
Serratia marcescens 2.8% 2.6%

Pseudomonas aeruginosa 21.3% 13.1%
Stenotrophomonas maltophilia 8.8% 1.6%

Acinetobacter spp. 10.4% 4.7%
Other species 8.6% 6.8%

These findings are similar to those observed in a meta-analysis of 24 studies performed
during the development of the 2016 Infectious Disease Society of America guidelines [33].

The etiology of HAP and VAP depends largely upon whether the patient has risk
factors for MDRO pathogens [33]. The frequency of specific MDRO pathogens varies
among hospitals, within hospitals, and between different patient populations. One of
the major problems lies in the spread of MDROs and, specifically, extended-spectrum
beta-lactamase-producing Enterobacterales (ESBLEs) in the community. This diffusion has
consequences in hospitals and in intensive care units where, among hospitalized patients,
between 5 and 25% are ESBL producing Enterobacterales carriers [34–36].

4.1. Bacterial Epidemiology: A Practical Approach in ICU

Choosing the right antibiotic lies in anticipating both the species and the resistance
mechanisms that will be involved in the infection (Figure 1). If the local epidemiology
weighs heavily on the species involved, it remains that certain clinical situations and data
specific to the medical history of the patient must lead to considering certain species.
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Resistant
couldn’t be use

Variable
Suggest to be avoided

except in the absence of
other alternatives and if

documented by AST

Variable
Could be used, only

if documented by
AST

Sensitive
Could be use 
empirically

Figure 1. Spectrum of activity of new antibiotics. AST: Antibiotic susceptibility test, ESBL: Extended-
spectrum beta-lactamase, AmpC: Cephalosporinase, KPC: Klebsiella pneumoniae carbapenemase,
MBL: metallo-betalactamase, VRE: vancomycin resistant Enterococci, MRSA: Methicillin-resistant
Staphylococcus aureus.

4.2. Profiling Bacterial Species in Pneumonia: Born to Be Wild
4.2.1. Methicillin Susceptible Staphylococcus aureus (MSSA)

Among the population, 30 to 50% are permanently or intermittently colonized with
Staphylococcus aureus species. Moreover, the risk of secondary infection seems to be
higher among previously colonized patients [37–39]. Indeed, in 2017 post-hoc analysis of
two cohort studies of more than 9000 critically ill patients found that patients colonized
with Staphylococcus aureus at ICU admission had an up to 15 times increased risk for de-
veloping this outcome compared with non-colonized patients [40]. Staphylococcus aureus
should be considered in the case of HAP that complicates influenza infection or in the case
of early HAP in patients known to be previously colonized with MSSA. Several authors
suggested a higher risk in a specific population, such as traumatic and non-traumatic
brain injury patients [41]. Indeed, the authors suggested that MSSA is most frequent in
this specific population, accounting for up to 40–50% of VAP. In a recent study focusing
specifically on bacteriological aspects of Staphylococcus aureus VAP, the authors highlighted
that nearly 74% of the patients had severe head trauma or a priori history of coma [41,42].
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4.2.2. Enterobacterales

Enterobacterales remain the most frequent species found in HAP and VAP patients.
These species must be systematically considered in the choice of antibiotics, whatever the
circumstances. The only question that should be asked is if the antibiotic spectrum should
include resistant bacteria. In this perspective, the time of occurrence of the event should be
addressed as major information. Indeed, early HAP and VAP seem to be related to sensitive
species, whereas the duration of hospitalization and previous antibiotic therapy seem to be
associated with more resistant species [43].

4.2.3. Pseudomonas aeruginosa

Assessing the specific risk of PA infection is highly relevant since the mortality at-
tributable to this GNB seems more important than others (both because of the multi-
resistant nature of the germ inducing a delay in appropriate antibiotic therapy and because
it more often affects more severe patients) [44]. Pseudomonas aeruginosa colonization re-
mains rare even in critically ill patients in the ICU. Indeed, in developed countries, the PA
colonization rate at ICU admission is close to 10% in several studies [45–47]. However, PA
is a highly prevalent causative pathogen in HAP and VAP. An experience of the French
national surveillance, REA-RAISIN, found that a higher probability of PA-VAP is regularly
associated with higher age, length of mechanical ventilation before pneumonia, antibiotics
at admission, and admission in a ward with a higher incidence of patients with PA infection.
Interestingly, transfer from a medical unit or ICU was also found to be associated with
a higher probability of PA-VAP (45). Hospital admission should thus be considered a
turning point in the colonization pressure experienced by the patient (and not only the
admission in ICU). Lower probability of PA pneumonia was associated with traumatism
and, as expected, with admission in a ward with higher patient turnover. Some populations
seem to be more at risk, such as patients with COPD, cystic fibrosis, or bronchiectasis. Old
studies suggested a higher prevalence of late VAP [48]. Indeed, as PA is a saprophytic
species specifically linked to water, acquisition requires a contaminated environment and
selection pressure.

4.2.4. Acinetobacter baumannii

Although found with a low worldwide prevalence, Acinetobacter baumannii is one of
the most antibiotic-resistant pathogens, with 50% of carbapenem-resistant isolates in US
intensive care units, including a vast majority of extreme drug-resistant (XDR) strains [49].
Moreover, the survival of Acinetobacter baumanii in the biofilm makes their treatment
difficult [50,51].

Acinetobacter are ubiquitous organisms recovered from soil or surface water. Acineto-
bacter are rarely found in the microbiota of patients in the northern hemisphere. Indeed,
several studies suggested a low rate of Acinetobacter baumannii carriage in the communities
in Germany and France [52], even in the population of patients admitted to the intensive
care unit [53]. However, authors highlighted higher carriage rates in other parts of the
globe, such as Hong Kong, the Asia-Pacific region, and other countries with hot and humid
climates. In these locations, Acinetobacter baumannii has emerged as a cause of severe
community-acquired infections [54]. Classically-found risk factors for Acinetobacter bauman-
nii infection are tropical or sub-tropical climate, excessive alcohol consumption, smoking,
or having an underlying health condition (diabetes mellitus or chronic lung disease) with
a different weight of each risk depending on the location [55]. In the ICU, a difference
must be made according to the epidemiological data. Whereas Acinetobacter baumannii
is associated with early-onset HAP/VAP in southern countries, it seems rarely isolated
in northern countries and is usually associated with several risk factors. Indeed, factors
independently associated with Acinetobacter baumannii infection are commonly found to
be immunosuppression, previous antimicrobial therapy, previous sepsis in the ICU, and a
history of recent invasive procedures [56].
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4.2.5. Stenotrophomonas maltophilia

HAP or VAP related to Stenotrophomonas maltophilia (SM) are rare [30]. SM is an en-
vironmental bacterium found in aqueous habitats, including plant rhizospheres, animals,
foods, and water sources. It is not a highly virulent pathogen, but it has emerged as an
important nosocomial pathogen. The incidence of SM hospital-acquired infections (HAI)
is increasing, particularly in the immunocompromised patient population [57,58]. Risk
factors for this infection include chronic respiratory diseases (especially cystic fibrosis),
hematologic malignancy, chemotherapy-induced neutropenia, organ transplant patients,
human immunodeficiency virus (HIV) infection, hemodialysis patients, and neonates [59].
Furthermore, hospital settings, prolonged intensive care unit stays, mechanical ventila-
tion, tracheostomies, central venous catheters, severe traumatic injuries, significant burns,
mucositis or mucosal barrier damaging factors, and the use of broad-spectrum antibiotic
courses were shown to increase the risk of infection [60,61].

4.3. Risk Factors Associated with MDRO

As highlighted before, three main factors seem to be associated with MDRO-related
pulmonary infection. Firstly, previous antibiotic therapy is one of the major risk factors as it
is the source of selecting/inducing MDRO, and it paves the field of acquisition of resistant
bacteria from the environment. Thus, before considering a species or a particular resistance
mechanism, it is essential to trace the history of specific antibiotic exposure that can help
the practitioner assess the risk of dealing with a specific species or resistance mechanism
(Figure 2). For instance, carbapenem exposure and exposure to β-lactams inactive against
Pseudomonas aeruginosa have been strongly correlated to the emergence of Carbapenem-
Resistant Pseudomonas aeruginosa isolation, due to the repression or inactivation of the
OprD gene encoding porin OprD2 [62,63]. As for species, Stenotrophomas maltophilia-related
pneumonia has been found to be associated with previous exposure to Meropenem [64,65]
and Enterococcus with previous exposure to third-generation cephalosporins [66].

 
Figure 2. Risk factors for MDRO-related infections.

Secondly, the length of hospitalization seems to be an important risk factor as it corre-
sponds to a duration of exposure to a particular (bacterial) environment, responsible for the
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modification of the patients’ microbiota [67]. Indeed, several authors suggested [68,69] that
duration of hospitalization and antibiotic therapy were the two main factors associated
with MDRO-related pneumonia.

Thirdly, prior colonization with MDROs seems to be an indispensable prerequisite
for the occurrence of MDRO infection [37,70,71]. In light of the spread of MDRO and
the increase in the number of colonized patients [35], it seems more and more difficult to
interpret the weight of MDRO colonization as a risk factor for MDRO infection. Several
authors suggested that rare are the patients infected with MDRO among carriers [72,73]. In
a prospective study among carriers, only 6% developed ICU-acquired pneumonia related
to ESBL producing Enterobacterales.

A large study conducted in a French ICU suggested that the first infection episode
rates in EBSL-PE carriers vary from 10% to 42% [70,74–76]. Whereas, the rate of the second
episode rises from 10% to 30% [73]. Klebsiella pneumoniae carriage has also been found
to carry a specific risk of colonization/infection transition in a surgical population of
liver transplanted patients [77]. As for antibiotic use, a carbapenem exposure within the
preceding three days has been reported to have a protective effect on ESBL PE VAP in
one study [78]. Finally, a retrospective cohort study of more than 500 ICU patients with
suspected VAP analyzed sensitivity and specificity of prior ESBL-PE colonization as a
predictor of ESBL-PE-VAP and found, respectively, 85.0% and 95.7%. The positive and
negative predictive values were 41.5% and 99.4%, respectively, with a positive likelihood
ratio of 19.8. Moreover, no data support an impact of ESBL carriage on mortality which is a
supplementary argument in favor of a “wait and see” strategy [79].

It, therefore, seems necessary to be able to identify among patients carrying multidrug-
resistant bacteria those at risk of infection. Studies that occurred outside the ICU [80]
and in the ICU [81,82] have suggested that relative abundance was the main risk factor
associated with secondary bacteremia and VAP. Besides the risk due to the significant
biomass of multidrug-resistant bacteria, it seems that colonization with non-E. coli species
was associated with a higher risk of secondary infection [82]. Indeed, it has been shown
that a high relative fecal abundance of ESBL-producing Enterobacterales is associated with
a higher risk of ESBL-producing Enterobacterales associated VAP [81]. One study showed
that in ICU patients colonized with ESBL-producing Enterobacterales, the onset of ESBL-
producing Enterobacterales throat carriage preceded the occurrence of ESBL-producing
Enterobacterales associated VAP [82].

4.4. Extended-Spectrum Beta-Lactamase-Producing Enterobacterales (ESBL-PE)

A recent meta-analysis found an overall prevalence of ESBL-producing Enterobacterales
in a community of 14% among healthy individuals with an increasing annual rate of approx-
imately 5%. The most impacted locations were in the West Pacific, Southeast Asia, Africa,
and the eastern Mediterranean [83]. In Europe, Italy has a particularly high rate of ESBL,
with 26% of Escherichia coli displaying resistance to the third-generation cephalosporins
in 2013 [84]. Within a country, the prevalence can be very different from one region to
another; in some locations, we observed the endemic situation in the community [35],
whereas others were scarcely affected [35]. A 2012 French prospective study in a medical
ICU showed a 15% ESBL-producing Enterobacterales carriage rate, mostly of Escherichia coli
(62%). Transfer from another ICU, previous hospital admission in another country, surgery
within the past year, prior neurologic disease, and prior administration of third-generation
cephalosporin (within 3–12 months before ICU admission) have been found to be risk fac-
tors of ESBL-producing Enterobacterales carriage at ICU admission. Furthermore, advanced
age, male gender, colonization pressure (defined as the sum of the daily proportion of
patients in the unit colonized with ESBL-PE during the days preceding acquisition or ICU
discharge), 3GC within the past three months, and B-lactam + inhibitor within three months
were associated with the ESBL-PE-acquired carriage in the ICU in the same study [73].
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4.5. AmpC Hyperproducing Enterobacterales (AHE)

In a retrospective study of more than a thousand ICU patients, the prevalence of
intestinal colonization with AHE evolved from 2% at admission to 30% in patients with
lengths of stay (LOS) exceeding four weeks. Metronidazole, cephalosporin use, and the
LOS were found to be independently associated with acquired carriage in ICU patients [85].
It has been known for over 50 years that commensal anaerobes confer protection against
exogenous pathogens, which may explain why metronidazole, by its impact on colo-
nization resistance, favors the emergence of such mutants from subdominant, wild-type
Enterobacterales populations. Therefore, AHE community prevalence could be considered
insignificant, whereas its emergence in the ICU should not. Currently, information on the
digestive carriage of AHE is not systematically provided to the clinician and differs from
one center to another, even though studies have shown the value of this information for
initial therapeutic adequacy in the case of sepsis [86].

4.6. Carbapenemase-Producing Enterobacterales (CPE)

The distribution of the different types of CPE is very heterogeneous on a global
scale [87]. In communities, Klebsiella-producing Carbapenemase (KPC) is widespread in the
United States and endemic in some European countries, such as Greece and Italy [88].
Among the metallo-β-lactamases (MBL), New Delhi metallo-β-lactamase (NDM), Verona
integron-encoded metallo-β-lactamase (VIM), and imipenemase metallo-β-lactamase (IMP)
enzymes are the most frequently identified worldwide [89]. IMP producing Gram-negative
bacteria are mainly located in eastern Asia and Australia, mostly in Acinetobacter baumannii.
VIM producers are most often found in Italy and Greece (Enterobacterales) and in Russia
(Pseudomonas aeruginosa) [90,91]. OXA-48–producing Enterobacterales are endemic in Turkey
and are frequently encountered in several European countries and across North Africa [92].
Reported risk factors for community carriage of CPE are, as expected, geographical location
and recent antibiotic use. In the ICU, the prevalence of CPE varies from 6% to 37%, depend-
ing on the unit location [93,94]. A recent five-year case control study found the length of
hospital admission >20 days, hospital admission within the previous year, exposure to a
healthcare facility in a country with high carbapenem-resistant Enterobacterales prevalence
3 months before admission, and the use of antibiotics longer than 10 days to be independent
predictors of CPE carriage.

4.7. Methicillin-Resistant Staphylococcus aureus (MRSA)

Several risk factors of MRSA acquisition during a hospital stay have been described as
LOS, presence of patients colonized with MRSA in the same ICU at the same time, previous
antibiotic use (especially ticarcillin/clavulanic acid), central venous catheter insertion,
and period of nurse understaffing [95,96]. Interestingly, the specific population of trauma
patients have been found to be particularly at risk of MRSA acquisition. In this very
population, road traffic accident victims were at greater risk of acquiring MRSA than
patients who had suffered other mechanisms of injury, probably because of more skin
defects, such as open versus closed fractures, or more surgical procedures [97].

5. When to Use Broad-Spectrum Antibiotics, What Tools to Guide Us?

Colonization of the upper respiratory tract is a precondition to VAP in almost all
patients [98]. However, prior colonization is not systematically responsible for the infection.
Carriage should be interpreted solely as a risk factor as it could not be responsible for an
infection on its own [99,100]. It is important to emphasize this point, considering the fact
that knowledge of colonization misleads physicians in an overprescribing path [101].

5.1. Moving from an Empirical to Oriented Antimicrobial Choices

The conventional microbiological approach for HAP-VAP diagnosis consisted of
cultures coupled with antimicrobial susceptibility testing, requiring approximately 48 h
to 72 h from sampling to results delivery to physicians. It is important to notice that the
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implementation of MALDI-TOF MS in microbiology laboratories has already shown an
impact on HAP-VAP management [102].

New strategies need to be implemented to reduce the pathogen identification time
and MDRO-genes because of frequently unappropriated empirical therapy. Molecular
techniques, such as syndromic m-PCR panels, have introduced a considerable change
in antibiomicrobial stewardship intervention, accelerating targeted therapy in different
conditions such as HAP-VAP.

Among these, the BioFire® FilmArray® Pneumonia Panel (FA-PN) (bioMérieux SA,
Marcy-l’Étoile, France) is the widely used one. It is a Food and Drug Administration
(FDA) syndromic m-PCR that simultaneously identifies 33 targets: 15 typical and 3 atypical
bacterial pathogens, 8 respiratory viruses and 7 resistance genes in BAL/mini-BAL, tracheal
aspirates (ETA), and sputum specimens.

Two recent multicentric studies on performance evaluation demonstrated excellent
positive percentage agreement and negative percentage agreement values when compared
with conventional culture methods [103,104]. In all these studies, it is important that the
prevalence of bacteria off-panel is non-negligible and should be kept in mind by physicians
and laboratory staff.

Many prospective and retrospective studies, so-called “real-life studies”, have been
published to evaluate the clinical impact of this approach. Caméléna et al. showed a
considerably reduced sample-to-result time compared to conventional approach (5.5 h vs.
25.9 h for cultures (p < 0.001) and 57 h for AST (p < 0.001), respectively) [105]. During the
COVID-19 pandemic, Maataaoui et al. revealed in a prospective cohort of 112 episodes
(104 HAP-VAP) an early empirical therapeutic change in 34% of HAP-VAP episodes (of
which 46.3% were withdrawn) when this panel was performed [106]. Another recent
prospective study showed among COVID-19 ICU patients that antibiotics were initiated
in 87 (72.5%) of 120 pneumonia episodes and were not administered in 80 (87.0%) of
92 non-pneumonia episodes based on FA results [107].

Because of the high cost of this approach, some studies suggested scores to rationalize
performing such a test. A comprehensive study suggested that both clinical (temperature
and Clinical Pulmonary Infection Score) and biological parameters (WBC BAL count and %
of PMNs) were correlated with FA-PN with or without conventional culture results [108].
In some cases, interpretation of results remains a challenge for physicians and laboratory
staff. Based on a retrospective non-interventional study, Novy et al. designed an algorithm
helping antimicrobial stewardship prescription with FA-PN results in cases of HAP-VAP
suspicion and confirmed the poor reliability of ETA samples because of over-detection of
the microbial and viral genome [109].

Other panels exist, such as the syndromic m-PCR panel for HAP-VAP developed by
Curetis (Curetis GmbH, Holzgerlingen, Germany) with The Unyvero P55 Pneumonia panel,
capable of identifying 20 pathogens of lower respiratory tract infections (LRTI) and 19 resis-
tance genes. With a longer turn-around time of 5 h, performances seemed to be lower than
previously described panels. However, a non-interventional study recently showed that
this test could have led to modifications of empirical therapy in 60% (57/95) of HAP-VAP
episodes [110]. “In-house” multiplex PCRs have been customized by several laboratories,
such as the custom-designed multi-pathogen TaqMan Array Cards (TAC; Thermo Fisher
Scientific, Waltham, MA, USA) in a UK center with good analytical performance [111].

This kind of approach has the advantage of identifying multiple pathogens with a
shorter turn-around time, including those which are fastidious and pathogens that cannot
be retrieved by conventional cultures. This remains particularly true when antimicrobials
have already been started before sampling.

However, the reliance on the presence of resistance genes should be interpreted with
caution. Importantly, these methods can only detect antibiotic resistance genes which
have been chosen by industrials, and the limits of these assays need to be well known
by physicians and microbiology labs. Conventional culture methods shall be continued
because of the significant prevalence of uncovered pathogens.
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5.2. How to Choose the Empirical Antibiotic: “Because It Was Him, Because It Was Me”

The ICU carries multiple specificities making the choice of empiric antimicrobial ther-
apy a singular decision for each patient. Indeed, multiple parameters must be considered
for critically ill patients, including the severity of illness, the seriousness of the situation,
the certainty of the diagnosis, the local microbial ecology, and MDR prevalence in the unit.
However, once these parameters are settled, the first legitimate question would be: does
the treatment have to be empirical?

5.3. Rusher or Dragger?

Delayed initiation of antibiotic therapy has often been cited as a major risk factor
for excess mortality, supporting the idea that “a large antimicrobial spectrum” should be
provided to ICU patients. As the global rise of MDR incidence has become more widely
known among practitioners, a “structural” tension has arisen between the need not to delay
antibiotic therapy and the need to choose the right one. The idea that all ICU patients
should be started on antibiotics as soon as possible implies that all patients admitted in
those units have the same level of severity which is obviously inaccurate [112]. Studies
have shown that this increased risk of mortality due to delayed initiation of antibiotic
therapy was effective, especially for the most severe patients [113]. It would, therefore,
seem appropriate, when the patient’s condition allows it, to wait for the germ identification
and antibiogram.

5.4. Under Pressure

Local epidemiological knowledge is crucial. As seen previously, there is a heterogene-
ity in the distribution of MDRs, which suggests different considerations when choosing
antibiotics, depending on the unit location [114]. If MDR carriage does not mandate any
antibiotic therapy, it is well documented that it is a necessary step prior to infection [115].
Hence, each practitioner should be aware of the bacterial epidemiology of the hospital and
unit in which they work [33].

Colonization pressure described in 1994 by Bonten et al. [116] is a fundamental concept
that needs to be addressed in order to choose an adequate antibiotic. A study led by Trouil-
let et al. in 1998 was the first trial to link the changing bacterial epidemiology according to
mechanical ventilation (MV) duration and previous antibiotic therapy. Firstly, it showed
that patients who were not exposed to antibiotics and who underwent MV for less than
seven days (in other terms, patients who had very low colonization pressure) were infected
with the “usual” germs present in oropharyngeal and respiratory microbiota (Streptococcus,
Haemophilus influenzae, Enterobacterales). On the other hand, when they underwent MV for
more than seven days and had greater antibiotic exposure, non-fermenting gram-negative
bacilli (PA, Stenotrophomonas, Acinetobacter) were more frequent. Multiple lessons could
be drawn from this study with a remarkable reproducibility in the following years. It
showed the importance of colonization pressure in VAP bacterial epidemiology and raised
awareness about the fundamtental importance of selection pressure, which has been later
confirmed in other studies [117]. MDR prevalence and antibiotic usage have risen in the
20 years since this historical study. If the “five days after ICU admission cut off” is since
then usually used to materialize the risk of resistance [111,118], shifting the clinical and
epidemiological reasoning in time could be an appropriate current adaptation. Indeed,
according to geographical locations and hospital epidemiological situations, the patient
admitted to the ICU or already in the ICU and undergoing MV could have experienced
colonization and selection pressure for several days before. Thus, considering this pres-
sure from the first contact with the healthcare facility (Emergency Room, medical ward,
ICU), the question “what antibiotic should I use for this VAP?” as a continuum might be
more relevant.

In conclusion, the reasoned choice of antibiotics to treat HAP/VAP requires the
consideration of many variables ranging from local epidemiological data to the patient’s
personal history, including prior antibiotic therapy and length of stay (Figure 3). The new
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microbiological diagnostic methods make it possible to move from an empirical prescription
to an oriented prescription, reducing the delay for adequate antibiotic therapy.

Figure 3. Under pressure.
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Abstract: Bloodstream infections (BSIs) in critically ill patients are associated with significant mortal-
ity. For patients with septic shock, antibiotics should be administered within the hour. Probabilistic
treatment should be targeted to the most likely pathogens, considering the source and risk factors
for bacterial resistance including local epidemiology. Source control is a critical component of the
management. Sending blood cultures (BCs) and other specimens before antibiotic administration,
without delaying them, is key to microbiological diagnosis and subsequent opportunities for an-
timicrobial stewardship. Molecular rapid diagnostic testing may provide faster identification of
pathogens and specific resistance patterns from the initial positive BC. Results allow for antibiotic
optimisation, targeting the causative pathogen with escalation or de-escalation as required. Through
this clinically oriented narrative review, we provide expert commentary for empirical and targeted
antibiotic choice, including a review of the evidence and recommendations for the treatments of
extended-spectrum β-lactamase-producing, AmpC-hyperproducing and carbapenem-resistant En-
terobacterales; carbapenem-resistant Acinetobacter baumannii; and Staphylococcus aureus. In order to
improve clinical outcomes, dosing recommendations and pharmacokinetics/pharmacodynamics
specific to ICU patients must be followed, alongside therapeutic drug monitoring.

Keywords: bloodstream infection; bacteraemia; sepsis; septic shock; empirical; probabilistic antibi-
otics; source control; de-escalation; ICU; intensive care

1. Introduction

A bloodstream infection (BSI) is defined as the microbial invasion of the blood
stream. In clinical practice, this refers to a positive blood culture (BC) from a patient
with clinical signs of infection [1]. Bloodstream infections can be categorised in a range of
meaningful ways:
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1. According to the origin of the infection, either community-acquired (CA-BSI), hospital-
acquired (HA-BSI) or intensive care unit (ICU)–acquired (ICU-BSI).

2. Either secondary to a source of infection or primary, when there is no identified
source [2].

3. Complicated or uncomplicated, which was recently defined as a having definite
source (among urinary, catheter, intra-abdominal, pneumonia, skin or soft tissues),
and effective source control, in a non-immunocompromised patient, and with clin-
ical improvement after 72 h of antimicrobial therapy (at least defervescence and
haemodynamic stability) [3].

4. By clinical severity, which is the absence or presence of organ failures and the need
for organ supportive therapy in the ICU.

Critically ill patients are often debilitated and suffer from immune paresis caused by
their initial reason for ICU admission [4]. Secondary infections are especially common
in patients with higher severity of disease [5]. For ICU patients, BSIs are associated with
significant mortality, ranging from 35% to more than 60% [6–8]. In a cohort study of
10,734 ICU patients with an ICU length of stay (LOS) of more than 3 days, 571 (5.3%)
developed ICU-BSIs. In a multivariable COX model analysis, ICU-BSIs were independently
associated with increased mortality [8].

This clinically oriented narrative review focusses on the antimicrobial management
of BSIs, whose clinical severity requires ICU admission, or such infections that have
been acquired in the ICU. We will review the importance of microbiology specimens,
the timing and choice of the empirical antimicrobial therapy, the role of spectrum and
dose optimisation, the importance for source control and, finally, strategies for stopping
antimicrobials (Figure 1).
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Figure 1. Management of an ICU patient with a blood stream infection. mRDT = molecular rapid
diagnostic testing, Micro. = microbiology specimens, MDR = multidrug resistant, DTR = difficult-to-
treat resistance, MRSA = methicillin-resistant Staphylococcus aureus.
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2. Antimicrobial Therapy

2.1. Empirical Antimicrobial Therapy
2.1.1. The Importance of Getting It Right from the Start

For ICU patients with sepsis or septic shock, it is recommended to administer an-
timicrobials immediately, ideally within one hour of recognition [9]. This is supported
by observational data. Kumar and colleagues described in 2006 a 12% increase in crude
mortality for each hour of delay to administer antimicrobials from the onset of hypoten-
sion and septic shock [10]. The above-mentioned study by Adrie and colleagues shows
a 30% increase in mortality when no adequate treatment is given in the first 24 h [8]. In
the evaluation of a multifaceted intervention to decrease sepsis mortality in a group of
40 German hospitals, Bloos and colleagues report an increase in the risk of death of patients
with sepsis or septic shock of 2% for each hour of delay of antimicrobial therapy and 1% for
each hour of delay in source control [11]. However, not all research on time to antibiotics
has been so positive [12]. Hranjec and colleagues investigated the issue with a before and
after study in surgical ICU patients with sepsis but without shock [13]. They compared
an aggressive approach where antibiotics were started as soon as sepsis was recognised
to a conservative approach where they were started only if the infection was confirmed
by positive microbiology. In the conservative period, immediate antibiotic therapy was
recommended for patients with shock. The aggressive approach was associated with
a lower time from fever and BC to start of treatment. The conservative approach was
associated with more initially appropriate therapy, a shorter duration of antibiotics and
lower mortality. This manuscript demonstrates the difficulty intensivists face daily in
trying to differentiate infection from inflammation in the ICU patient population. It is
conceivable that several patients were without infection and, therefore, did not require
antibiotics. Delaying antibiotics to investigate the cause of “sepsis” may have multiple
benefits for patients with low severity. It may improve outcomes through the diagnosis
and management of non-infectious causes of inflammation and organ failures plus avoid
harm from antibiotic overuse. Further, it will help in obtaining a diagnosis for a proportion
of infections that would otherwise been labelled as “culture negative” or “from unknown
source”. Definitive clinical and microbiological diagnosis of an infection facilitates the
provision of a targeted treatment and improves outcomes. While controversy remains
and these data present all the biases inherent to observational studies, they highlight how
important it is that patients with BSIs receive early appropriate antimicrobial therapy.

2.1.2. Broad-Spectrum Antibiotics and Combination Therapy?

The empirical regimen should be broad enough to maximise the likelihood of ade-
quacy, especially in patients with septic shock. This may, however, lead to an unnecessary
overuse of broad-spectrum antimicrobials and associated harms, including the promotion
of antimicrobial resistance [14].

When the source is known, antibiotics should be targeted at the most common
pathogens for the source as detailed in Table 1. Molecule choice takes into account risk
factors for multidrug-resistant (MDR) or specific pathogens for the patient, according to
their history and setting as shown in Table 2. For hospital-acquired infections, knowledge
of colonisation from previous clinical or surveillance cultures is a valuable tool to optimise
this choice [15,16].

Combination therapy can provide very broad empirical coverage for different classes
of pathogens by adding anti-MRSA and antifungal agents or molecules targeted at MDR
Gram-negative bacteria (GNB). These should be used with parsimony, in patients with
significant risk factors, and only as part of the empirical regimen with a plan to subsequently
de-escalate all drugs that are not required [17,18].
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Table 1. Most common pathogen groups according to the presumed source of infection.

Urinary Respiratory Intra-Abdominal
Intra Vascular

Catheter

Community
acquired

Enterobacterales
Enterococcus sp.
P. aeruginosa *

Streptococcus pneumoniae ++
Legionella sp. ***
Enterobacterales

S. aureus
P. aeruginosa *
H. influenzae

Enterobacterales
Enterococcus sp.

Candida sp.
Anaerobes

Polymicrobial

Coagulase neg.
staphylococci

S. aureus
Enterobacterales

Hospital
acquired

Enterobacterales
Candida sp.

Enterococcus sp.
P. aeruginosa

Acinetobacter sp.

Enterobacterales
S. aureus

P. aeruginosa
Acinetobacter sp.

Enterobacterales
P. aeruginosa

Enterococcus sp.
Candida sp.
Anaerobes

Polymicrobial

Enterobacterales
S. aureus

Coagulase neg.
staphylococci
P. aeruginosa

Acinetobacter sp.

Describes the most common pathogens. Non-exhaustive list. ++ Largely predominant. * In patients with
chronic respiratory disease and patients with long-term indwelling catheter for respiratory and urinary sources,
respectively. *** Legionella sp. does not cause BSIs but should be included in severe community-acquired
respiratory infections.

Table 2. Risk factors for multidrug-resistant bacteria.

Individual factors (history)

Recent hospitalisation (1 year)
Exposure to antimicrobials (3–6 months)

Severe co-morbidities (Charlson ≥ 4)
Recent immunosuppression

Chronic respiratory disease (COPD, cystic fibrosis)
Recurrent urinary tract infections

Urinary catheter

Individual factors
(current)

Prior duration of hospital and ICU stay (continuous increase over time)
High severity

Known colonisation (surveillance cultures and previous infections)

Institution factors Regional/institutional prevalence of MDR
Overwhelmed health systems

COPD = chronic obstructive pulmonary disease, MDR = multidrug resistant, ICU = intensive care unit.

2.1.3. The Importance of Sending Blood Cultures before Starting Antimicrobials

The empirical antibiotic choice is made while differential diagnosis is still underway,
including uncertainty on the pathogen. Microbiology results will be required to judge of
the presence of an infection and to optimise antimicrobial therapy by targeting the causal
pathogen(s) or to stop antibiotics if there is no infection.

Sending specimens before starting antimicrobials (without delaying the treatment) is
key to avoiding false-negative results. Sheer and colleagues analysed the factors associated
with BC positivity in a single centre cohort study of 599 patients with severe sepsis or
septic shock who had at least two BC sets taken [19]. Patients with cultures sampled before
antibiotics had a 50.6% positivity rate, almost double the 27.7% for those who had received
antibiotics before. They showed that antibiotic therapy prior to BC sampling was an
independent factor for BC negativity. In this cohort, 35 patients had cultures sampled both
before and after antibiotics. The positivity rate was 57.1% (20/35) before antibiotics. After
antibiotics, positivity decreased to 25.7% as 9 of those 20 patients still had positive cultures.
This represents a loss of pathogen detection of 30.0% and highlights the importance of
sending cultures prior to starting antibiotics.

When antibiotics are indicated, and the patient has septic shock, taking cultures must
not delay the initiation of antimicrobials beyond a reasonable delay of 15 to 45 min [9].
Importantly, clinicians should not wait for culture results to start the treatment. When an
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ICU patient develops new signs of sepsis, cultures should be sent from the likely source(s)
of infection, from the blood and most often also from urine and sputum.

Sampling quality is very important. We recommend at least two sets of aerobic and
anaerobic BCs, from two different sites, inoculating a sufficient amount of blood per bot-
tle [2], usually, 8–10 mL per bottle. It is, however, good practice to check manufacturers’
recommendations. Blood should be sampled peripherally following rigorous skin disin-
fection, and an aseptic non-touch technique for drawing the blood and inoculating the
bottles is key to decreasing false-positive results from BC contamination with commensal
micro-organisms [20].

2.1.4. The Advent of Molecular Rapid Diagnostic Testing

The rapidly expanding field of molecular rapid diagnostic testing (mRDT) provides a
range of diagnostic tools for the faster identification of pathogens and specific resistance
patterns from the initial positive BC [21]. A laboratory requires up to 1–2 days to identify the
micro-organism from a positive BC and another 1–2 days to provide the antibiogram [22].
Accurate bacterial species identification is available in the matter of hours with techniques
such as matrix-assisted laser desorption/ionisation–time of flight (MALDI-TOF) mass
spectrometry [23]. Integrated solutions such as the Accelerate Pheno system automate both
the identification and AST, providing accurate results in 90 min and 7 h, respectively. In
a multicentre study, comparing with conventional BC processing, it accurately identified
14 common bacterial pathogens and 2 Candida sp. with sensitivities ranging from 94.6% to
100% [24]. The performance of AST results for methicillin-resistant Staphylococcus aureus
(MRSA) and Staphylococcus sp. had an agreement of 97% with conventional processing. For
GNB, the agreement on a panel of 15 antimicrobials was 94%, making this system suitable
for prime clinical use [24].

Colorimetric assays are relatively inexpensive and extremely accurate benchtop solu-
tions to detect extended-spectrum beta-lactamase-producing (ESBL-Es) or carbapenemase-
producing Enterobacterales (CPEs) [21,25]. The newest kits such as the NitroSpeed-Carba
NP can identify the presence and production of carbapenemase by GNB with a sensitivity
of 100% and a specificity of 97%. It detects the type of carbapenemase with sensitivities
ranging from 97% to 100%, even in cases with a very low level of carbapenemase activ-
ity [26]. These may allow for the urgent escalation of antibiotics, gaining several hours to
days when compared with waiting for an antibiogram. When used within an antimicrobial
stewardship (AMS) program, they may help to avoid the over prescription of the newer
β-lactam–β-lactamase inhibitors (BL/BLIs) in the empirical regimen. Their use for ADE
can (and should) be done, with caution as clinical evidence is only emerging [18].

2.2. What to Do with Culture Results

Patients with a suspected and then confirmed BSIs need to have microbiology results
reviewed at least daily. The antibiotic treatment must be targeted to the pathogen in terms
of molecule activity, with an adequate penetration at the source and sufficient dosing,
as early as possible, and for the whole duration of the treatment, without exceeding the
required duration. Effective communication with the microbiology laboratory is crucial.
In our practice, we check for results during the morning and afternoon rounds, and the
laboratory will call us almost immediately when they have a positive BC or any significant
result. Antimicrobial stewardship programs and scheduled infectious diseases rounds help
to ensure that no opportunities to optimise the treatment are missed.

The initial communication by the laboratory of a positive BC and Gram stain results
may be the time when antibiotics are started or escalated. Identification of the pathogen
comes a few hours to a day later and may include information on mechanisms of resistance
depending on laboratory technique availability. Lastly, we will receive an antibiogram
and final confirmation of the identified pathogen. At each step, we ensure the causative
pathogen is covered by the administered treatment. With the final microbiology results,
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we make a definitive adjustment to the antibiotic regiment, including a decision on the
duration of therapy.

Antimicrobial de-escalation (ADE) consists in either (i) replacing a broad-spectrum
antimicrobial with an agent of a narrower clinical spectrum or a presumed lower ecological
impact or (ii) stopping a component of an antimicrobial combination [18]. It is an important
tool to reduce the exposure to broad-spectrum antibiotics and prevent the emergence of
antimicrobial resistance. Antimicrobial de-escalation has demonstrated patient-level safety,
with a meta-analysis suggesting improved outcomes in patients who received ADE [27].
Bloodstream infections are very specific as the causing pathogen is known with certainty,
and this makes them perfect targets for ADE. Some sources, such as peritonitis or deep-
seated abscesses may be polymicrobial, with sometimes the indication to maintain broader
cover for some suspected—but not grown—pathogens. In nearly all other situations, we
can safely select the molecules that provide the most adequate treatment for the pathogen
causing the BSIs at the source, while having the lowest ecological impact. Importantly, out-
side specific extensively drug-resistant (XDR) pathogens, there is no benefit to continuing
combination therapy for GNB infections [28].

2.2.1. Specific Pathogens

While ADE and narrow-spectrum antibiotics can be easily recommended for suscepti-
ble micro-organisms, globally increasing antimicrobial resistance (AMR) has significantly
complicated antibiotic management as detailed in the examples below.

Extended-Spectrum β-Lactamase-Producing Enterobacterales

ESBL-producing Enterobacterales (ESBL-Es), and their surrogate, Enterobacterales
resistant to third-generation cephalosporins should be treated with a carbapenem [29,30].
Carbapenem sparing in this context has been extensively investigated and was initially
supported by observational studies [31]. The MERINO trial randomised 391 patients with
a BSIs due to ceftriaxone-resistant Escherichia coli or Klebsiella pneumoniae to piperacillin–
tazobactam or meropenem [32]. Mortality was 12.3% for piperacillin–tazobactam com-
pared with 3.7% for meropenem, rejecting non-inferiority and not supporting the use of
piperacillin–tazobactam in severe infections due to ESBL-Es. Alternatives for cases where a
carbapenem cannot be used include fluoroquinolones and trimethoprim-sulphamethoxazole.
Those are especially interesting for BSIs with a urinary source as they concentrate in the
urine [30]. While ceftolozane–tazobactam and ceftazidime–avibactam (CAZ-AVI) are po-
tential alternatives, their use should be restricted as reserve antibiotics for those pathogens
that cannot be treated otherwise.

Inducible AmpC-Producing Enterobacterales

Enterobacterales including Enterobacter cloacae, Klebsiella aerogenes (ex. Enterobacter
aerogenes) and Citrobacter freundii are the main pathogens of concern that carry a chromo-
somal inducible AmpC β-lactamase [33]. These are problematic because they initially
show susceptibility to ceftriaxone. However, exposure to ceftriaxone and other β-lactams
such as piperacillin–tazobactam or imipenem will induce a sufficient increase in the pro-
duction of AmpC to cause resistance to ceftriaxone, leading to treatment failure [33,34].
These enzymes effectively hydrolyse ceftriaxone and ceftazidime. Tazobactam has weak
efficacy against AmpC β-lactamases, and observational studies were equivocal [35]. The
MERINO-2 pilot trial randomised patients with AmpC BSIs to piperacillin–tazobactam
or meropenem. There was numerically higher mortality and clinical and microbiological
failure with piperacillin–tazobactam but more relapses with meropenem. Pending further
data, we should avoid using piperacillin–tazobactam in patients with severe infections due
to pathogens with inducible AmpC [36,37]. Cefepime is a good treatment choice as it is a
weak inducer, and it is relatively stable against AmpC β-lactamases. Caution is warranted
in pathogens with a MIC ≥ 4 μg/mL for cefepime as they may harbour an ESBL, making
them prone to treatment failure. All carbapenems are stable and recommended for the
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treatment of AmpC-hyperproducing Enterobacterales. New β-lactamase inhibitors (BLIs),
such as avibactam, are very effective, but their use should be restricted to pathogens that do
not have other treatment options [33]. For pathogens that are susceptible, fluoroquinolones
and trimethoprim-sulphamethoxazole can be considered as alternatives [36].

Carbapenem-Resistant Enterobacterales

Carbapenem-resistant Enterobacterales (CREs) are defined by resistance to at least
one carbapenem [38]. This can be either due to the production of a carbapenemase, such
as Klebsiella pneumoniae carbapenemases (KPCs), oxacillinase (e.g., OXA-48), and metallo-
β-lactamases (MBLs) (e.g., New Delhi metallo-β-lactamases), or a combination of other
mechanisms, such as a mutation in porin genes that limit the entry of the antibiotic into the
bacteria associated with upregulated production of other β-lactamases [39].

Recently, combinations of older β-lactams with a new BLI and a novel cephalosporin
have been marketed specifically for the management of CREs. Avibactam, in CAZ-AVI
is targeted to the inhibition of KPCs and OXA-48 carbapenemases. It is inactive against
MBLs. Ceftazidime–avibactam was shown to be effective in a cohort study of 137 patients
with infections caused by a CRE. There was an inverse probability of treatment weighting
(IPTW)–adjusted probability of a better outcome of 64% with CAZ-AVI when compared
with colistin [40]. While no randomised controlled trial (RCT) is available to date, these
results are concordant with other studies comparing CAZ-AVI with other antibiotics [41,42].

Meropenem–vaborbactam is targeted at KPCs but is inactive against OXA-48 and
MBLs. It was investigated in a 77-patient phase-3 RCT against the best available treatment
(BAT) [43]. Forty-four patients had confirmed CRE infections. In this subpopulation,
meropenem-vaborbactam was associated with improved cure rates (59.4% vs. 26.7%,
p = 0.002) and a numerically but not statistically lower mortality (15.6% vs. 33.3%, p = 0.2).

There is less evidence for cefiderocol, a siderophore cephalosporin active in vitro
against all CPEs including MBLs. The CREDIBLE-CR RCT included 118 patients with a
CR-GNB at baseline (46% A. baumannii, 33% K. pneumoniae and 19% P. aeruginosa) compared
cefiderocol and BAT for CR-GNB [44]. Mortality was higher in the cefiderocol arm (24.8%
vs. 18.4%). A subgroup analysis showed that higher mortality was found in patients
with carbapenem-resistant Acinetobacter baumannii (CRAB) but not in those with CREs [30].
When comparing cefiderocol with BAT, clinical cure was 66% vs. 45% in the CRE subgroup
and 75% vs. 29% in the MBL subgroup. Aztreonam–avibactam is a very promising
combination with potent activity against multiple carbapenemases including MBLs [45]. It
is unfortunately not yet available for broad clinical use. Some MBLs that are resistant to
cefiderocol, CAZ-AVI and other BL/BLIs remain susceptible in vitro to the combination
of ceftazidime–avibactam–aztreonam. This treatment was independently associated with
lower 30-day morality in an observational study of 102 patients with MBL-producing CRE
BSIs and, with cefiderocol, may be, one of the only available treatment options for MBL
producers [46,47].

Given the specific activity of each of those antimicrobials, effective AMS and use of
phenotypic tests to determine the presence of each resistance mechanism are important to
manage CRE BSIs in the ICU.

For CRE strains that are susceptible to BL/BLIs, there is no indication to add a second
antibiotic as part of combination therapy, and if one was started, we suggest ADE [30]. A
recent propensity-matched cohort study of 577 patients with KPC-producing K. pneumoniae
(KPC-Kp) treated with CAZ-AVI combination therapy did not show benefit versus CAZ-
AVI monotherapy [41]. This contrasts with studies published before the advent of the new
generation of BL/BLIs. The INCREMENT cohort showed in the high-mortality risk strata
of patients with CRE-BSIs an independent association between combination therapy and a
lower risk of death [48]. When antibiotics such as polymyxin and tigecycline are used as
pivotal antibiotics, combination therapy remains advised [30,48].
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Carbapenem-Resistant Acinetobacter baumannii

Carbapenem-resistant Acinetobacter baumannii, and other Acinetobacter sp. resistant to
carbapenems have very limited treatment options and subsequently high risks of treatment
failure and mortality [49]. This is due to the common co-existence of multiple mechanisms
conferring combined resistance to most or all antibiotic classes [36,49]. Further, the efficacy
of novel BL/BLI combinations is disappointing. Vaborbactam does not restore the activity
of meropenem against CRAB. Relebactam does not improve the activity of imipenem.
Noting that CAZ-AVI is not indicated for CRAB, we refer to a study of 71 U.S. hospitals in
2012–13 finding that up to 73.6% of CRAB from ICU isolates were resistant to CAZ-AVI [50].

This pathogen remains one of the few indications in which it may be indicated to
continue combination therapy for the duration of the treatment or at least until clinical
improvement [36]. Combinations should include in vitro active drugs, where available.
Given the paucity of treatment options, multiple combinations have been tested. A multi-
centre RCT compared colistin alone or combined with meropenem (both administered at
high doses) and found no difference in terms of clinical failure or 28-day mortality [51], not
supporting the addition of meropenem to colistin for CRAB. Sulbactam has specific intrinsic
antibiotic activity against Acinetobacter sp. For susceptible isolates, ampicillin–sulbactam
is the preferred choice as the pivotal antibiotic of a combination regimen [52]. These
strains are, however, becoming rare, and polymyxins are often one of the few available
options. Polymyxin B is recommended for systemic infections because of better pharma-
cokinetic (PK) characteristics and less nephrotoxicity than colistin methane sulphonate
(CMS), which is preferred for urinary sources [36]. Dosing recommendations from the
latest guidelines should be followed given their narrow therapeutic index [53]. Tigecycline,
if used, should be part of a combination as its clinical efficacy remains debated and its PK
profile is unfavourable, especially in the blood and lung tissues [49]. High dosing schemes
(200 mg loading followed by 100 mg 12 h) must be employed with caution, and fibrino-
gen levels must be followed due to time-dependent associated risk of coagulopathy, and
dose-dependent gastro-intestinal side effects [54,55]. The adjunction of sulbactam as part of
combination therapy for severe infections with strains that are non-susceptible to ampicillin–
sulbactam might be considered due to its capacity to saturate altered penicillin-binding
protein targets [56].

Staphylococcus aureus and MRSA

Staphylococcus aureus has a propensity for causing HA-BSIs as a complication of med-
ical and surgical procedures or intra-vascular catheters. It often leads to complicated
infections, seeding into abscesses, osteoarticular infections and endocarditis, thus, often
requiring an extended duration of antibiotics. S. aureus can be susceptible to methicillin and
many other β-lactam antibiotics (MSSA) or resistant to almost the whole class for MRSA.
Newer cephalosporins such as ceftaroline and ceftobiprole have specific anti-MRSA activity.
The therapeutic standard for MSSA is a narrow-spectrum anti-staphylococcal β-lactam
such as flucloxacillin, oxacillin or a first-generation cephalosporin such as cephazolin [57].
Monotherapy with vancomycin is inferior to β-lactams [58]. In high-prevalence settings,
probabilistic treatment should include optimal cover for both MSSA and MRSA. This can be
achieved with a combination of flucloxacillin and vancomycin, ceftaroline or daptomycin.
There must be a plan for ADE and only the targeted molecule should be retained once the
antibiogram is available.

Vancomycin is the first-line antibiotic for MRSA BSIs [59]. Daptomycin is proposed
as a first-line alternative to vancomycin by the Infectious Diseases Society of America
(IDSA) guidelines [60]. Linezolid is not recommended as it failed to show non-inferiority
to vancomycin in an RCT of MRSA catheter-related BSIs (CR-BSIs) [61]. It may be an
option for oral step-down when extended treatments are indicated [62]. Daptomycin
was associated with significantly lower rates of clinical failure and 30-day mortality in
a propensity-matched cohort of 262 MRSA BSIs [63]. Further, it causes less AKI than
vancomycin [64]. However, daptomycin is inactivated by pulmonary surfactant, limiting
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its indications. The emergence of resistance to daptomycin during treatment may lead
to failure and warrants caution. Combination of daptomycin plus ceftaroline as rescue
therapy for refractory MRSA BSIs has been reported [65]. Adjunctive rifampicin has long
been advocated in MRSA infections to reduce the risk of treatment failure and recurrences
but was recently shown to be of no benefit in a large multicentre RCT [66].

There is a strong relationship between the duration of bacteraemia and subsequent
risk of death [67]. Staphylococcus aureus requires extended treatment durations as discussed
below. Persisting BSIs may be secondary to endocarditis, and all S. aureus BSIs should have
a cardiac echocardiography. Transoesophageal echocardiography can only be avoided in
cases with specific protective factors [68].

3. Do Not Forget Source Control

Source control is equally essential with antibiotics in the treatment of BSIs. Surgical or
percutaneous management of any abscess, deep-space infection or infected material such
as intra-vascular catheters is a matter of urgency. In the EUROBACT International Cohort
Study of ICU patients with HA-BSIs, not achieving source control was an independent
predictor of day-28 mortality [6]. In a large multicentre observational study of S. aureus BSIs,
delayed source control was associated with persistent BSIs [57]. In a cohort study of patients
with peritonitis and septic shock, delay to surgical source control was an independent
predictor of mortality [58]. In unstable patients, the multidisciplinary discussion with
the surgical team revolves around timing and choice of the intervention. Damage-control
surgery is often indicated. The essential parts of the operation are urgently performed,
and a reoperation is planned after clinical stabilisation, 24–48 h later, for a second look
and, where possible, anatomical reconstruction [59]. We must emphasise the need to send
specimens from the foci of infection at each intervention.

4. Optimisation and Dosing Strategies

Sufficient antibiotic concentrations at the site of infection are required for optimal
clinical outcomes. The initial and/or loading dose should be given in full, not adjusting for
renal impairment [60]. Sepsis alters the PK properties of hydrophilic molecules (β-lactams,
glycopeptides and aminoglycosides). They have an increased volume of distribution
(Vd) leading to a lower-than-expected maximum serum concentration during a dosing
interval (Cmax) [61]. Additionally, augmented renal clearance (ARC), the increase in renal
blood flow that often arises in septic shock, leads to the augmented elimination of renally
excreted antibiotics. This causes a lower-than-expected trough serum concentration (Cmin).
Conversely, renal or hepatic dysfunction may alter the metabolism and elimination of
antibiotics, leading to increased concentrations and potential toxicity. Renal replacement
therapy (RRT) and extracorporeal membrane oxygenation (ECMO) will also affect the PK
of antibiotics, often in unpredictable ways, and require additional monitoring [62].

Further, different PD targets need to be taken in account to ensure maximum bacterial
killing and decrease the emergence of resistance. As shown in Figure 2, some antibiotics are
concentration dependent (aminoglycosides) and require a high peak concentration obtained
with a single daily loading dose. β-Lactams are both concentration and time dependent,
requiring sufficient time with a free unbound drug minimum concentration (f Cmin) above
the MIC for targeted bacteria (f Cmin/MIC) [63]. Others such as fluoroquinolones and
vancomycin are both time and concentration dependent, and adjustment is based on the
ratio of the area under the concentration–time curve from 0 to 24 h to minimum inhibitory
concentration (AUC0–24/MIC) [64]. Based on those PK/PD considerations and a meta-
analysis of three RCTs suggesting improved short-term mortality [65], it is now suggested
to use a prolonged infusion for β-lactams following an initial bolus dose [9]. Further, initial
dosing should follow recommendations tailored for critically ill patients (when they are
available) rather than following package inserts (Table 3).
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Figure 2. Pharmacokinetic targets for main antibiotic classes. Cmax = maximum serum concentration
during a dosing interval, Cmin = trough (minimum) serum concentration over a dosing interval, MIC
= minimum inhibitory concentration of the pathogen for the considered antibiotic, fCmax/MIC = ratio
of free peak plasma concentration to MIC, fAUC/MIC = ratio of free unbound drug concentration
area under the curve to MIC, fT > MIC = free unbound drug concentration time above the MIC.

Drug concentrations are usually measured for two reasons, to prevent (or explain)
toxicity and to measure for efficacy. Aminoglycosides and glycopeptides have significant
side effects at higher concentrations, and hence, measurement facilities are commonly
available. More recently, efficacy targets have been set for these antibiotics. Beta-lactams
have a high therapeutic ratio with some, but limited, toxicity. Recently, measurements of
these compounds have become more relevant in view of underdosing, i.e., therapeutic
drug monitoring (TDM) used for the efficacy of these agents [66]. Whilst beta-lactam
concentration targets were obtained initially from animal data, there is still debate on what
target beta-lactam levels should be used for clinical efficacy [64].
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5. When and How to Stop Therapy

Minimising the duration of exposure to antimicrobials is important to optimise patient
outcomes. A recent umbrella review established how each additional day of therapy is
associated with measurable harm [67]. This includes a 4% daily increase in the odds of
an adverse drug reaction (OR 1.04, 95% CI 1.02–1.07) and a 3% increase in the odds of
antimicrobial resistance (OR 1.03, 95% CI 0.98–1.07).

Since 2019, three multicentre RCTs with concordant results have established that a
7-day treatment was not inferior to a 10- or 14-day treatment for patients with an uncom-
plicated GNB BSIs [68–70]. We highlight that all patients included in all three RCTs were
immunocompetent, afebrile after 3 days of therapy and without uncontrolled infectious
sources or prosthetic devices. For ICU patients with BSIs, the duration of therapy should be
individualised based on clinical response. A rapid decrease of biomarkers such as PCT or
CRP might be interesting to reduce the duration of therapy [68,71,72]. For uncomplicated
GNB BSIs, it is not necessary to send repeat BC to ensure bacterial clearance [3]. Otherwise,
at least one set of BCs sent at day 2–4 is required. For S. aureus, multiple negative BCs may
be required to ensure BSIs clearance [73].

Persisting bacteraemia is defined as 2 days or more with positive BC despite active
antibiotics [74]. For those cases, after ensuring the pathogen is not resistant to the ad-
ministered antibiotic, we need to repeat clinical examination and investigations (e.g., CT
scanner) looking for a source that had been missed such as a deep-seated abscess. A cardiac
echography may be necessary to exclude endocarditis. A review/removal of all suspect
intravascular lines and material is likely indicated at this stage. In cases with initially
incomplete source control, we suggest increasing the duration of antibiotics by 5–7 days
from the time at which all the sources and septic metastasis were treated and microbio-
logical clearance and clinical improvement were obtained. Some sources require longer
antibiotic treatments, such as empyema (4–6 weeks), brain abscesses (6–8 weeks), joint
infections including seeding from the BSIs (4–8 weeks) or prosthetic valve endocarditis
(4–8 weeks) [2,75].

For some pathogens, extended durations of treatment are warranted. Uncomplicated
S. aureus BSIs require 2 weeks of antibiotics [76]. Cases with incomplete or ineffective
source control or with persisting bacteraemia require 4 and sometimes up to 8 weeks of
antibiotics or longer, especially when infected devices or material cannot be removed [2].
For uncomplicated candidaemia, current guidelines recommend 14 days of treatment after
the first negative BC [77]. Little data are available for XDR pathogens that have very limited
treatment options or that are treated with antibiotics that have lesser activity [72]. For those,
it is reasonable to focus on optimal source control and continue treatment for several days
after microbiological clearance and clinical improvement.

Severely immunosuppressed patients deserve specific attention. In a cohort study of
allogeneic–haematopoietic cell transplant (HCT) recipients with P. aeruginosa BSIs or and/or
pneumonia, treatment durations of less than 14 days were associated with more recurrent
infections [78]. This may not apply to other types of immunosuppression. A cohort
study of 249 uncomplicated P. aeruginosa BSIs in which 65% of the patients were severely
immunosuppressed (3% AIDS, 13% HCT, 21% recent chemotherapy, 16% neutropenia on
day 1, 11% other immunosuppressive therapy) did not show any difference in outcomes
with shorter compared to longer treatment durations (9 vs. 16 days) [79].

Conversely, for CR-BSIs caused by coagulase-negative staphylococci, a very short
treatment of 3 days (or even antibiotic withdrawal) after catheter removal may be suffi-
cient [80,81], highlighting the importance of individualising the treatment duration.

We emphasise that fever and persisting haemodynamic instability after treatment of
a BSIs may be also due to an infection at another site or to a non-infectious cause. For
all patients who do not show rapid improvement or for those with relapsing sepsis, it is
crucial to include those diagnoses in a thorough differential before deciding to continue or
escalate antibiotics.
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6. Conclusions

Blood stream infections in critically ill patients are associated with significant morbid-
ity and mortality. Early adequate antimicrobial therapy, sufficient dosing following ICU
specific PK/PD principles and source control are key to improving prognosis. Aggressive
ADE and shorter treatments should be used to decrease antibiotic-associated harms.
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Abstract: Extracorporeal membrane oxygenation (ECMO) is an emerging treatment modality associ-
ated with a high frequency of antibiotic use. However, several covariables emerge during ECMO
implementation, potentially jeopardizing the success of antimicrobial therapy. These variables include
but are not limited to: the increased volume of distribution, altered clearance, and adsorption into
circuit components, in addition to complex interactions of antibiotics in critical care illness. Further-
more, ECMO complicates the assessment of antibiotic effectiveness as fever, or other signs may not be
easily detected, the immunogenicity of the circuit affects procalcitonin levels and other inflammatory
markers while disrupting the immune system. We provided a review of pharmacokinetics and
pharmacodynamics during ECMO, emphasizing practical application and review of patient-, illness-,
and ECMO hardware-related factors.

Keywords: extracorporeal membrane oxygenation; ECMO; antibiotics; pharmacodynamics;
pharmacokinetics; critical illness

1. Introduction

Extracorporeal membrane oxygenation (ECMO) has been increasingly employed in
critical care, showing a reduction in 90-day mortality in ARDS vs. conventional care in
mixed metanalysis [1]. However, other randomized control trials have failed to show bene-
fits for ECMO deployment [2–4]. The interest in this emerging technology and widespread
use seems to be slightly out of synchrony with the amount of supporting evidence [4–6]. In
general, ECMO has found applications in several conditions characterized by unsustainable
pathophysiology refractory to traditional therapies, including failures of pulmonary gas
exchange or cardiac ability to maintain circulation [6–9].

The primary advantage of ECMO is to provide ventilatory or hemodynamic support
in severely critically ill patients as a bridge to recovery in otherwise irrecoverable patients.
The presumption is that stress related to ECMO implementation is less deleterious than
mechanical ventilation or classical circulatory system support via implanted devices or
medical therapy [6,10]. In that respect, ECMO provides “a bridge” to recovery by allowing
sufficient time to surmount otherwise unsurvivable injury. A less common indication is
to provide support during cardiopulmonary resuscitation or to preserve the viability of
organs in donors [11,12].

A common indication for ECMO is acute respiratory distress syndrome (ARDS), most
commonly from infectious etiopathogenesis [5,7,8]. In addition, sepsis is considered the in-
dication for ECMO deployment in some cases [10,13]. Alternatively, patients undergoing
ECMO may develop infectious complications that are byproducts of implementations [6,7,14].
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The risk is relatively elevated considering the presence of invasive cannulation and emer-
gence of immunosuppression secondary to critical care illness and considering the intro-
duction of mechanical support devices [15–17].

ECMO introduces several variables into antibiotic pharmacokinetics and pharmaco-
dynamics, which must be considered to maximize therapeutic benefit and minimize risks.
Moreover, the effect of ECMO on said parameters may be further complicated by patient
characteristics and concomitant illnesses or organ failure [18–21]. Therefore, adequate
selection, management, and dosing of antibiotics and chemotherapeutics are challeng-
ing. Conversely, our review will clearly demonstrate that most of the data suggest that
underdosing of antibiotics may lead to suboptimal outcomes. Alternatively, bactericidal an-
tibiotics may attain a level typical for bacteriostatic levels rendering the adequate immune
system critical for therapeutic success.

The need for understanding how to optimize antibiotics effectiveness in ECMO-
related situations is critical as the implementation and indications of the ECMO continues
to progress, while the emergence of ECMO-derivative techniques such as a CO2-removal
device, Impella, intra-aortic balloon counterpulsation, and cytokine scavengers add other
variables to understanding distribution, activity and metabolism of antibiotics in these
situations [6,7,22–25]. Given the increasing utilization of ECMO in the setting of systemic
infection, an understanding of the interactions between said therapies and antibiotics is
paramount to successful patient care.

2. The ECMO Ins and Outs

ECMO is a relatively young modality that evolved from cardiopulmonary bypass [23].
In essence, ECMO can be considered as a protracted bypass and therapeutic takeover of
pulmonary or cardiac function by mechanical devices. Driven by therapeutic goals, cannula
configuration is applied to support the heart, lungs, or both. Venovenous VV-ECMO
places both inflow and outflow cannulas in the venous system, allowing for gas exchange
support in the absence of severe cardiac function impairment [23,26,27]. The ECMO
circuit is integrated serially into the patient’s circulation in this configuration. Conversely,
venoarterial ECMO (VA-ECMO) places the intake cannula in the venous system while the
outflow is placed into an arterial vessel. This configuration supports lung and cardiac
functions [14,23,27]. The circuit is placed in parallel to the heart, allowing for differential
support of the cardiac function.

Cannulas provide an access port to the patient’s vascular system. They are single
lumen and dual lumen [27,28]. To prevent kinking, they are made of metal coils embedded
in protective shielding. Dual lumen cannulas need a precise placement but allow for
higher mobility.

The ECMO system comprises several items in the circuit, with a pump and a mem-
brane allowing for gas exchange as main components, connected via relatively high bore
tubing [29] (Figure 1). The tubing is made of polyvinylchloride (PVC) with several coatings.
Significant effort is taken to reduce a circuit-induced hypercoagulable state and immuno-
genicity via heparin or alternative coatings [30–32]. Transparency of the plastic tubing
allows for visual inspection. Tubing pliability may lead to kinking and flow interruption,
especially at 37 ◦C. A reinforced wire may be woven into the plastic to increase mechanical
strength and to prevent kinking. The length of the tubing is dependent on circuit config-
uration, including additional elements (bridge, cytokine absorption devices, continuous
renal replacement therapy bypass, access ports, and others) [33–35]. The length of the
tubing is a compromise between ergonomics and patient mobility versus the overall need
to minimize length [36]. The length of the tubing has several consequences. Apart from
hemodynamics (i.e., shear stress, resistance to flow), tubing length determines the surface
area coated by the biofilm, while length and diameter (3/8 inch) determine the fluid volume
needed for priming as well as radiant heat loss.
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Figure 1. Sample VV ECMO circuit and possible cannulation sites.

The pump allows for high throughput, from the high bore intake cannula, through
the oxygenator into the return cannula. There are two main types of pumps: roller and
centrifugal [29]. The latter confers the advantage of minimized shear stress exerted upon
erythrocytes [37,38]. The pump suctions venous blood from the patient, and a bladder may
be introduced in front of the pump to prevent excessive negative pressure and venous
collapse. The said pump produces the driving pressure necessary for blood to advance
through the circuit and oxygenator while supporting perfusion pressure on the patient side.
The pump design contributes to susceptibility of the circuity to kinking as the centrifugal
pumps incur effluence with rising resistance, wherein the mechanical energy is lost as heat.
In contrast, a roller pump, commonly found in CPB, will significantly increase pressure in
a kinked circuit, leading to rupture. Safe pressure within the circuit is usually 300 mmHg,
wherein 600 mmHg incurs the risk of rupture.

The membrane oxygenator’s function is to provide a large surface area allowing for
efficient gas exchange [39]. The effectiveness of the exchanger is measured as the amount
of 75% saturated blood that can be further oxygenated to 95%. A gaseous mixture (usually
oxygen and nitrogen) is injected into a gas exchanger. Carbon dioxide can be added for
specific indications. The gas mixture is pumped through capillary tubing infused with
blood, which flows counter to the gas [39]. Carbon dioxide exchange is quite efficient,
while oxygen transfer is more limited due to the gases’ respective water solubility. The
same principles govern this phenomenon as the gas exchange in the lungs. The reduction
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in the size of the oxygenators due to technological advances has resulted in fewer chances
for blood pooling and thrombus formation.

Finally, a heat exchanger allows for precise and dynamic thermoregulation, and several in-
line monitors and couplings allow for drug administration or system sampling [14,29]. There
is also an increasing interest in providing additional support by introducing Impella, intra-
aortic balloon counterpulsation, and bioabsorption devices, with significant implications
for drug distribution [40].

In general, the evolution of the ECMO circuitry is reflected in a decreased form factor
and lower immunogenicity of the hardware [41]. The former element has resulted in
declining needs for volume fluid priming with direct effects on drug volume of distribution,
including antibiotics. More compact form factors and lower immunogenicity limit the
biofilm formation and drug absorption in the circuit. The design difference between leading
manufacturers is usually related to user interface and design peculiarities with unclear,
potentially negligible pharmacokinetics and pharmacodynamics.

Infection and ECMO

Infection is the main driver for ECMO initiation, with meta-analysis of the CESAR
and EOLIA trials finding ARDS to be the main indication for initiation of said therapy,
with >60% being precipitated by pneumonia [1,6–8,13,23]. The risks factors for developing
infection include more severally sick patients, ongoing immunosuppressive treatment
targeting autoimmune diseases, prolonged cannulation, and VA ECMO [8,14]. In addition,
critically ill patients develop a state of immunosuppression or anergy contributing to the
infection’s risk [15,17]. At the same time, antibiotic effectiveness relies on the bactericidal
effect instead of bacteriostatic or past-antibiotics effect in most critical care situations.

Given the implantation of multiple invasive devices, ECMO itself confers risk for
development of infections, including bloodstream infection at risk linearly related to the
duration of therapy [14]. The prevalence of nosocomial infections in ECMO patients may
range from 10–12% in registry data to 9–65% in single-center studies. Development of said
infectious complications has been shown to increase morbidity and mortality, the latter by
up to 38–63% [42]. In recent data, the most common sites of infection were respiratory at
56%, followed by bloodstream at 29%, and other sites, including urinary tract or soft tissues
at 14% [43]. In more recent data, Candida sp. may have superseded other organisms [44].
Coagulase-negative staphylococci (15.9%), pseudomonas (10.5%), staphylococcus (9.4%),
and Enterococcus (4%) are common pathogens [45]. Each hospital should have its profile for
organism development.

Currently, there is no recommendation for routine infection prophylaxis in ECMO
patients [29], although some centers conduct routine blood cultures for surveillance [14].
Compounding the issue of cannula-related infection, cannulas cannot be easily, or in some
cases feasibly, replaced [29]. Thus, appropriate care for cannulas and insertion sites is
paramount to prevent iatrogenic infections.

3. Antibiotics Therapy Principles

Antibiotic mechanisms of action can be classically divided into bacteriostatic, which
inhibit bacterial replication while relying on the host’s immune system to clear the infection,
and bactericidal, which lyse bacteria. These effects are highly dependent on free drug
plasma concentrations and hence not only antibiotic selection. Dosing is also paramount to
effective therapy. As bacteriostatic antibiotics rely on host mechanisms, immunosuppres-
sion or existence of a nidus or niche allowing unimpeded bacterial replication results in
resumption of bacterial growth once the bacteriostatic compound reaches subtherapeutic
levels. Thus, the application of said antibiotics in critical care is somewhat limited. How-
ever, many bactericidal antibiotics exercise bacteriostatic effects below their bactericidal
concentration. Considering that ECMO and routine dosing of antibiotics depresses the
concentration of antibiotics to bacteriostatic levels, thus maintaining the adequate function
of the immune system, may be the next step in assessing the effectiveness of the antibiotic.
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3.1. Pharmacokinetics and Pharmacodynamics of Antibiotics

Antibiotic efficacy depends on several factors [46]. Most importantly, the concentration
and the duration of exposure to antibiotics are critical. Pharmacodynamic properties of
antibiotics will determine whether the majority of their bactericidal effects are concentration
dependent, e.g., fluoroquinolones; time-dependent, e.g., beta-lactams; or a combination
thereof, as the area under the curve dependent, such as glycopeptides [46,47].

The concentration of antibiotics is determined by the dose and the medium volume
where the antibiotics are being diluted. Thus, the volume of distribution (Vd) is critical for
determining antibiotic concentration [48]. The amount of the free drug is also determined
by binding to circulating proteins or other molecules. The drug is then metabolized via
several pathways involving liver, kidney, and other peripheral tissues [46]. Clearance
(CL) is the fluid volume cleared from drug over a unit of time [46]. Most drugs undergo
first-order kinetics, wherein a constant fraction of the drug is metabolized if the mechanism
is not saturated. This is one of the critical determinants of the steady-state concentration of
the drug [48,49].

Antibiotic concentrations can exert several actions depending on specific drug proper-
ties. The minimal bacteriostatic concentration (MBsC) relates to the minimum concentration
that will inhibit bacterial replication in vitro and is utilized as a surrogate determinant
of a specific antibiotic’s potency. Furthermore, bacteriostatic concentrations need to be
sustained over time, as replication is impeded only under therapeutic concentrations. Con-
sequently, antibiotic dosing must be frequent enough to prevent levels from dropping
below MBC to maintain effectiveness. Conversely, increasing antibiotic concentrations
diminishes returns despite bacteriostatic antibiotics exhibiting bactericidal activity at higher
concentrations. However, the concentrations necessary for this effect to occur for these
types of antibiotics are not feasible in this clinical setting. However, what is critical is the
immune system’s performance to eradicate the bacteria. Bacteriostatic antibiotics retard
bacteria growth, but eliminating the pathogens relies on immune system function.

The bactericidal effect refers to the direct killing of the pathogen. However, this effect
depends on several factors. Minimal bactericidal concentration (MBC) is the level at which
bacterial lysis begins to occur and is the determinant of a specific drug’s potency against the
pathogen. As drug levels vary, a fall in concentration results in a predominant inhibitory,
or bacteriostatic, action of the antibiotics, finally reaching a minimal inhibitory concen-
tration (MIC) [46] (Figure 2). At this point, the bactericidal drug becomes bacteriostatic,
and host defenses are necessary for the clearance of the microorganisms.

Below MIC, drug actions do not necessarily cease. Several other antibacterial effects
emerge, and the minimal concentration at which this effect occurs is called minimal an-
tibacterial concentration (MAC). The post-antibiotic effect (PAE) refers to suppression of
bacterial growth after a short pulse dose and has been previously described with several
antibiotics and different bacterial strains [50–52] (Figure 2). Although MAC may guide
antibiotic dosing, post-antibiotics effects are relatively short lived. In linezolid and ampi-
cillin, the inhibition lasted between 1–3 h, depending on the type of bacteria treated [53,54].
For quinolones, the said effect may persist for up to 6 h [54]. Mechanisms are myriad and
include inflicting sublethal damage, the persistence of antibiotics in periplasmic space, or ef-
flux inhibition [55–57]. Post antibiotic leukocyte enhancement refers to increased bacterial
susceptibility to immune system phagocytic activity [58]. Both bacteriostatic and bacterici-
dal antibiotics can exercise this effect, but not all antibiotics can induce these effects [59–63].
The effect can be quite long for some aminoglycosides (tobramycin), allowing for one dose
every 24 h [62]. Finally, MAC can trigger a reduction in pathogen virulence by modulating
the immune response, altering chemotaxis adhesion, and decreasing pathogenic factor
release [64–67]. These effects are sometimes grouped as post-antibiotics leukocyte enhance-
ment (PALE) (Figure 2). The clinical effects of this phenomenon are unclear, as suppression
of the immune system may occur concomitantly [68].
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Figure 2. The level of the antibiotics are gradually increasing over the time to cross the MAB, MIB
and MBC threshold, but only above MBC thresholds can the antibiotics eradicate infection instead of
augmenting the immune system function.

3.2. Limitations of Current Approaches to Monitoring Antibiotic Dosing

However, one must realize that antibiotic potency is measured in vitro under artificial
conditions. The killing or bacteriostatic activity assessment is performed at pH of 7.2,
in a protein-free, aerobic medium. Antibiotic activity is measured against 105 of CFU
during overnight exposure. These conditions diverge from physiological conditions in vivo.
Notably, a plasma pH of 7.2 would signify severe acidosis and be considered an emergency.
Catabolic processes during inflammation affect the circulating protein concentrations,
while constant alterations in pH affect the electrostatic charge. Proteins abound in plasma,
interacting with antibiotics in several ways, are highly variable in level and type, resulting
from the ICU illness. Said factors are critical in dictating the amount of free antibiotic
molecules that are critical for the antibacterial action as well as its potency.

The testing condition diverges substantially from the clinical reality of antibiotic dosing.
A single dose of antibiotics is exceedingly rare in critical care situations. The bacterial load
may be several-fold higher, and penicillin bactericidal properties are particularly sensitive
to bacterial load. Most importantly, the in vitro test measures bacteria in the exponential
growth phase, which is not necessarily the host’s phase. Measurement of antibiotic success
is a change in physical properties of the growth medium, which may not be the best
measurements of drug action or concentration translatable to the bedside.

Conversely, measurements of antibiotics in serum in relation to antimicrobial activity
may also be subjected to several biases. Poor penetration into bacterial nidus or sanctuary
sites may necessitate increased dosages to achieve therapeutic concentrations within the target
area. The ECMO circuit itself may offer a sanctuary for a pathogen to grow [69]. Furthermore,
cellular antibiotic concentrations achieved are several-fold higher in some cases than those in
plasma [70,71]. Certain biological compounds may inactivate other antibiotics. Measurements
of sensitivity of bacteria rely on growth inhibition, but the concentration of antibiotics may
change greatly depending on the fluid or compartment [70,72].
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4. Critical Care Illness-Induced Changes in Antibiotics Levels

Several factors specific to ECMO further complicate the understanding of pharmacoki-
netics and pharmacodynamics of antibiotics in this setting. Some are related to critical care
illness, while others are specific to the ECMO circuit itself.

Fluid resuscitation affects the volume of distribution, especially in the case of septic
shock, where a large amount of fluid needs to be given to defend perfusion pressure despite
venodilation and increase in vascular capacitance [73,74]. Endothelial activation secondary
to an extracorporeal support circuit may promote capillary leakage increasing Vd [75].
Adding circuit volume and frequently pre-loading the patient to preserve the preload leads
to a further increase in the volume of distribution (Vd) [36]. Liver and kidney failure can
influence drug metabolism and excretion, and their function is highly dependent on ECMO
performance, especially in VA ECMO [76]. Liver clearance is affected by blood stasis, which
is highly dependent on the performance of the right ventricle [77]. Said performance may
be affected by the emergence of cor pulmonale due to hypoxia, one of the primary reasons
of ECMO implementation [6–8]. Fluid resuscitation can further exacerbate venous liver
congestion [77,78]. The significant increase in fluid balance results in excessive mortality in
ECMO [74]. Several factors mentioned above likely play a role. Secondarily sick patients
may suffer from hypoalbuminemia, unpredictably affecting the level of free antibiotics [79].
Furthermore, the composition of the protein and the charge may be significantly different
as seen in the nominal condition.

5. Antibiotics in ECMO

The interaction of the antibiotics during ECMO is complex and most likely results in
a suboptimal level of the antibiotics (Figure 3). In addition, concomitant immunosuppres-
sive conditions further hamper the ability of the patients to recover fully.

5.1. Pharmacokinetics

Notably, since ECMO is an emergent treatment, large, randomized trials or even case
series testing for pharmacodynamic or pharmacokinetic alterations concerning antibiotic
microbial effectiveness in this population are lacking. Most of the data reported arise from
observational trials.

Patients on ECMO may exhibit various and wide-ranging alterations in pharmacokinet-
ics, some attributable to said treatment and others related to the critical illness itself [75,80].
Altered parameters noted ex vivo have included decreased half-lives and clearance and
increased Vd. Some of these effects may be attributable to circuit sequestration [75,81]. For
example, it has been well described that patients on ECMO may require higher doses of
sedatives and analgesics, a phenomenon that carries over to several antibiotics. In addition,
numerous studies in animals, neonates, and adults have shown significant variability and
unpredictability in antibiotic pharmacodynamics during ECMO therapy [80–83].

Antibiotic strategies not accounting for these changes carry an increased chance of
treatment failure, both instances of underdosing and supratherapeutic levels causing
side effects, which have been reported [43]. In addition, suboptimal antibiotic dosing
becomes dire in these patients due to the progression of the primary process, while selective
pressure for the development of antibiotic resistance renders antibiotics less useful on the
population level [82].

5.2. ECMO Specific Patient-Related Factors Affecting Antibiotics Distribution

The critical illness itself may incur fluid status dysregulation, thus an increase in the
volume of distribution [80]. It has been noted previously that large variations in pharma-
cokinetics in critically ill patients occur between and even within the same patient [75].
Renal or hepatic impairment may decrease drug clearance and decrease pulmonary blood
flow [44,82]. Setups producing no pulsatile flow may stimulate the renin–angiotensin–
aldosterone axis, increasing fluid retention [44]. Additionally, lack of pulsatile flow de-
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creases the glomerular filtration rate [81]. These patients’ conditions are dynamic and
fluctuate rapidly.

Figure 3. ECMO-specific factor affecting drug distribution.

5.3. Performance of the Immune System

Activation of the immune system may be altered in a way that is difficult to charac-
terize at the current state of knowledge. This may significantly affect antibiotics’ MIC and
MAB levels. In addition, some of the medications administered during ECMO may have
additional antibacterial effects. For example, non-inflammatory nonsteroidal drugs alter the
activity of Gram(+) bacteria and may enhance the antibiotic’s effect and modulate immune
system activity [84–86]. In addition, proton pump inhibitors have additional antimicrobial
activities, which are difficult to assess in terms of clinical efficiency [87].

5.4. ECMO Specific Hardware-Related Factors Affecting Antibiotics Distribution
5.4.1. Circuit-Related Factors

Various circuit parameters may alter pharmacokinetics (Figure 3). These phenom-
ena depend on drug properties, circuit type, roller, and biofilm formation [3,4]. The
ECMO circuit comprises a large surface area that may sequester drugs, with circuit coat-
ings and components themselves allowing for the adsorption of antimicrobials, thus re-
ducing bioavailability [18]. This effect may be more pronounced in lipophilic drugs,
although this effect may wane as binding sites saturate. This may also result in the cir-
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cuit acting as a reservoir with subsequent redistribution into plasma [82,88]. Lipophilic
drugs tend to be most readily sequestered in the circuit [80,82]. Meropenem is heavily
sequestered (80%), most likely affecting its anti-bacterial potency [89–91]. Similar se-
questration is seen for cefazolin, ampicillin, gentamycin, voriconazole, and vancomycin,
but most of the studies were performed in vitro [89,91–94]. However, in the case of cefa-
zolin, the in vivo study failed to demonstrate a lower level of drug [95]. Oxygenator seems
to be particularly absorbent for some antibiotics, which is related to high surface area of
the device and properties of membranes [96–98]. Silicone-constructed membranes have
exhibited more drug residues than those composed of hollow fibers [44]. Other ECMO-
dependent factors include priming fluid selection, which may incur less pronounced effects
in adults than in neonates [44,75]. However, the effect of biofilm formation on the ability
of the membrane to sequester antibiotics cannot be ascertained. These factors may be
further complicated by concomitant cytokine absorption techniques or co-existing renal
replacement therapies [22,34,99–101].

5.4.2. Drug-Related Factors

Various properties of specific antibiotics directly influence ECMO effects on their
pharmacodynamics. These include whether the antibiotic itself is lipophilic or hydrophilic,
the tendency for protein binding, and the site of metabolic breakdown (Table 1) [82,102,103].
Furthermore, target MIC may vary by an agent or pathogen sensitivity.

Table 1. Selected antibiotics are divided into hydrophilic and lipophilic.

Hydrophilic Lipophilic

Aminoglycosides Fluoroquinolones *
β-lactams Clindamycin

Glycopeptides Tigecycline
Linezolid Caspofungin
Colistin Voriconazole

* Note that despite fluoroquinolones being described as lipophilic, the circuit loss rate for ciprofloxacin has been
described as negligible. Thus, lipophilicity is not the only predictive factor for circuit sequestration [47,82].

6. Selected Antibiotics

Vancomycin is a hydrophilic glycopeptide antibiotic with bactericidal properties and
low protein binding [43,47]. As clearance of this antibiotic is closely related to that of creati-
nine, it is usually dosed [47]. A wide variability for vancomycin Vd in ECMO patients has
been noted previously [81]. An in vitro study suggested sequestration of vancomycin [94].
Analysis of retrospective data suggested no significant difference in drug concentration,
Vd or clearance in ECMO vs. non-ECMO patients [104]. Vancomycin pharmacodynamics
are largely unaffected by ECMO in several studies [103,105,106]. These results are not
universal, as Park et al. demonstrated decreased levels in ECMO patients despite similar
elimination rates, as seen in prior studies [106,107]. Wu et al. showed the opposite result in
the affected clearance rate but showed unchanged pharmacokinetics parameters [108]. Dif-
ferences in age or hardware use may account for these extremely heterogeneous conclusions.
Current recommendations are: loading dose of 25–30 mg/kg followed by 15–20 mg/kg
q81–2h dosage, as guided by therapeutic monitoring [43]. Another proposed regimen
specifically for methicillin-resistant staphylococcus aureus recommended 400 mg q8h for
MIC ≤ 0.5 μg/mL, or 600 mg q8h if the MIC was ≤1 μg/mL [103].

Amikacin is a hydrophilic aminoglycoside with bactericidal and post-antibiotic inhibi-
tion effects [47], with a low degree of protein binding [43]. While it has been posited the
effects of ECMO on amikacin pharmacodynamics may be minimal, critically ill patients
exhibit an increased volume of distribution. Studies involving gentamicin, another amino-
glycoside, have noted a slight increase to a 1.5-fold increase in Vd for this population [81].
This said phenomenon exhibits a linear relationship in disease severity. One prospective
observational study compared nine ECMO patients vs. 30 undergoing RRT vs. 50 with
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preserved renal function, wherein pre- and post-dosing amikacin concentrations were
measured within 96 h. An increased volume of distribution and decreased clearance was
observed in the ECMO group [109]. A similar study included 46 ECMO patients and
controls and measured peak levels at 30 min after dosing and at 24 h, finding no signifi-
cant differences in either measurement between said groups. An amikacin loading dose of
45–30 mg/kg is recommended [29,43], and given the narrow therapeutic window for amino-
glycosides, routine therapeutic monitoring and further dosing are recommended as guided
by achieved levels [43]. Given its narrow therapeutic window, the latter is paramount [47].

Meropenem is a carbapenem antibiotic, with effects similar to that of beta-lactams,
exhibiting both bactericidal and post-antibiotic inhibitory effects [47,60]. Protein binding
is low [47]. Several studies have demonstrated significant sequestration of the drug by
circuit in vitro [110]. While increases in both volumes of distribution and clearance are
likely, several trials failed to show a significant difference in pharmacodynamics in ECMO
patients [47,75,80]. One study comparing 26 ECMO patients with 51 matched controls,
wherein peak meropenem concentrations were drawn at 2 h after infusion and immediately
prior to a subsequent dose, found no differences in distribution volume, half-life, or clear-
ance [73]. Another study comparing 11 ECMO patients to historical controls sampled
meropenem at 15, 30, 45, 60, 120, 360 and 480 min, finding a slight decrease in clearance and
increase in volume of distribution [110]. Recommended dosing in this population involves
a 1 g load followed by 1 g q8h [43], or 2 g q8h [110]. Higher doses of meropenem may be
employed, and a regimen totaling 6g/d showed to be slightly superior in achieving MIC to
standard dosing. Continuous infusion of 3–6/g has been recommended in patients with
increased clearance or resistant organisms [110]. Notably, 6.1% of patients did not achieve
target MIC compared to 0% of those receiving a higher-dose regimen [80]. High dosage
may be considered in patients necessitating higher MICs [111]. Notably, in one study
involving patients undergoing renal replacement therapy, MIC levels < 1 were associated
with increased mortality [112].

Imipenem, also within the carbapenem classification, has also been studied. One study
including 247 ECMO patients found lower plasma levels and higher dosing recommend-
able [111]. Others trialed 0.5 g every 6 h in 10 ECMO vs. 18 non-ECMO patients, sampling
after the fourth dose and finding an increased distribution volume yet decreased clear-
ance, which also recommended increased dosing [112]. Overall, increased dosing may be
required, up to 4 g/day in reported cases [43,103], with prolonged infusion of 1 g over 4 h
q6h as a recommendable strategy [112].

Cefazolin was reported as being sequestered in the ECMO circuit, although the physi-
cal properties of the circuit were critical [3,109]. Up to 84% of the cefazolin in vitro studies
could be sequestered [3]. In the case series of ECMO patients, cefazolin clearance was signif-
icantly higher. The level of unbound cefazolin was higher and was most likely compensated
by high Pk variability and changes in the volume of distribution [93]. In another case report,
cefazolin pharmacokinetics was not changed [95]. These two studies may be reconciled,
as Booke et al. demonstrated high interindividual variability in cefazolin kinetics [93]. In
summary, adjusting cefazolin does not need to be performed in ECMO patients.

Ceftazidime demonstrated to be unaffected in serum dynamics in 30 ECMO patients
compared to 75 non-ECMO ICU patients (from a mean age of ECMO 47.7 vs. 61.2 for
non-ECMO in a prospective study). Consequently, adult dosing recommendations are to
use a loading dose of 2 g intravenously and to adjust the dosing based on GFR (more than
30 = 6 g/24 h; less than 30 = 4 g/24 h) [80].

For teicoplanin, 89% of the drug can be sequestered, according to an in vitro study
of the primed circuit [110]. Two in vivo studies agreed that the drug’s loading has to be
increased to 12 mg/kg to achieve therapeutic concentrations [113,114].

Ciprofloxacin belongs to the fluoroquinolone family. These drugs are lipophilic bacte-
ricidal, exhibiting a volume of distribution mostly unaffected by critical illness [47] and low
protein binding [43]. The half-life of fluoroquinolones may be decreased in critical illness,
necessitating more frequent dosage [47]. Although lipophilic, ciprofloxacin has exhibited
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minimal circuit sequestration in studies [82]. A recommended loading dose of ciprofloxacin
is 800 mg followed by 400–600 mg q8h [43].

Piperacillin should be used with caution in ECMO patients, wherein they tend not to
achieve the desired therapeutic targets in these patients. One single-center study showcased
this phenomenon, wherein piperacillin–tazobactam-treated patients were less likely to
achieve a prespecified ×4 MIC (48% vs. 13% in non-ECMO patients) [75]. A loading dose
of 4.5 g is recommended, followed by 4.5 g q6h or doses as per clearance [43].

Linezolid patients receiving linezolid may also show a tendency to not achieve desired
plasma levels (35% vs. 15%) [80]. Nevertheless, if selected, a linezolid loading dose of
600 mg followed by 1800 mg/d continuous infusion is recommended [111].

Caspofungin falls under the echinocandin classification as a lipophilic antifungal.
However, reports regarding circuit sequestration are conflicting. For example, circuit loss
secondary to sequestration may be as high as 43%, while others have deemed this drug
as unaffected by ECMO [44,82]. One prospective observational study in post-transplant
patients compared 12 ECMO patients to seven matched controls. Sampling was performed
after the second and third caspofungin dose, finding no significant pharmacokinetics [114].
Hence, the usual dosing of 70 mg loading with subsequent 50 mg/d dosing may be
sufficient [111]. Prior studies have noted a Vd for caspofungin within normal parameters
in these patients [81].

Micafungin, another echinocandin, exhibited similar results, with sequestration gauged
around 45–99% [110]. However, in one observational study on 12 ECMO patients, micafun-
gin sampling at 1, 3, 5, 8, 18 and 24 h after infusion yielded no differences in clearance or
distribution volume [115]. No consensus on dosing recommendations for micafungin were
available at the time of writing [111].

Voriconazole is a triazole antifungal commonly employed in Aspergillus sp. infection.
While it was previously assumed that high circuit losses could be expected due to the drug
being highly lipophilic, one large retrospective study found no significant pharmacokinetic
changes during ECMO. The in vitro study showed significant absorption by circuit [94,110].
Some demonstrated sequestration with up to 71% circuit losses, with later saturation and
redistribution reported [82]. The median dose was 9.2 mg/kg; however, higher dosing
might be necessary, given that a total of 56% of patients in this study did not reach target
levels compared to 39% of the control group [102].

In addition, a member of the triazole family, fluconazole, has exhibited minimal
sequestration. However, data sufficient for dosing recommendations remain lacking [111].

7. Interaction of Antibiotics with Other Treatments

Standard precautions regarding drug interactions apply, as patients on ECMO are
bound to receive diverse agents during their course. More importantly, nearly 50% of
all ECMO patients may necessitate renal replacement therapy (RRT) during their illness,
further confounding antibiotic dosing [80,83]. The renal replacement circuit may be spliced
into that of the ECMO, foregoing the need for further cannulation, although various access
strategies have been employed [83]. Similar to ECMO, RRT mediates pharmacodynamic
changes that must be accounted for when dosing strategies are selected. These alterations
may be secondary to both drug properties or may be inherent to the RRT circuit itself.

Further compounding this issue in patients receiving concurrent ECMO and RRT,
commonly utilized formulae employed for dosing calculations such as EGFR and Cockcroft-
Gault may lose accuracy in this setting [19]. In addition, subtherapeutic levels may be
observed in up to 25% of patients undergoing RRT alone [112]. This further highlights the
exquisite need for therapeutic drug monitoring as necessary for management.

Various drug properties, including molecular size, protein binding, distribution vol-
ume, and metabolism, affect dialysis-mediated removal. In general, highly protein-bound
drugs possess large molecular weight or volume of distribution, and/or non-renally cleared
medications are least likely to be impacted by RRT [19]. Both the schedule or duration
of RRT and effects exerted by the RRT circuit itself, including the use of high flow filters,
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may affect RRT-mediated clearance [19]. A rising estimated total renal clearance (eTRCL)
correlated with lower trough concentrations for all antibiotics in one recent study [112].

While there is a paucity of data regarding pharmacodynamics in patients receiving
concurrent ECMO and RRT, it is safe to suggest that the importance of therapeutic monitor-
ing is further enhanced in these patients. A sieving coefficient can be determined for a drug
if both plasma and ultrafiltrate concentrations are known (ultrafiltrate/plasma) [83]. This
could be a potential avenue for further determining the interplay between ECMO, RRT,
and antibiotic levels in the future.

Impala and other devices are not present in the data pertinent to the concomitant
application of ECMO and cytokine absorption technique.

8. Effectiveness of Antibiotic Therapy in ECMO Patients

Several reports demonstrated that ECMO did not interfere with successful treatment
of bacterial infections. However, given that these are mostly case reports, there is a lack
of randomized controlled studies comparing success rates between patients treated with
a similar regimen of antibiotics on ECMO vs. patients treated with mechanical ventilation.
The CEASAR study was the only one designed in a way that demonstrated the superiority
of transferring the patient to the specialized center vs. regional care [4]. There was no
significant difference between the mechanical ventilation arm and ECMO once patients
were transported to the reference center. Another study demonstrated a lack of mortality
as well [115]. Although this study was followed by metanalysis incorporating large case
reports, CEASAR may suggest that antibiotic therapy may be equally effective while the
patient is on ECMO [1]. This is somewhat puzzling considering the large body of evidence
suggesting sequestration of the antibiotic’s changes in Vd and Pk among many antibiotics.
However, in at least one study, free antibiotics were significantly higher, offsetting the lower
overall levels [93]. Another hypothesis is that bactericidal antibiotics are high enough to
provide a bacteriostatic level while the immune system can clear the pathogen.

The definite answer may be difficult to study as comparing study design in the
CEASAR format may be unfeasible due to the ethical constraint. However, it is also
interesting that since the study’s conclusion, no similar study design was followed, while
ECMO proponents relied on case reports.

9. Conclusions

Antibiotic therapy success may be difficult to achieve in the ECMO patient. The
emergence of critical care illness creates a difficult condition at the baseline. The variability
introduced by the circuit further complicates clinical decision making. Although we suggest
utilizing good stewardship in antibiotic dosing combined with drug level monitoring,
one must realize that these methods are likely to be insufficient to predict the appropriate
regimen in the ECMO situation (Figure 4). Utilizing the software targeting the drug therapy
may not be helpful, as several variables seem to compensate for each other, in cases of
cefazolin at least [93]. The monitoring of the clinical response may be optimal yet difficult,
considering that ECMO may blunt some responses (fever) while unpredictably affecting
others (procalcitonin levels).
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Figure 4. General recommendations regarding antibiotics as classified by hydrophilicity or lipophilic-
ity [47,81,82,102].
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Abstract: The understanding of the gut microbiome in health and disease has shown tremendous
progress in the last decade. Shaped and balanced throughout life, the gut microbiome is intricately
related to the local and systemic immune system and a multitude of mechanisms through which the
gut microbiome contributes to the host’s defense against pathogens have been revealed. Similarly,
a plethora of negative consequences, such as superinfections and an increased rate of hospital
re-admissions, have been identified when the gut microbiome is disturbed by disease or by the
iatrogenic effects of antibiotic treatment and other interventions. In this review, we describe the role
that probiotics may play in the intensive care unit (ICU). We discuss what is known about the gut
microbiome of the critically ill, and the concept of probiotic intervention to positively modulate the
gut microbiome. We summarize the evidence derived from randomized clinical trials in this context,
with a focus on the prevention of ventilator-associated pneumonia. Finally, we consider what lessons
we can learn in terms of the current challenges, efficacy and safety of probiotics in the ICU and what
we may expect from the future. Throughout the review, we highlight studies that have provided
conceptual advances to the field or have revealed a specific mechanism; this narrative review is not
intended as a comprehensive summary of the literature.

Keywords: microbiome; probiotics; intensive care unit; dysbiosis; ventilator-associated pneumonia

1. Introduction

The gut microbiome harbors complex communities of bacteria which together fulfill a
wide range of functions within the human body. A balanced gut microbiome enhances the
host defense against infection by finetuning the local and systemic immune system [1,2], re-
pressing enteric pathogens [3,4], and supporting epithelial barrier integrity [5]. Conversely,
perturbation of the microbiome (called ‘dysbiosis’) appears to have detrimental effects on
the host and is associated with a wide range of diseases [6]. This is of particular relevance
in the intensive care unit (ICU) where patients with life-threatening conditions (such as
respiratory failure, sepsis, myocardial infarction, cardiovascular procedures, intracranial
hemorrhage and cerebral infarction) are treated [7].

The microbiome of such critically ill patients is continually assaulted by the disease
itself and by iatrogenic effects of clinical intervention [2,8]. As a result, the gut microbiome
of virtually all patients admitted to the ICU is severely disrupted [8–10]. These disruptions
have associated with a multitude of negative consequences such as ventilator-associated
pneumonia (VAP) and increased re-infection and re-admission rates [10–12]. The field
of probiotics—the administration of selected, live bacteria that are of potential benefit to
the host (see Section 1.1)—strives to address dysbiosis-related problems by reinforcing
or reconstituting the gut microbiome, both in preventative and therapeutic approaches.
In this review, we will first explore the causes and putative consequences of dysbiosis in
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ICU patients. Next, we summarize the experimental data, mainly comprising studies in
mice, that support the rationale for probiotic administration in the critically ill. We proceed
by discussing the current clinical evidence for probiotic intervention in the ICU, with a
focus on the prevention of VAP in adults. Herein, we combine meta-analyses and a recent
landmark clinical trial to evaluate the efficacy and safety of probiotics in the ICU. We close
with a reflection on current opportunities and pitfalls in the field, and an outlook on the
potential future positioning of probiotics in the ICU.

1.1. A Brief Overview of Modalities Used in the ICU to Modulate the Gut Microbiome

Several (partly experimental) strategies are used in the ICU to modulate the micro-
biome in order to prevent or treat infections. Examples are the use of pre/synbiotics,
probiotics, fecal microbiota transplantation (FMT) and antibiotic prophylaxis. Briefly, pro-
biotics are selected ”live microorganisms that, when administered in adequate amounts,
confer a health benefit on the host” [13]. Prebiotics are nutrients—often oligosaccharides—
that can selectively feed certain bacterial colonies, while a combination of probiotics and
prebiotics is called synbiotics. FMT comprises the transfer of a stool sample, autologous or
from a donor, to a recipient in order to (re)introduce healthy bacterial flora. Probiotics can
be administered in various ways, such as in a soluble powder or in pill form, which can
contain billions of bacteria per dose. Often, such probiotics include bacterial strains from
the Lactobacillus and Bifidobacterium species—sometimes genetically modified to have less
virulent factors.

2. Gut Microbiota in Critically Ill Patients

2.1. Causes of Gut Microbiota Disruptions

Critically ill patients have a severely disturbed microbiome, characterized by a loss of
diversity, depletion of commensal bacteria (e.g., Ruminococcus, Pseudobutyrivibrio, Blautia,
Faecalibacterium) and domination by pathogens (e.g., Enterococcus, Staphylococcus, Enter-
obacteriaceae) [2,8,9]. These disruptions extend to kingdoms beyond bacteria (e.g., bacte-
riophages, eukaryotic viruses, fungi and protozoa) and enable the overgrowth of viruses
and opportunistic yeasts [14]. A multitude of endogenous and iatrogenic factors contribute
to these extensive alterations in the microbiota composition of ICU patients, including
gastrointestinal dysmotility, shifts in intraluminal pH values, increased production of cate-
cholamines, treatment with antibiotics, proton pump inhibitors, opioids and (par)enteral
feeding [2,8]. In addition, infection of the gastrointestinal tract by pathogenic bacteria
or viruses could drive microbiome alterations. Recently, several studies showed that
SARS-CoV-2 can infect human enterocytes and that gut microbiota are disrupted during
COVID-19 [15,16].

The exact effect of any of these disruptive factors on the composition of the gut micro-
biota varies highly per individual [17]. For example, Rashidi et al. analyzed 260 stool sam-
ples of patients with acute leukemia receiving multiple antibiotics and demonstrated that
pre-treatment microbiota composition (specifically the earlier described health-promoting
bacteria such as Roseburia, Blautia and Eggerthella) was the most important determinant
of antibiotic-induced microbiota alterations. Even under intense antibiotic pressure, gut
microbiota maintained a highly personalized composition [18]. Besides the iatrogenic
changes and disruptive effects of critical illness itself, demographic variables also influence
the microbiome during critical illness. In a cohort of 155 critically ill patients in the ICU,
age and sex were associated with the differential abundance of a large number of bacterial
taxa, while less associations were found between bacterial taxa and the length of ICU stay
or disease severity (quantified by SOFA score) [19]. This is in line with a large study that
analyzed three cohorts of healthy adults across different continents, describing relatively
low microbial diversity in males and elderly people [20].

Thus, although microbiome disruptions are common in the ICU and general patterns
are observed, the range of factors contributing to these alterations in ICU patients results in
highly individual patterns of intestinal microbiota [9].
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2.2. Potential Negative Consequences of Gut Microbiota Disruptions

Dysbiosis of the gut microbiome, and specifically overgrowth by pathobionts (com-
mensal microbes with pathogenic potential), has been associated with adverse clinical
outcomes. For example, in eight patients that underwent allogeneic hematopoietic cell
transplant, intestinal domination by Proteobacteria or Candida resulted in translocation
and subsequent invasive bacterial and fungal infections [21]. In a larger study that followed
708 recipients of allogeneic hematopoietic cell transplant, it was found that overrepre-
sentation of Gram-negative bacteria was strongly associated with the development of
bloodstream infections [22]. A study in 301 critically ill patients found that Enteroccocus
domination (>30% relative abundance) of the gut microbiome was associated with a 19%
increased probability of death, significant after correction for disease severity [23].

In addition, gut microbiome perturbations potentially have negative long-term health
consequences and could be of clinical relevance following a hospitalization and ICU stay.
Large observational studies described associations between presumed disrupted micro-
biota (based on antibiotic exposure or diseases associated with dysbiosis) and subsequent
increased risks of sepsis [24,25]. One observational study from the US used data from over
12 million hospitalized patients and found a doubled risk of severe sepsis in the 90 days
following hospitalization in patients exposed to ≥4 antibiotic classes or ≥14 days of an-
tibiotic therapy, compared to those without antibiotic exposure [24]. Exposure to high-risk
antibiotics (e.g., third- or fourth-generation cephalosporin or fluoroquinolones) was associ-
ated with a 1.65-fold greater risk of severe sepsis in the 90 days following discharge [24].
Although the aforementioned studies suggest a link between intestinal microbiota disrup-
tions and critical illness in humans, whether this links implies a causal relation and—most
importantly—a modifiable one remains undetermined.

2.3. Mechanisms Underlying the Beneficial Role of Probiotics in Critical Illness

Probiotics are hypothesized to reconstitute the disrupted intestinal microbiome and
may provide health benefits through two main mechanisms. First, probiotics would
inhibit pathogen growth or replace pathogenic bacteria with non-pathogenic bacteria (the
probiotic) and create a more favorable microbial environment in the stomach and gut.
Thus, oropharyngeal colonization by pathogenic bacteria could be prevented, thereby
diminishing the risk of pneumonia caused by micro-aspiration. Moreover, transloca-tion
of intestinal bacteria to the blood and distant organs might be avoided by replac-ing
pathogenic gut bacteria [26]. Second, a re-established microbiome could provide health
benefits by influencing immune responses outside the gut [13,27].

However, as the mechanisms underlying the role of gut microbiota perturbation in
critical illness are not yet fully understood, the exact mechanisms of action of most pro-
biotics are not yet known either. Animal models revealed some potential mechanisms
through which gut microbiota disruptions result in reduced colonization resistance against
pathogens and immune derangements. As an example, in health, commensal bacteria
prevent the expansion of pathogens through a competition for nutrients, enhancement
of immunoglobulin A production, and by stimulating the release of antimicrobial pep-
tides such as regenerating islet-derived protein IIIγ (REGIIIγ) from epithelial cells [28,29].
In addition, commensal-derived short-chain fatty acids (SCFAs) serve as the main nutrient
of gut enterocytes, which maintain intestinal barrier function, thereby protecting against
systemic dissemination of pathogenic bacteria. During critical illness, the decrease of com-
mensal bacteria leads to a loss of colonization resistance and increased gut permeability,
resulting in an overgrowth of harmful microbes and subsequent translocation to blood and
distant organs, specifically the lungs and brain [30,31]. Thus, probiotic supplementation
might re-establish the disrupted intestinal microbiome and provide colonization resistance
against pathogens.

The beneficial effects of a reconstituted microbiome extend beyond the intestine,
through the production of immunomodulatory metabolites. Gut derived SCFAs can, for
instance, affect the immunological environment in the lung and increase the bactericidal
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activity of alveolar macrophages [32]. Another microbial metabolite, D-lactate, translocates
from the gut to the liver through the portal vein and promotes pathogen clearance by
Kupffer cells (the resident macrophages of the liver) [33]. In addition, murine studies
suggested the involvement of gut microbiota in complications of critical illness such as
acute kidney injury induced by ischemia-reperfusion, acute respiratory distress syndrome
(ARDS) and liver injury [30,34,35]. Together, probiotics are hypothesized to prevent the
detrimental consequences of gut dysbiosis and support a healthy enteric and systemic
immune response [13].

However, whether commonly used probiotics actually approximate these functions of
commensal microbiota, and whether these mechanisms are of equal importance in humans—
where the microbiome is much more complex, and circumstances are not standardized—
remains somewhat speculative. In a randomized controlled trial aiming to translate such
preclinical evidence to healthy humans, gut microbiota disruption with broad-spectrum
antibiotics had no effect on the surrogate markers of sepsis (e.g., vital signs and systemic
cytokine responses) upon intravenous lipopolysaccharide injection [36]. Similarly, exist-
ing interindividual differences in gut microbiota composition were not associated with
variation in cytokine responses (TNF-α, IL-6, IL-8 and IL-10) during the same model of
experimental endotoxemia [37]. This underscores the notion that the gut microbiota is just
one of the many factors that regulate the systemic immune response, and also highlights
the difficulty of translating findings from animals to humans.

3. Microbiome Modulation in the ICU

3.1. Preclinical Data on the Efficacy of Probiotics

Preclinical findings, specifically mouse models of severe infection, have further
built the rationale for probiotic approaches in the ICU. For example, administration of
Lactobacillus and Bifidobacterium blunted the pro-inflammatory response, decreased lung
injury and improved survival in a mouse model of sepsis induced by cecal ligation and
puncture [38,39]. In comparable sepsis models, mice pretreated with L. rhamnosus GG
showed improved survival compared to controls [40]. In more comprehensive follow-up
studies, the same research group showed that pretreatment with L. rhamnosus GG limited
sepsis-induced dysbiosis, improved read-outs of the intestinal barrier function, decreased
inflammatory cytokine levels, and prevented changes in some fecal metabolites, such as
lysophosphatidylcholine and eicosatetraenoic acid lipids of which the (patho)physiological
relevance remain uncertain [41,42]. In neonatal mice, administration of L. murinus protected
against gut overgrowth of the pathobiont Klebsiella pneumoniae, thereby preventing subse-
quent systemic translocation and late-onset sepsis. Interestingly, only selected lactobacilli,
namely, L. murinus, were effective probiotics, while the commonly used commercial strains,
L. rhamnosus GG and L. plantarum, did not protect against dysbiosis [43]. Together, exper-
imental data in murine models of sepsis showed beneficial effects of (specific strains of)
probiotic intervention in modulating the gut microbiome, although the exact mechanisms
largely remain to be elucidated.

3.2. Prevention of Ventilator-Associated Pneumonia

The negative outcomes associated with dysbiosis in the ICU, together with the ben-
eficial effects of probiotics in murine studies, have provided the rationale for probiotic
intervention to prevent secondary infections in the critically ill. Specifically, in recent years
most attention has be paid to the use of probiotics for the prevention of VAP.

VAP is defined by the American Thoracic Society as hospital-acquired pneumonia
in patients that have been on mechanical ventilation for at least 48 h [44]. VAP is re-
ported to affect 10–25% of all mechanically ventilated patients, with the incidence ranging
from 2 to 15 cases per 1000 ventilator-days [45]. The pathogenesis of VAP is complex
and multi-facetted, involving an interplay between (endogenous) bacteria, the detrimen-
tal physiological effects of intubation, and decreased immunological resilience during
critical illness [46]. The endotracheal tube facilitates the entry of pathogenic bacteria—
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either translocated from the digestive tract or via inhalation—to the lower respiratory
tract through micro-aspiration, biofilm formation and impaired mucociliary clearance.
A dysregulated immune response during critical illness and mechanical ventilation further
contributes to the development of VAP, including a role being played by the decreased
phagocytic activity of macrophages [47], impaired type I interferon signaling [48], and
neutrophil dysfunction [49]. Overall, the translocation of bacteria from the digestive tract
to the lungs might be a core mechanism in VAP [50], and altering the composition of the
gut microbiome through probiotics aims at combatting this mechanism.

Over the last decades, a multitude of trials have been performed in this rapidly
expanding field. A recent meta-analysis pooled the results of nine randomized controlled
trials, together reporting on 1127 patients (564 receiving probiotics and 563 receiving
placebo), all investigating probiotic intervention in the ICU, with the primary aim of
reducing the incidence of VAP [51]. The studies included used myriad probiotics, including
Lactobacillus, Bifidobacterium and Streptococcus spp., and two specific probiotic formulas
(containing Bacillus and Enterococcus spp., or Pediococcus and Lactobacillus spp.).

An overall positive effect of probiotic intervention was found with a lower incidence
of VAP (odds ratio 0.70, confidence interval 0.56–0.88), shorter duration of mechanical
ventilation (mean difference of 3.75 days), shorter ICU stay (mean difference of 4.20 days)
and lower in-hospital mortality (odds ratio 0.73, confidence interval 0.54–0.98). The total
length of hospital stay was unaffected. This systematic review assessed several forms of
bias and performed subgroup analyses, which did not reveal apparent publication bias,
nor significant differences between trials with a high vs. low risk of bias, or between
trials undertaken in a trauma vs. mixed population of patients. The studies included in
the meta-analysis did show heterogeneity in terms of the definition of VAP and in the
intervention, as some studies employed a single-strain probiotic (such as L. rhamnosus),
while others used multiple probiotics (e.g., a combination of three Lactobacillus species and
B. bifidum), or a synbiotic product (e.g., ‘Synbiotic 2000Forte’ which contains Pediococcus and
Lactobacillus spp. along with inulin, betaglucan, pectin, and resistant starch as the prebiotic).
Notably, the route, timing, and length of intervention was also variable. The conclusion of
this meta-analysis—that VAP incidence was lower in the probiotic group—is in line with
several earlier systematic reviews [52–56]. Together, almost all systematic reviews conclude
that any result must be interpreted with caution. The heterogeneity in cohort characteristics,
type of probiotic intervention and study design warranted a large, multi-center randomized
controlled trial [51–56]. Recently, such a trial has been published.

In the randomized, placebo-controlled PROSPECT trial in 44 hospitals across three
countries, Johnstone et al. investigated whether probiotic administration could lower the
incidence of VAP [57]. The study included 2653 patients in the ICU—expected to be on
mechanical ventilation for at least 72 h—split evenly between 1 × 1010 colony forming
units of L. rhamnosus GG or placebo twice daily, for a period of sixty days or until discharge.
The results were clear: the probiotic intervention did not lower the incidence of VAP
(21.9% in the probiotic group, 21.3% in the placebo group). Furthermore, no differences
were found when they used alternative definitions for pneumonia. The discrepancy be-
tween these findings and results from previous studies and meta-analyses, often including
L. rhamnosus as a probiotic intervention too, is remarkable. This may be a product of the
inter-study heterogeneity in terms of design and patient population, or differences between
the probiotic formulae. The importance of this heterogeneity is highlighted by a recent,
smaller study with a different design and in this placebo-controlled trial, 112 multi-trauma
patients—expected to be on mechanical ventilation for at least 10 days—were randomized
between either a probiotic formula (consisting of L. acidophilus, L. plantarum, B. lactis and
Saccharomyces boulardii) or placebo twice daily for two days [58]. The incidence of VAP
(11.9% vs. 28.3%, respectively) and sepsis (6.8% vs. 24.5%, respectively) was significantly
lower in the probiotic group, while the length of hospital and ICU stay were also reduced.
Notably, the study stopped prematurely and included less than half of the intended number
of patients. Although this limitation may preclude robust conclusions, the contrast between
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the findings of these studies is stark and may in part be explained by a different patient
population and the use of a multi-strain probiotic formula. Overall, the current level of
evidence tempers the initial enthusiasm on the use of probiotic therapy for the prevention
of VAP, and more work is needed to identify which probiotic intervention may be beneficial
for specific patient groups.

3.3. Other Indications in the ICU

While the prevention of VAP has been the main focus in probiotic research, several
other outcome measures have also been investigated including diarrhea, other infections,
length of hospital stay and mortality. A recent placebo-controlled randomized controlled
trial in 218 Australian ICU patients by Litton et al. assessed the effect of early daily
Lactobacillus plantarum 299v supplementation [59]. The primary outcome was days alive and
out of hospital to day 60, a composite endpoint of death, hospital length of stay and hospital
re-admissions. Early and sustained administration of L. plantarum 299v did not improve
the primary outcome measure (49.5 (IQR 37–53) in the probiotic group and 49 (IQR 43.8–53)
in the placebo group, p = 0.55) [59]. Several subgroup analyses, including the evaluation
of antibiotic treatment, the presence of sepsis and type of ICU admission, did not reveal
significant differences either. This is in line with the recent findings by Johnstone et al.
that found no differences in ICU and hospital length of stay, or mortality [57]. Moreover,
while a meta-analysis of 14 trials reporting on a total of 1233 critically ill patients found a
reduction in infections following probiotic treatment (risk ratio 0.80, confidence interval
0.68–0.95) [55], the incidence of infections was not different between groups in the two
recent trials (by Johnstone et al. and Litton et al.) [57,59]. The incidence of any infection was
31.4% in both the placebo and the probiotic group (hazard ratio 0.97, confidence interval
0.84–1.11) [57], and nosocomial infections occurred in 7.3% and 4.6 of the probiotic and
placebo group patients, respectively (odds ratio 1.62, confidence interval 0.51–5.10) [59].
Together, as we noted for VAP, the results of recent high-quality trials appear to deviate
from the conclusions of meta-analyses.

Given the often detrimental effects of antibiotics on the gut microbiome and their wide
use in ICU patients, multiple trials have investigated whether probiotics could mitigate the
negative consequences of antibiotic perturbation such as antibiotic-associated diarrhea and
Clostridium difficile infection. A meta-analysis of nine trials and 1259 ICU patients did not
demonstrate a treatment benefit of probiotics on diarrhea (risk ratio 0.97, confidence interval
0.82–1.15) [55]. Likewise, in the aforementioned trial by Johnstone et al. there were no
differences in the incidence of antibiotic-associated diarrhea (hazard ratio 1.02, confidence
interval 0.93–1.15) or C. difficile infection (odds ratio 1.15, confidence interval 0.69–1.93) [57];
however, in meta-analyses including both out- and in-patients, rather than focusing solely
on ICU patients, probiotics reduced the risk of C. difficile infection and antibiotic-associated
diarrhea [60,61]. Among 13 trials enrolling 2454 participants with a high baseline risk
of C. difficile associated disease (>5%), probiotics reduced the risk of C. difficile associated
disease by 70%, but no significant effect of probiotics was found in trials with a lower
baseline risk (≤5%) [60]. Due to the lack of conclusive high-quality evidence, probiotics are
currently not included in treatment guidelines for C. difficile infections [62,63].

Since the start of the COVID-19 pandemic, multiple randomized-controlled trials
assessing the potential role of probiotic treatment in COVID-19 have been registered [64].
Of those, only one investigates the effect of probiotics (Streptococcus salivarius K12 combined
with L. brevis) in ICU patients with COVID-19 (clinicaltrials.gov: NCT05175833). Thus
far, no results of this trial are available and the role of probiotics in critically ill COVID-19
patients remains unclear.

Overall, current evidence does not unambiguously support the use of probiotics for
the prevention or treatment of antibiotic-associated diarrhea and C. difficile infection in ICU
patients. The identification of subgroups that could potentially benefit from probiotics is
an important future challenge.
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4. Current Challenges

4.1. Safety

In addition to the unclear efficacy, the implementation of probiotic treatment in the
ICU has been hampered by safety concerns. These concerns stem in part from the frequently
debated and re-analyzed results of the PROPATRIA study [65–67], a double-blind, placebo-
controlled trial in which patients with predicted severe acute pancreatitis received either
enteral probiotics (a combination of three Lactobacillus spp., two Bifidobacterium spp. and
one Lactococcus spp.) or placebo. The probiotic treatment resulted in higher mortality (16%,
24 of 152 patients) compared to the placebo (6%, 9 of 144 patients), which was presumably—
albeit still a subject of debate—caused by intestinal ischemia and translocation of gut
bacteria to the bloodstream, resulting in multiorgan failure.

Although probiotic supplementation has earlier been associated with higher risks of
sepsis and fungemia in critically ill patients [68], it was only recently shown that probi-
otics supplementation in pediatric ICU patients could result in the systemic translocation
of probiotic bacteria. Epidemiological data of 22,174 ICU patients showed that patients
receiving Lactobacillus rhamnosus GG were at increased risk of Lactobacillus bacteremia
(6 out of 522 patients, compared to 0 out of 21,652). Whole-genome-based phylogeny
analysis confirmed that Lactobacilli isolated from the blood of patients treated with probi-
otics were phylogenetically inseparable from the probiotic product [69]. Similarly, in the
aforementioned trial by Johnstone et al. that investigated 2653 ICU patients, the incidence
of adverse events (including the sequencing-confirmed presence of Lactobacillus rhamnosus
GG in previously sterile sites) was significantly higher in the probiotic group (1.1% versus
0.1% in the placebo group) [57].

Together, these studies raise valid questions regarding the potential harm of probi-
otic supplementation in the critically ill, and a thorough examination of adverse effects
is warranted. Of note, it was recently reported that out of 53 studies investigating probi-
otic, prebiotic or synbiotic intervention in hospitalized and/or critically ill patients, only
7 reported the number of serious adverse events per group [70].

4.2. Other Pitfalls in the Field

Despite the many links between microbiome disruption and adverse outcomes in
the ICU, and the apparent beneficial effect of probiotics on mortality and inflammation in
numerous animal models of severe infection, probiotic treatment has not unequivocally
proven to be of clear clinical benefit in critically ill patients. Therefore, what challenges
need to be addressed, in order for probiotics to reach their full clinical potential in the ICU
(Table 1)?

Table 1. Current challenges for probiotics in the ICU.

Efficacy
While the majority of meta-analyses find a positive effect, the negative

results of the recent PROSPECT trial cast doubt on the efficacy of
probiotics for preventing ventilator-associated pneumonia [57].

Safety
Overall lack of safety reporting, coupled with recent reports of
probiotic bacteremia, together warrant increased attention for

monitoring potential harm.

Mechanisms
Causal links between probiotic intervention and improved outcome in

experimental models remain largely elusive.

Microbiome Effects

Microbiome diversity and composition are often not among the
(secondary) outcome measurements in clinical trials, which cloud our

understanding of the (long-term) effects of probiotics on
gut microbiota.

Heterogeneity
Gut microbiota, and the negative effect of antibiotics thereon, show

inter-individual differences which may call for more
personalized therapy.
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First, practical issues such as dosage, treatment duration, timing and the effects of con-
current administration with antibiotics—potentially directly eliminating the administered
bacteria—need to be considered and ideally standardized to improve the interpretation
and comparability of RCTs. Next, microorganisms that are used as a probiotic should be
adequately characterized in terms of their genome and functional repertoire, as strain level
differences influence their health-promoting functions [43]. A recent study revealed enor-
mous genetic and functional inter- and intra-species diversity within a single commensal
gut family. Through whole-genome sequencing and gene annotation in 20 human donors,
the authors found remarkable differences within the Lachnospiraceae family, which are
likely to influence butyrate production of a specific strain and thereby its contribution
to colonization resistance and the host’s mucosal immune response [71]. These findings
indicate that proper genomic and metabolic analyses of microbes is essential to identify the
strain-specific qualities that could be harnessed in effective new probiotics.

Furthermore, although an altered microbiome could be assumed to be a prerequisite
for any beneficial effects of probiotics, the actual effect of probiotic supplementation on
gut communities is very often not reported in human trials [72]. A systematic review
found no effect of probiotics on the fecal microbiota composition of healthy adults in six
out of seven randomized controlled trials [73]. Recently, two key studies described the
effect of probiotics on the gut microbiome in much more detail. Zmora et al. described
the impact of probiotics on the human gut mucosa-associated microbiome [74]. By charac-
terizing the microbiome in mucosal stool samples before and during the administration
of a placebo or an 11-strain probiotic preparation (existing of Lactobacillus, Bifidobacterium,
Lactococcus and Streptococcus spp.), they found a transient and highly individualized ef-
fect of probiotics on the mucosal communities and the gut transcriptome—approximately
half of the participants showed significantly higher abundances of probiotics in their gut
mucosa, while others were not colonized by probiotics. This person-specific susceptibility
to gut colonization by probiotics was associated with baseline host transcriptional and
microbiome characteristics and could explain the high interpersonal variability in probi-
otic effects. Of significance, Suez et al. showed that a four-week administration of the
same multi-strain probiotic formula after broad-spectrum antibiotic exposure resulted in a
delayed microbiome reconstitution when compared to watchful waiting and autologous
FMT [75]. Intestinal, mucosal and stool samples indicated that the probiotics inhibited
the repopulation of the indigenous communities, both in terms of microbial diversity and
transcriptional profile. These findings shed light on the longitudinal effects of probiotic
intervention and indicate that temporarily boosting the gut microbiome with probiotics
may result in a stunted recovery of the microbiome in the long-term. This previously
underestimated trade-off is seldom taken into account in current studies and warrants an
extended monitoring of the microbiome and outcome of patients treated with probiotics.

Finally, what constitutes a “healthy microbiome”—or similarly, dysbiosis [76]—remains
ill-defined [77]. While a core human microbiome may exist, it is known that each individual
carries a personalized microbial signature that evolves throughout life. The heterogeneous
consequences of ICU treatment on gut microbiota composition and the person-specific gut
mucosal colonization resistance against probiotics [8,70], highlight the need for person-
alized approaches to reconstitute the disrupted microbiome rather than a standardized,
single-strain probiotic intervention in the highly diverse ICU population. In other words,
one size will probably not fit all.

5. Future Perspectives

It is notable that although indirect evidence for the importance of the gut microbiome
is abundant (associations with clinical outcome, in vitro work and mouse models), proven
mechanistic links between gut microbiome changes and the (patho)physiology of critically
ill humans remain absent. Nevertheless, many randomized-controlled trials have been
performed over the last decade. The fact that probiotics are classified as food supplements,
and not as medication, could perhaps partly explain this early transition to human inter-
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vention trials. A focus on the mechanistic, causal effects of specific features of the human
microbiome is advised to be the basis for future interventional trials (Figure 1) [78].

Figure 1. Current and future role of probiotics in the ICU. Current practice involves a standardized
intervention in the highly diverse ICU population, with inconsistent clinical effects. A focus on
a mechanistic understanding, combined with rigorous preclinical testing—including in healthy
volunteers—can lay the groundwork for new probiotics with well-documented biological effects.
The clinical efficacy of these next-generation probiotics should be tested in clinical trials with a focus
on long-term outcomes and safety. Herein, dividing patients into specific subgroups (predictive
enrichment) based on the target mechanism can increase the chance of finding positive effects.
Eventually, the use of patient-specific data may allow clinicians to tailor probiotic treatment in the
ICU to individual patients.

In recent years, several preclinical studies have described novel live microorgan-
isms that have not been used to promote health to date. These non-standard probiotics—
also known as next-generation probiotics [79]—often comprise gut commensals rather
than the currently used Lactobacillus or Bifidobacterium species and might affect the gut
microbiome and protect against infections. For example, murine studies demonstrated
that a combination of four gut commensals (Bacteroides sartorii, Parabacteroides distasonis,
Clostridium boltea and Blautia producta) restored colonization resistance against vancomycin-
resistant Enterococci through cooperativity between these commensals [80]. In addition,
Clostridium scindens (another gut commensal) could reduce enteric colonization by C. difficile
through synthesizing C. difficile-inhibiting metabolites from bile salts [81].

Studies could also focus more on the prevention of microbiota disruption by antibiotics,
aside from reconstituting the microbiome after iatrogenic dysbiosis. In this context, a recent
investigation screened potential antidotes that may specifically mitigate the collateral
damage of antibiotics on commensals [82]. By analyzing a library of 1197 pharmaceuticals, it
was reported that an anticoagulant drug (dicumarol), an uricosuric agent (benzbromarone)
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and two non-steroidal anti-inflammatory drugs (tolfenamic acid and diflunisal) could
protect Bacteroides species from the negative effects of erythromycin and doxycycline.
Importantly, it was shown in human-stool-derived communities and gnotobiotic mice
(i.e. animals containing only known microorganisms) that these antidotes did not affect
antibiotic efficacy against the pathogens for which erythromycin and doxycycline were
prescribed [82]. Further development of these next-generation probiotics and antidotes
could result in new therapeutics that limit antibiotic-induced damage to the microbiome,
enhance colonization resistance and reduce (antibiotic-resistant) infections [28]. Ideally,
future trials assessing such interventions should comprehensively measure the effects on
the microbiota composition over an extended period of time.

6. Conclusions

Altogether, we can conclude that the field of microbiota research has comprehensively
shown that the gut microbiome is severely disrupted in critically ill patients in the ICU.
The resulting dysbiosis has been associated with worse clinical outcomes, re-infections
and re-admissions, but causal relationships remain elusive. Similarly, there are strong
indications from experimental data that probiotic intervention may improve outcomes in
models of severe infection, but the underlying mechanisms are still unclear. Substantial
heterogeneity between randomized controlled trials, concerns about safety and a recent
high-quality trial with negative results with regards to VAP prevention reflect that a
beneficial role for probiotics in the ICU remains uncertain. Future experimental and clinical
studies focused on mechanistic evidence, are needed to determine how the full potential of
the microbiome in terms of its diagnostic and therapeutic value can be unlocked in the ICU
setting. While we may have to go back to the drawing board and rethink our approach,
microbiome modulation in intensive care remains a promising clinical tool to improve
long-term outcomes.
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Abstract: (1) Purpose of this study: To determine whether patient weight influences the probability
of target attainment (PTA) over 72 h of initial therapy with beta-lactam (cefepime, ceftazidime,
piperacillin/tazobactam) and carbapenem (imipenem, ertapenem, meropenem) antibiotics in the
critical care setting. This is the first paper to address the question of whether patient size affects
antibiotic PTA in the ICU. (2) Methods: We performed a post hoc analysis of Monte Carlo simulations
conducted in virtual critically ill patients receiving antibiotics and continuous renal replacement
therapy. The PTA was calculated for each antibiotic on the following pharmacodynamic (PD) targets:
(a) were above the target organism’s minimum inhibitory concentration (≥%fT≥1×MIC), (b) were
above four times the MIC (≥%fT≥4×MIC), and (c) were always above the MIC (≥100%fT≥MIC) for
the first 72 h of antibiotic therapy. The PTA was analyzed in patient weight quartiles [Q1 (lightest)-Q4
(heaviest)]. Optimal doses were defined as the lowest dose achieving ≥90% PTA. (3) Results: The
PTA for fT≥1×MIC led to similarly high rates regardless of weight quartiles. Yet, patient weight
influenced the PTA for higher PD targets (100%fT≥MIC and fT≥4×MIC) with commonly used
beta-lactams and carbapenems. Reaching the optimal PTA was more difficult with a PD target
of 100%fT≥MIC compared to fT≥4×MIC. (4) Conclusions: The Monte Carlo simulations showed
patients in lower weight quartiles tended to achieve higher antibiotic pharmacodynamic target
attainment compared to heavier patients.

Keywords: renal replacement therapy; Monte Carlo simulation; antibiotics; pharmacokinetics;
pharmacodynamics

1. Introduction

Continuous renal replacement therapy (CRRT) is the preferred renal replacement
therapy (RRT) over intermittent hemodialysis in patients with acute kidney injury (AKI)
due to hemodynamic instability [1]. The multicenter study Veterans Affairs/National
Institutes of Health Acute Renal Failure Trial Network Study (ATN trial) showed that there
was no difference in clinical outcomes when patients received less-intensive or intensive
effluent rates for CRRT [2]. Since the antibiotic doses were used in both intensity arms,
some suggested that patients with intensive CRRT may have had lower overall antibiotic
exposures due to a higher drug removal rate [3,4]. Our previous study showed there
were no significant differences in the probability of target attainment (PTA) between less-
intensive (20–25 mL/kg/h) vs. intensive (35–45 mL/kg/h) effluent rate arms [5].

The combination of AKI and aggressive fluid resuscitation for sepsis leads to a consid-
erable amount of fluid weight gain, increasing the volume of distribution (Vd) in drugs [6].
Increased Vd leads to a lower plasma concentration, requiring higher doses of a drug. This
is noteworthy because altered Vd in AKI patients receiving CRRT can cause high interindi-
vidual and interoccasion variability in antibiotic serum concentrations [7]. For example,

213



Antibiotics 2021, 10, 1390

interindividual variability was noted with piperacillin and tazobactam trough levels by
≥123-fold and ≥192-fold, respectively, in critically ill patients [8]. Moreover, the majority
of clinical studies that derived dosing recommendations do not include larger patients
(>100 kg), and obesity is a well-known risk factor of antibiotic therapy failure [9,10].

Antimicrobial activity is impacted by multiple factors, including drug dose regimen,
potency of the drug against a specific organism, and pharmacokinetic (PK) parameters.
For beta-lactam agents, in vitro and clinical studies suggest that maintaining free serum
concentrations at least four times as high as the organism’s minimum inhibitory concentra-
tion (MIC) (fT≥4×MIC) optimizes bactericidal activity and clinical response in critically ill
patients compared to less stringent pharmacodynamic targets [11–13]. Moreover, clinical
outcomes were superior when the PD target maintained free drug concentrations above
the 1×MIC (fT≥1×MIC) level for 100% of the dosing interval in critically ill patients [14].
The objective of this post-hoc study was to determine PTA over the first 72 h of commonly
prescribed doses of beta-lactams (cefepime, ceftazidime, and piperacillin/tazobactam) and
carbapenems (imipenem, meropenem) in different patient weight quartiles using Monte
Carlo simulation (MCS) techniques.

2. Results

The PTA rates in overall (for all 10,000 virtual patients) and in different weight quartiles
[Q1 (lightest) to Q4 (heaviest)] for cefepime, ceftazidime, piperacillin, and tazobactam are
reported in Table 1. Table 2 lists the PTA for overall virtual patients and different weight
quartiles for the meropenem, imipenem, and ertapenem dosing regimens. Three different
pharmacodynamic targets were assessed, from the least stringent %fT≥1×MIC to the most
stringent target of 100%fT≥MIC.

Table 1. Probability of target attainment comparison among weight quartiles for key beta-lactams used in the ATN trial:
Cefepime, ceftazidime, piperacillin, and tazobactam.

ATN Less Intensive ATN Intensive

Weight
Quartile

1×MIC 4×MIC 100% fT>1×MIC
Weight

Quartile
1×MIC 4×MIC 100% fT>1×MIC

Cefepime 1 g every 12 h
Overall 100% 7.8% 10.8% Overall 99.9% 2.3% 8.4%

Q1
(40–70 kg) 100% 18.2% 31% Q1

(40–70 kg) 99.8% 6.5% 24.4%

Q2
(70–82 kg) 100% 8.6% 9.6% Q2

(70–82 kg) 100% 2.2% 7.7%

Q3
(82–95 kg) 100% 3.7% 2.3% Q3

(82–96 kg) 100% 0.6% 1.3%

Q4
(95–177 kg) 100% 0.6% 0.4% Q4

(96–204 kg) 100% 0.0% 0.1%

Cefepime 1 g every 8 h
Overall 100% 57.4% 15.5% Overall 100% 33% 15.6%

Q1
(40–70 kg) 100% 79.6% 43.7% Q1

(40–70 kg) 100% 59.7% 44.9%

Q2
(70–82 kg) 100% 68.6% 14.2% Q2

(70–82 kg) 100% 39.8% 13.5%

Q3
(82–95 kg) 100% 54.5% 4% Q3

(82–96 kg) 100% 24.4% 3.8%

Q4
(95–189 kg) 100% 27.1% 0.2% Q4

(96–213 kg) 100% 8.2% 0.4%

Cefepime 2 g every 12 h
Overall 100% 86.5% 56.3% Overall 100% 77.2% 55.2%

Q1
(40–70 kg) 100% 94.04% 90.3% Q1

(40–70 kg) 100% 88.7% 88.1%

Q2
(70–82 kg) 100% 93.9% 71% Q2

(70–82 kg) 100% 86.9% 70.6%

Q3
(82–95 kg) 100% 89.04% 46.4% Q3

(82–96 kg) 100% 79.2% 44.9%

Q4
(95–180 kg) 100% 69.04% 17.3% Q4

(96–183 kg) 100% 53.9% 17.0%
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Table 1. Cont.

ATN Less Intensive ATN Intensive

Weight
Quartile

1×MIC 4×MIC 100% fT>1×MIC
Weight

Quartile
1×MIC 4×MIC 100% fT>1×MIC

Cefepime 2 g every 8 h
Overall 100% 100% 57% Overall 100% 99% 56.9%

Q1
(40–70 kg) 100% 100% 92.4% Q1

(40–70 kg) 100% 99.7% 92.4%

Q2
(70–82 kg) 100% 100% 72.6% Q2

(70–82 kg) 100% 100.0% 71.4%

Q3
(82–96 kg) 100% 100% 45.6% Q3

(82–96 kg) 100% 99.8% 46.2%

Q4
(96–185 kg) 100% 98.9% 17.3% Q4

(96–217 kg) 100% 96.3% 17.5%

Ceftazidime 1 g every 12 h
Overall 100% 31.3% 31.2% Overall 100% 16.9% 24.7%

Q1
(40–70 kg) 100% 54.5% 51.8% Q1

(40–70 kg) 100% 37.6% 46.3%

Q2
(70–82 kg) 100% 37% 34.8% Q2

(70–82 kg) 100% 18.3% 29.3%

Q3
(82–95 kg) 100% 23.8% 25.7% Q3

(82–96 kg) 100% 8.8% 16.5%

Q4
(95–200 kg) 100% 9.7% 12.5% Q4

(96–204 kg) 99.9% 2.9% 6.8%

Ceftazidime 2 g every 12 h
Overall 100% 95.7% 81.1% Overall 100% 88% 78.3%

Q1
(40–70 kg) 100% 97.9% 93.2% Q1

(40–70 kg) 100% 88.1% 78.5%

Q2
(70–82 kg) 100% 97.4% 86.7% Q2

(70–82 kg) 100% 87.7% 78.4%

Q3
(82–95 kg) 100% 96.7% 81.0% Q3

(82–96 kg) 100% 88% 78.2%

Q4
(95–183 kg) 100% 90.9% 63.5% Q4

(96–193 kg) 100% 88.2% 78.3%

Piperacillin 3 g every 12 h
Overall 93.4% 30.7% 23.8% Overall 91.9% 24.4% 20.5%

Q1
(41–71 kg) 91% 38% 35.2% Q1

(40–70 kg) 90.1% 33.0% 32.6%

Q2
(71–82 kg) 93.3% 33% 27.6% Q2

(70–82 kg) 91.4% 25.8% 23.3%

Q3
(82–96 kg) 94.5% 28.9% 20.4% Q3

(82–96 kg) 92.2% 22.9% 16.2%

Q4
(96–191 kg) 94.6% 22.9% 11.9% Q4

(96–204 kg) 93.8% 16.1% 9.7%

Piperacillin 4 g every 12 h
Overall 96.3% 50% 42.8% Overall 95.4% 44.6% 38.4%

Q1
(40–70 kg) 94.7% 49% 55.7% Q1

(40–70 kg) 93.8% 53.0% 51.2%

Q2
(70–82 kg) 95.3% 48.8% 46.8% Q2

(70–82 kg) 94.8% 48.3% 43.6%

Q3
(82–95 kg) 97.3% 51.7% 40.8% Q3

(82–96 kg) 96.2% 43.0% 34.6%

Q4
(95–184 kg) 97.8% 50.4% 28% Q4

(96–213 kg) 96.6% 34.0% 24.0%

Piperacillin 3 g every 8 h
Overall 99% 61% 33.5% Overall 98.8% 56.6% 33.1%

Q1
(40–71 kg) 98.7% 66.1% 50.9% Q1

(40–70 kg) 97.4% 62.0% 50.1%

Q2
(71–82 kg) 98.8% 63.5% 37.2% Q2

(70–82 kg) 99.2% 60.2% 37.5%

Q3
(82–95 kg) 99% 59.8% 29% Q3

(82–96 kg) 99.3% 56.6% 28.6%

Q4
(95–191 kg) 99.4% 54.4% 17% Q4

(96–183 kg) 99.4% 47.3% 16.0%
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Table 1. Cont.

ATN Less Intensive ATN Intensive

Weight
Quartile

1×MIC 4×MIC 100% fT>1×MIC
Weight

Quartile
1×MIC 4×MIC 100% fT>1×MIC

Piperacillin 4 g every 8 h
Overall 99.5% 77.9% 54.6% Overall 99.3% 75.1% 52.9%

Q1
(40–70 kg) 99% 81% 72% Q1

(40–70 kg) 98.5% 77.6% 69.4%

Q2
(70–82 kg) 99.5% 78.2% 59.2% Q2

(70–82 kg) 99.3% 76.9% 59.2%

Q3
(82–96 kg) 99.5% 77.2% 49.2% Q3

(82–96 kg) 99.6% 74.8% 49.0%

Q4
(96–206 kg) 99.8% 75.2% 37.9% Q4

(96–217 kg) 99.7% 71.1% 33.7%

Piperacillin 3 g every 6 h
Overall 99.9% 80% 39.2% Overall 99.8% 77.1% 37.9%

Q1
(40–70 kg) 99.8% 83.6% 60% Q1

(40–70 kg) 99.6% 80.4% 58.4%

Q2
(70–82 kg) 99.8% 81.6% 43.6% Q2

(70–82 kg) 99.9% 77.9% 42.7%

Q3
(82–96 kg) 99.9% 79.4% 32.8% Q3

(82–96 kg) 99.7% 78.4% 31.8%

Q4
(96–217 kg) 100% 75.5% 20.2% Q4

(96–217 kg) 100% 71.5% 18.6%

Piperacillin 4 g every 6 h
Overall 99.9% 89.9% 60% Overall 99.9% 88.5% 57.6%

Q1
(40–71 kg) 99.8% 89.9% 77.9% Q1

(40–70 kg) 99.8% 90.7% 76.2%

Q2
(71–82 kg) 100% 89.5% 66.2% Q2

(70–82 kg) 99.8% 89.0% 63.4%

Q3
(82–95 kg) 99.9% 90.4% 56% Q3

(82–96 kg) 99.9% 87.8% 54.5%

Q4
(95–184 kg) 100% 89.8% 39.8% Q4

(96–217 kg) 100% 86.4% 36.0%

Tazobactam 375 mg every 12 h
Overall 76.8% 10% 3.6% Overall 73% 5.4% 2.3%

Q1
(40–71 kg) 79.4% 17.5% 7.2% Q1

(40–70 kg) 76.5% 10.4% 4.6%

Q2
(71–82 kg) 78.2% 10.6% 3.6% Q2

(70–82 kg) 76.1% 5.5% 2.4%

Q3
(82–95 kg) 76.4% 7.4% 2.3% Q3

(82–96 kg) 72.9% 3.9% 1.6%

Q4
(95–199 kg) 73% 4.4% 1.2% Q4

(96–202 kg) 66.2% 1.8% 0.7%

Tazobactam 500 mg every 12 h
Overall 84.7% 21.8% 8.5% Overall 82.9% 14.8% 7%

Q1
(40–71 kg) 85.4% 30.5% 13.8% Q1

(40–70 kg) 84.5% 23.7% 13.1%

Q2
(71–82 kg) 84.2% 23.6% 9.6% Q2

(70–82 kg) 84.5% 16.5% 7.7%

Q3
(82–96 kg) 85.7% 19.6% 6.6% Q3

(82–96 kg) 81.4% 12.5% 5.0%

Q4
(96–187 kg) 83.6% 13.4% 4.1% Q4

(96–204 kg) 80.6% 6.7% 2.2%

Tazobactam 375 mg every 8 h
Overall 89.1% 27.9% 4.7% Overall 87.8% 20.9% 4.6%

Q1
(40–71 kg) 89.5% 36.1% 8.8% Q1

(40–70 kg) 88.6% 30.3% 9.2%

Q2
(71–82 kg) 89.4% 31.8% 4.9% Q2

(70–82 kg) 87.6% 25.0% 5.5%

Q3
(82–95 kg) 88.9% 25.1% 3.2% Q3

(82–96 kg) 88.1% 17.2% 2.4%

Q4
(95–222 kg) 88.5% 18.7% 1.9% Q4

(96–184 kg) 86.6% 11.2% 1.3%
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Table 1. Cont.

ATN Less Intensive ATN Intensive

Weight
Quartile

1×MIC 4×MIC 100% fT>1×MIC
Weight

Quartile
1×MIC 4×MIC 100% fT>1×MIC

Tazobactam 375 mg every 6 h
Overall 93.4% 44.8% 6.6% Overall 93.6% 38.8% 6.2%

Q1
(40–70 kg) 93.8% 53.8% 11.5% Q1

(40–70 kg) 94.2% 50.5% 12.0%

Q2
(70–82 kg) 92.8% 47.5% 6.7% Q2

(70–82 kg) 93.6% 42.1% 6.8%

Q3
(82–95 kg) 94% 43% 5.2% Q3

(82–96 kg) 94.1% 37.1% 4.0%

Q4
(95–225 kg) 93% 35.1% 2.9% Q4

(96–185 kg) 92.4% 25.3% 1.9%

Tazobactam 500 mg every 8 h
Overall 93.2% 45.5% 11.7% Overall 92.3% 38% 10.3%

Q1
(40–70 kg) 93% 56.2% 19.3% Q1

(40–70 kg) 92.5% 48.5% 17.8%

Q2
(70–82 kg) 93.7% 48.6% 13.6% Q2

(70–82 kg) 92.9% 42.6% 10.5%

Q3
(82–96 kg) 92.3% 43.2% 8.8% Q3

(82–96 kg) 92.1% 35.5% 8.4%

Q4
(96–181 kg) 93.4% 34.2% 5% Q4

(96–181 kg) 91.6% 25.5% 4.6%

Tazobactam 500 mg every 6 h
Overall 96.1% 61.3% 13.3% Overall 95.8% 55.3% 12.3%

Q1
(40–71 kg) 96% 68.9% 22.6% Q1

(40–70 kg) 95.8% 64.8% 20.1%

Q2
(71–82 kg) 96% 63.8% 14.8% Q2

(70–82 kg) 96.2% 60.5% 13.5%

Q3
(82–96 kg) 96.2% 59.4% 9.6% Q3

(82–96 kg) 96.0% 53.3% 10.1%

Q4
(96–182 kg) 96.4% 53% 6.4% Q4

(96–209 kg) 94.9% 42.6% 5.6%

Shaded to represent probability of target attainment ≥90% (green), 60 < 90% (orange), and <60% (red).

Table 2. Probability of target attainment comparison among weight quartiles for key carbapenems used in the ATN trial:
ertapenem, imipenem, and meropenem.

ATN Less Intensive ATN Intensive

Wt. Quartile 1×MIC 4×MIC 100% fT≥1×MIC Wt. Quartile 1×MIC 4×MIC 100% fT≥1×MIC

Ertapenem 1 g every 24 h (MIC 1)
Overall 100% 100% 99.72% Overall 100% 99.98% 99.17%

Q1 (40–70 kg) 100% 100% 99% Q1 (40–70 kg) 100% 100% 97.5%
Q2 (70–82 kg) 100% 100% 99.9% Q2 (70–82 kg) 100% 100% 99.6%
Q3 (82–96 kg) 100% 100% 100% Q3 (82–96 kg) 100% 100% 99.7%

Q4 (96–204 kg) 99.9% 99.9% 100% Q4 (96–212 kg) 99.9% 99.8% 99.8%
Ertapenem 1 g every 24 h (MIC 2)

Overall 100% 98.2% 93.7% Overall 98.2% 87.32% 87.73%
Q1 (40–70 kg) 100% 99.7% 91.2% Q1 (40–70 kg) 100% 98.6% 82%
Q2 (70–82 kg) 100% 99.6% 97.6% Q2 (70–82 kg) 100% 96% 91.8%
Q3 (82–96 kg) 100% 98.8% 97.8% Q3 (82–96 kg) 100% 89.8% 93.4%

Q4 (96–213 kg) 99.9% 94.6% 87.2% Q4 (96–212 kg) 99.9% 64.7% 83.7%
Imipenem 500 mg every 12 h

Overall 98% 3.3% 5.8% Overall 97.3% 1.8% 3.6%
Q1 (40–70 kg) 95% 3.8% 3.2% Q1 (40–70 kg) 92.2% 2.7% 2.2%
Q2 (70–82 kg) 98% 3.8% 5.5% Q2 (70–82 kg) 98.1% 2.0% 3.9%
Q3 (82–95 kg) 99.2% 3.5% 7.9% Q3 (82–96 kg) 99.2% 1.4% 3.9%

Q4 (95–199 kg) 99.9% 2.1% 6.4% Q4 (96–201 kg) 99.6% 1.1% 4.4%
Imipenem 500 mg every 8 h

Overall 100% 40% 39.9% Overall 100% 32.8% 33.4%
Q1 (40–71 kg) 100% 44% 36.2% Q1 (40–70 kg) 100% 36.2% 29.2%
Q2 (71–82 kg) 100% 43.7% 46.8% Q2 (70–82 kg) 100% 36.2% 38.2%
Q3 (82–95 kg) 100% 39.2% 46.2% Q3 (82–96 kg) 100% 33.9% 38.9%

Q4 (95–196 kg) 100% 33.2% 30.4% Q4 (96–212 kg) 100% 24.6% 27.2%
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Table 2. Cont.

ATN Less Intensive ATN Intensive

Wt. Quartile 1×MIC 4×MIC 100% fT≥1×MIC Wt. Quartile 1×MIC 4×MIC 100% fT≥1×MIC

Imipenem 500 mg every 6 h
Overall 100% 78.3% 61.6% Overall 97.3% 74.6% 60%

Q1 (40–71 kg) 100% 80.5% 71.3% Q1 (40–70 kg) 100% 77.5% 68.1%
Q2 (71–82 kg) 100% 80% 71.7% Q2 (70–82 kg) 100% 77.4% 70.6%
Q3 (82–95 kg) 100% 78% 61.8% Q3 (82–96 kg) 100% 75% 60.7%

Q4 (95–191 kg) 100% 74.8% 41.8% Q4 (96–187 kg) 100% 68.5% 40.9%
Imipenem 1 g every 8 h

Overall 100% 98% 87% Overall 100% 97.3% 82.3%
Q1 (40–71 kg) 100% 96.8% 71.4% Q1 (40–70 kg) 100% 96.6% 65.6%
Q2 (71–82 kg) 100% 98.4% 87% Q2 (70–82 kg) 100% 96.8% 81.0%
Q3 (82–96 kg) 100% 98.8% 93.5% Q3 (82–96 kg) 100% 98.1% 88.9%

Q4 (96–193 kg) 100% 98.2% 96% Q4 (96–202 kg) 100% 97.8% 93.8%
Meropenem 500 mg every 12 h

Overall 97.6% 63.3% 45.7% Overall 97.4% 58.1% 45.7%
Q1 (40–71 kg) 96.1% 66.4% 58.4% Q1 (40–70 kg) 95.8% 65.1% 54.6%
Q2 (71–82 kg) 97.6% 65.8% 52.4% Q2 (70–82 kg) 96.8% 60.0% 47.9%
Q3 (82–96 kg) 97.9% 63.8% 43.4% Q3 (82–96 kg) 98.1% 57.8% 40.9%

Q4 (96–173 kg) 98.8% 57.2% 28.6% Q4 (96–217 kg) 98.9% 49.6% 24.5%
Meropenem 500 mg every 8 h

Overall 99.8% 84.8% 57.9% Overall 99.7% 82.6% 55.8%
Q1 (40–71 kg) 99.5% 87.2% 77.6% Q1 (40–70 kg) 99.2% 85.6% 74.1%
Q2 (71–82 kg) 99.8% 85.08% 64.9% Q2 (70–82 kg) 99.8% 83.6% 63.8%
Q3 (82–96 kg) 100% 84.9% 55.1% Q3 (82–96 kg) 99.7% 82.2% 52.8%

Q4 (96–189 kg) 99.8% 81.8% 33.9% Q4 (96–206 kg) 99.9% 78.8% 32.5%
Meropenem 1 g every 12 h

Overall 99.4% 90.6% 82% Overall 99.2% 89.8% 79.5%
Q1 (40–70 kg) 98.6% 88.6% 77.6% Q1 (40–70 kg) 98% 87.5% 74.2%
Q2 (70–82 kg) 99.3% 90.7% 84.4% Q2 (70–82 kg) 99% 90% 81%
Q3 (82–95 kg) 99.8% 91.8% 85.8% Q3 (82–96 kg) 100% 90.6% 82.8%

Q4 (95–183 kg) 99.9% 91.1% 80% Q4 (96–206 kg) 100% 90.8% 79.8%
Meropenem 1 g every 8 h

Overall 100% 98.1% 92.2% Overall 99.9% 97.6% 90.8%
Q1 (40–70 kg) 99.9% 97.3% 91.5% Q1 (40–70 kg) 99.8% 97% 90.3%
Q2 (70–82 kg) 100% 98% 94.2% Q2 (70–82 kg) 100% 100% 93.8%
Q3 (82–95 kg) 100% 98.9% 94.8% Q3 (82–96 kg) 100% 97.9% 93%

Q4 (95–195 kg) 100% 98.2% 88.3% Q4 (96–202 kg) 100% 97.9% 86.2%
Meropenem 2 g every 12 h

Overall 99.8% 98.1% 91.4% Overall 99.7% 97.4% 89.5%
Q1 (40–71 kg) 99.6% 97.1% 86.5% Q1 (40–70 kg) 99.4% 95.8% 83.2%
Q2 (71–82 kg) 99.8% 97.9% 89.7% Q2 (70–82 kg) 99.6% 97.5% 89.4%
Q3 (82–95 kg) 99.8% 98.3% 93.3% Q3 (82–96 kg) 99.8% 97.8% 91.6%

Q4 (95–199 kg) 100% 99% 96% Q4 (96–206 kg) 100% 98.6% 93.7%

Shaded to represent probability of target attainment: ≥90% (green), 60 ≤ 89% (orange), and <60% (red).

As reported in Table 1 (cefepime, ceftazidime, piperacillin/tazobactam), the PTA
against P. aeruginosa consistently decreases as the weight quartile increases. The PTA in
less-intensive CRRT effluent rate arms was higher than the PTA in intensive CRRT effluent
rate arms for all drugs. Nevertheless, these differences were usually small within any
weight quartile for any drug. Table 2 illustrates similar findings for carbapenem antibiotics.
With a few exceptions, the carbapenem PTA decreased as the weight quartiles increased.
The intensity of the CRRT effluent rate also influenced the PTA such that lower PTA rates
were observed in the intensive CRRT than in the analogous lower CRRT intensity groups.
Again, the differences observed with CRRT intensity were not large. Two drug dosing
regimens (imipenem 1 g every 8 h and meropenem 2 g every 12 h) showed a different trend,
namely that their PTAs increased as the weight quartile increased.

3. Discussion

This is the first MCS to examine the influence of subject weights on antibiotic PTA in
patients receiving CRRT. Our hypothesis for the present study was that antibiotic exposures
will be significantly lower (resulting in a lower PTA) in heavier virtual critically ill patients
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(obesity and/or fluid overloaded) receiving CRRT when the same daily antibiotic dose
is used. Our results showed virtual patients who were in Q1 (the lightest quartile) had a
higher PTA for its PD target; the PTA gradually decreased as the weight quartile increased
[the heaviest (Q4) had the lowest PTA] for all drugs in this study (cefepime, ceftazidime,
piperacillin, tazobactam, ertapenem, imipenem, and meropenem) with few exceptions.

The lowest modeled cefepime dosing regimen (1 g every 12 h) met acceptable PTA
rates at the least stringent (%fT≥1×MIC) target but poor PTA achievement in both the
less-intensive and intensive CRRT groups for the more stringent PD targets (fT≥4×MIC
and 100%fT≥MIC). For cefepime, the PTA significantly decreased as the weight quartiles
(heavier patients) increased. For example, the overall PTA for 100%fT≥MIC with cefepime
2 g every 12 h in the less-intensive group was 56.3%. Yet, in the first quartile (weight:
40–70 kg) and the last quartile (weight: 95–180 kg) in the less-intensive group achieved
PTA values of 90.3% and 17.3%, respectively. Ceftazidime followed a similarly lower PTA
with a higher weight trend. Ceftazidime 2 g every 12 h, in the less-intensive group for the
PD target of 100%fT≥1×MIC, yielded an overall PTA of 81.1%. However, it exhibited large
differences between weight quartiles: 93.2% (in Q1: 40–70 kg) and 63.5% (in Q4: 95–187 kg).
Weights influenced piperacillin/tazobactam, as the PTA decreased as the weight quartile
increased. For instance, the overall PTA was 60%, but Q1 (40–71 kg) and Q4 (95–184 kg)
were 77.9% and 39.8%, respectively, for the PD target of 100%fT≥MIC with piperacillin
4 g every 6 h.

In our study, a few carbapenem dosing regimens demonstrated interesting results,
for example, ertapenem 1 g every 24 h with the PD target of 100%fT≥MIC. Subjects
in the intensive CRRT arm in Q1 (the lightest) exhibited the lowest PTA compared to
larger virtual patients. The PTAs were: Q1 82%, Q2 91.8%, Q3 93.4%, and Q4 83.7%. One
potential explanation is that Q1 subjects had the smallest Vd, which may have led to a
higher relative drug clearance by intensive CRRT. Imipenem also showed unusual results
within the 1 g every 8 h dosing regimen model. The PTA increased as the weight quartiles
increased for the PD target of 100%fT≥MIC: PTA Q1 66%; Q2 81%; Q3 89%, and Q4 94%
in the intensive CRRT group. With further PK analysis with this cohort, the mean Vd
for Q1 was 0.33 L/kg (20.39 L) and in Q4 was 0.37 L/kg (40.36 L). Moreover, the mean
nonrenal clearance (CLNR) for Q1 subjects was 98.5 mL/min when CLNR for Q4 subjects
was 97.9 mL/min. This phenomenon (increased PTA with higher weight) may be explained
by a combination of smaller Vd leading to more drug removal by CRRT and higher CLNR in
the Q1 cohort. The other standard dosing regimens for carbapenem results were consistent
with our hypothesis (lower PTA with higher weight quartiles).

This study is consistent with Hites et al. [15], who evaluated beta-lactam standard
dosing regimens in critically ill patients (both obese and nonobese patients). They found
the standard dosing regimens resulted in subtherapeutic plasma concentrations in 32% of
their patients and supratherapeutic plasma concentrations in 25% overall. It was evident
for meropenem that more obese patients had subtherapeutic antibiotic concentrations com-
pared to nonobese patients (35% vs. 0%, p = 0.02) [15]. The authors did not find statistical
differences between obese and nonobese patients for cefepime and piperacillin/tazobactam.
Lastly, patients receiving CRRT were more likely to result in supratherapeutic levels than
patients who were not receiving CRRT (44.1% vs. 8.8%; p = 0.002) in this study. Moreover,
obese patients receiving CRRT were more likely to have supratherapeutic levels compared
to nonobese patients receiving CRRT.

Taccone et al. [16] shared a case report that illustrated that obese patients require a
much higher antibiotic dosing regimen compared to nonobese patients. This case report
was regarding a patient who had a body mass index (BMI) of 35 who presented with septic
shock due to extensively drug-resistant P. aeruginosa. The PD target was 40%T≥4×MIC,
and the standard meropenem dosing regimen did not reach the PD target. The patient
required meropenem of 12 g/d (3 g every 6 h with 3 h extended infusion), which resulted in
meropenem resolution without any adverse events and no abnormal electroencephalogram.
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Cheatham et al. [17] evaluated pharmacokinetics and pharmacodynamics with
meropenem use in morbidly obese patients. Nine patients were included with a total body
weight of 152.3 ± 31.0 kg (ideal body weight: 60.3 ± 10.6 kg) and a BMI of 54.7 ± 8.6 kg/m2.
The authors found appropriate meropenem dosing regimens for morbidly obese patients
were 1 g every 8 h, 2 g every 8 h, 500 mg every 6 h, and 1 g every 6 h when the PD target
was 40%fT≥1×MIC (2 mg/mL). For a more stringent PD target (40%fT≥4×MIC), 2 g every
8 h and 1 g every 6 h were necessary for this special population. Even though this study did
not include critically ill patients receiving CRRT, it highlights that morbidly obese patients
require a higher meropenem dose.

This study has several limitations, including not having BMI information since the
study was based on MCS (virtual patients). The PK parameters were derived in different
patient populations other than the American patients (ATN trial). However, our objective
was not to determine the PTA for patients with obesity but rather determine if there were
any differences among weight quartiles. Moreover, our data may not be applicable in non-
ICU patients who are underweight (weight: <40 kg) because our minimum weight was set
as 40 kg, and pharmacokinetic data were derived from critically ill patients. Lastly, we have
not further analyzed any toxicity profiles nor outcome data. These PTA tables will provide
better guidance to clinicians who have different antimicrobial PD benchmarks (fT≥1×MIC
vs. 100%fT≥1×MIC vs. fT≥4×MIC) for their critically ill patients undergoing CRRT.

4. Materials and Methods

This study was a post-hoc analysis of a previously published paper determining
the influence of CRRT’s intensity (less intensive vs. intensive) on antibiotic exposure
profiles [5]. Institutional review board approval was not required since pharmacokinetic
and demographic data were applied to computer-generated “virtual” patients.

4.1. Pharmacokinetic Model and Simulations

The initial study [5] utilized one-compartment, first-order, and multiple-dose phar-
macokinetic models to simulate antibiotic plasma concentration–time profiles based on
demographic and CRRT dose information from the ATN trials [2,18]. Pertinent pharmacoki-
netic data in critically ill patients (Vd, unbound fraction, and nonrenal clearance (CLNR))
were collected from primary literature sources and incorporated in the MCS (Table 3). Beta-
lactams (cefepime, ceftazidime, and piperacillin/tazobactam) and carbapenems (imipenem,
ertapenem, and meropenem) were chosen for analysis because they were commonly used
during the time of the ATN trial. The commonly recommended antibiotic dosing regi-
mens for CRRT were simulated for 72 h in MCS. Drug concentration–time profiles were
generated in a log-Gaussian distribution with preset limits using the mean and SD of
the pharmacokinetic parameters outlined in Table 3 by the MCS (Crystal Ball, Oracle©,
Santa Clara, CA, USA). The mean and SD of subject weight and delivered effluent rates
from each study were used for that study’s MCS. Detailed descriptions of the PK model
and MCS are included in the previous report [5].

4.2. Pharmacodynamic Targets

We used the Clinical and Laboratory Standards Institute (CLSI) susceptibility break-
points against P. aeruginosa which are: 2 mg/L for meropenem and imipenem, 8 mg/L for
cefepime and ceftazidime, and 16 mg/L for piperacillin (4 mg/L for tazobactam threshold).
The susceptibility breakpoint for ertapenem against S. pneumoniae is 1 mg/L [35]. The PD
targets were: ≥40%fT≥1×MIC of 2 mg/L for meropenem and imipenem (4×MIC = 8 mg/L),
≥40%fT≥1×MIC of 1 mg/L for ertapenem (4×MIC = 4 mg/L), ≥50%fT≥1×MIC of
16 mg/L for piperacillin (4×MIC = 64 mg/L), ≥50% fT>4 mg/L for tazobactam, and
≥60% fT≥1×MIC of 8 mg/L for cefepime and ceftazidime (4×MIC = 32 mg/L) over the
first 72 h of antibiotic therapy [36,37]. Delattre and colleagues have recommended the use
of %fT≥4×MIC as the benchmark for beta-lactams [36]. In order to implement in vitro,
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animal, and clinical data regarding optimal beta-lactam PD targets, we tested %fT≥MIC
targets (1×MIC and 4×MIC) and 100%fT≥MIC in the present analysis.

Table 3. Adapted pharmacokinetic parameters used in Monte Carlo simulations [5].

Drug [Ref]
Cefepime

[18–23]
Ceftazidime

[24–29]
Ertapenem

[5,30]
Imipenem

[5,30]
Meropenem

[5,30]
Piperacillin
[23,31–34]

Tazobactam
[23,33]

Vd (L/kg) 0.48 ± 0.24
(0.16–1.11)

0.34 ± 0.20
(0.13–1.1)

0.19 ± 0.07
(0.13–0.34)

0.34 ± 0.1
(0.21−0.63)

0.41 ± 0.18
(0.08−1.07)

0.40 ± 0.21
(0–1.11)

0.50 ± 0.37
(0–2.13)

Free Fraction 0.79 ± 0.09
(0.72–0.85)

0.86 ± 0.05
(0.75–0.94)

0.25 ± 0.45
(0−1)

0.8 ± 0.16
(0−1)

0.79 ± 0.09
(0−1)

0.76 ± 0.2
(0–1)

0.74 ± 0.27
(0–1)

NR CL (mL/min) 24.33 ± 11.25
(13–44)

15.9 ± 9.9
(8–37.7)

11 ± 3
(10−19)

100.5 ± 28
(53−160)

54.9 ± 49
(0−251)

48.5 ± 37
(0–187)

40.4 ± 70
(0–381)

Sieving coefficient 0.67 ± 0.13
(0–1)

0.85 ± 0.05
(0–1)

0.2 ± 0.06
(0−1)

0.57 ± 0.1
(0−1)

0.63 ± 0.13
(0−1)

0.6 ± 0.28
(0–1)

0.8 ± 0.36
(0–1)

r2 weight and Vd 0.4197 0.0237 0.3318 0.17 0.1435 0.0567 0.0049
r2 weight and NR CL 0.038 0.1254 0.1156 0.013 0.0072 0.036 0.0098

Weight ± SD (kg) Less intensive: 84.1 ± 18.9; Intensive: 84.1 ± 19.6
CRRT % delivered Less intensive: 0.95 ± 0.35 (0–1); Intensive: 0.89 ± 0.39 (0–1)

Qeff (mL/kg/h) Less intensive: 22 ± 6.1 (0–47.5) vs. Intensive: 35.8 ± 6.4 (0–47.5)
Qrep (L/h) Less intensive: 0.83 ± 0.25 (0.33–1.33); Intensive: 0.89 ± 0.39 (0–1)

All values are mean ± standard deviation (minimum–maximum limits). Abbreviations: CL = clearance; NR = nonrenal; r2 = correlation;
Vd = volume of distribution; Qeff = effluent flow rate; Qrep = replacement fluid rate.

4.3. Optimal Dosing Regimen

Drug dosing regimen was considered optimal if it reached a PTA of 90%, which is a
standard threshold in simulation studies [5,23,30,38]. This means the virtual patients will
achieve 90% of predetermined pharmacodynamic targets with simulated dosing regimens.
Antibiotic toxicity profiles were not analyzed in this experiment, as the threshold for
toxicity is poorly characterized [37,38].

4.4. Weight Quartile Analysis

The weight for 10,000 virtual subjects was limited to a minimum of 40 kg with no
maximum limit set. The 10,000 virtual patients were organized by body weight, and
their PTA analyses were divided into four quartiles. The lightest group was “Q1” (the
2500 virtual patients with the lowest weight) through the heaviest group called “Q4” (the
2500 virtual patients with the highest weight). Since there were 10,000 virtual subjects for
each drug and dosing regimen and each was modeled separately, the weights within each
quartile differ slightly between regimens.

5. Conclusions

Our post-hoc analysis shows that the patient’s weight influences antibiotic drugs’
pharmacodynamic target attainment related to antimicrobial efficacy. One-size-fits-all
dosing should not be applied to large critically ill patients who might be obese, fluid
overloaded, or both. This analysis does not include toxicity analysis but rather includes the
PTA for 10,000 virtual patients to achieve different pharmacodynamic targets. Thus, we
are not recommending any specific drug dosing regimen.
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Abstract: Antimicrobial combinations are at the moment the only potential treatment option for
pandrug-resistant A. baumannii. A systematic review was conducted in PubMed and Scopus for
studies reporting the activity of antimicrobial combinations against A. baumannii resistant to all
components of the combination. The clinical relevance of synergistic combinations was assessed
based on concentrations achieving synergy and PK/PD models. Eighty-four studies were retrieved
including 818 eligible isolates. A variety of combinations (n = 141 double, n = 9 triple) were tested,
with a variety of methods. Polymyxin-based combinations were the most studied, either as double or
triple combinations with cell-wall acting agents (including sulbactam, carbapenems, glycopeptides),
rifamycins and fosfomycin. Non-polymyxin combinations were predominantly based on rifampicin,
fosfomycin, sulbactam and avibactam. Several combinations were synergistic at clinically relevant
concentrations, while triple combinations appeared more active than the double ones. However, no
combination was consistently synergistic against all strains tested. Notably, several studies reported
synergy but at concentrations unlikely to be clinically relevant, or the concentration that synergy
was observed was unclear. Selecting the most appropriate combinations is likely strain-specific and
should be guided by in vitro synergy evaluation. Furthermore, there is an urgent need for clinical
studies on the efficacy and safety of such combinations.

Keywords: Acinetobacter; pandrug-resistant; antimicrobial combinations; synergy

1. Introduction

Pandrug-resistant (PDR) Gram-negative bacteria, resistant to all currently available
antibiotics, including carbapenems, aminoglycosides, polymyxins and tigecycline, have
been increasingly reported worldwide [1]. Especially problematic is the management
of infections by PDR A. baumannii (PDRAB), since there are no monotherapy treatment
options and associated mortality is very high [2]. Cefiderocol, where available, is a last
resort option [3]. However, resistance to cefiderocol is already being reported and is likely
to increase, considering the high prevalence of heteroresistance to this agent [4], as has oc-
curred with polymyxins [5]. Therefore, pending approval of new antimicrobials, synergistic
combinations are at the moment the only potential treatment option for PDRAB [6].

Combination antimicrobial therapy compared to monotherapy has not so far been
proven in most studies to lead to better clinical outcomes of A. baumannii infections [7–11].
However, the available studies are predominantly based on combinations including at least
one active antimicrobial and a potential benefit in PDRAB infections, with no monotherapy
treatment options, should not be excluded [6,12,13]. Similar to clinical studies, prior
systematic reviews that have assessed the in vitro synergy of various combinations (based
on polymyxins [14–16], rifampin [14,16], meropenem [16,17] or tigecycline [16,18]) against
A. baumannii, were predominantly based on studies testing combinations including at
least one active antimicrobial. However, synergy testing may be most useful to identify
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combinations for salvage therapy of infections by bacteria resistant to all monotherapy
treatment options [19].

Therefore, the purpose of this systematic review is to identify synergistic combinations
that may be used for treatment of infections caused by PDRAB, i.e., combinations based on
antimicrobials to which A. baumannii is resistant. Furthermore, it was evaluated whether
the identified combinations were synergistic at concentrations achievable in vivo, a major
consideration when assessing the in vivo relevance of in vitro synergy [20], especially when
referring to PDRAB. These data aim to aid microbiology laboratories and infectious disease
clinicians to prioritize the potential combination options for evaluation for synergy against
the local PDRAB strains.

2. Methods

2.1. Search Strategy

The following search was conducted in PubMed from inception to 20 April 2021:
(Acinetobacter [ti] OR baumannii [ti] OR “Acinetobacter” [Mesh] OR “Acinetobacter baumannii”
[Mesh]) AND (synerg* [ti] OR combin* [ti] OR “Drug Combinations” [Mesh] OR “Drug
Synergism” [Mesh] OR “Drug Therapy, Combination” [Mesh]). The same search, without
the MESH terms, was also conducted in Scopus.

2.2. Eligibility Criteria

Any study (including in vitro, animal models, and clinical studies) evaluating the
activity of antimicrobial combinations against clinical A. baumannii isolates was eligible,
provided that the A. baumannii isolates tested were resistant to all components of the
antimicrobial combinations assessed. The following exclusion criteria were applied: (1)
studies including only noneligible isolates (see below definition for eligibility), (2) studies
including both eligible and noneligible isolates, but not possible to extract data for eligible
isolates, (3) combinations of antimicrobials with adjuvant, nonantibiotic agents, or with
investigational agents (not currently in use for the treatment of infections). (4) Clinical
studies without any information on synergy. (5) Studies written in languages other than
English (little impact [21,22], often at higher risk of bias [23], and data extraction can be
inaccurate [23]). Deduplication and screening for eligibility of the retrieved articles was
conducted by the first author using the Rayyan online platform [24].

2.3. Data Extraction

The following data were extracted from each eligible article: country where the study was
conducted, number of participating hospitals, methods of synergy testing (readers are referred
to relevant references for a more detailed overview of the different methods [19,20,25–27]), list
of antimicrobials tested for synergy, number of eligible strains (as defined below), number
of eligible strains against which each combination demonstrated synergy and antimicrobial
concentrations achieving synergy. Data were extracted by the first author in duplicate.

2.4. Definition of Eligible Strains

A. baumannii isolates were eligible for this review if resistant to all components
of the antimicrobial combinations tested. The following breakpoints were used to de-
fine resistance based on CLSI [28] or EUCAST [29] clinical breakpoints (whichever was
higher): amikacin > 32 mg/L, ampicillin-sulbactam > 16/8 mg/L, cefepime > 16 mg/L,
cefiderocol > 8 mg/L, ceftazidime > 16 mg/L, ciprofloxacin > 2 mg/L, colistin > 2 mg/L,
gentamicin > 8 mg/L, imipenem > 4 mg/L, levofloxacin > 4 mg/L, meropenem > 8 mg/L,
minocycline > 8 mg/L, piperacillin > 64 mg/L, piperacillin/tazobactam > 64/4 mg/L,
polymyxin B > 2 mg/L, tobramycin > 8 mg/L, trimethoprim-sulfamethoxazole > 2/38 mg/L.
For antibiotics without established breakpoints by either EUCAST or CLSI the following
cut-offs were applied: azithromycin > 4 mg/L (based on CLSI breakpoints for Staphylo-
cocci [12,28]), aztreonam >16 mg/L (based on breakpoints for P. aeruginosa [28,29]), cef-
operazone/sulbactam > 32/16 mg/L [30], ceftazidime/avibactam > 8/4 mg/dl (based
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on breakpoints for P. aeruginosa [28,29]), chloramphenicol > 16 mg/L (based on break-
points for Enterobacterales [28]), fosfomycin > 32 mg/L (based on EUCAST breakpoints
for Enterobacterales and Staphylococcus spp [29]), fusidic acid > 1 mg/L (based on EU-
CAST breakpoints for Staphylococcus spp [29]), moxifloxacin > 0.25 mg/L (based on EU-
CAST breakpoints for Enterobacterales [29]), plazomicin > 4 mg/L (FDA interpretive
criteria for Enterobacteriaceae [31]), rifampicin > 2 mg/L (based on CLSI breakpoints
for Staphylococci [28], although much lower cut-offs have been proposed for A. bauman-
nii [32]), tigecycline > 2 mg/L [33], trimethoprim > 8 mg/L (based on CLSI breakpoints
for Enterobacterales [28]), vancomycin > 20 mg/L (based on clinically achievable concen-
trations [34–36], noting that the CLSI breakpoints for coagulase-negative Staphylococci is >
16 mg/L [28]).

2.5. Evaluation of In Vivo Feasibility of the Identified Combinations

In vivo feasibility of each synergistic combination was assessed based on the fol-
lowing: (1) synergy present in vitro at concentrations equal to or lower than established
breakpoints of resistance (as defined above) for all antimicrobials used in the combination,
or (2) synergy demonstrated in dynamic drug concentration-time experiments (such as the
hollow-fiber infection model, or animal infection models) simulating the pharmacokinetics
of human treatment regimens, or (3) clinically-achievable synergy based on pharmacoki-
netic/pharmacodynamic (PK/PD) modelling and Monte Carlo simulations [37].

2.6. Data Synthesis and Analysis

A qualitative synthesis of the data was conducted. Meta-analysis of the data was
not pursued (a post hoc decision), based on the following findings of the review; method-
ological heterogeneity in synergy testing methods and interpretation, small number of
studies and eligible isolates per combination, clonal relatedness of A. baumannii isolates
from single-center studies, potential differences between different A. baumannii strains
(i.e., synergy against A. baumannii strains isolated from one institution does not necessarily
predict synergy against different strains, with different mechanisms and level of resistance),
potential for publication bias (studies with negative results are less likely to be published),
selective performance of more cumbersome synergy testing methods (such as time-kill
assay or animal models) only against strains for which synergy had been demonstrated by
other methods (such as checkerboard), questionable clinical relevance of synergy in many
studies (synergy present only at high antimicrobial concentrations, likely not relevant for
in vivo use, or at unclear concentrations).

3. Results

3.1. Summary and Characteristics of Reviewed Studies

A flow chart of the review is depicted in Figure 1. Eighty-four relevant publications [12,35–117]
were retrieved including 818 eligible A. baumannii isolates. The characteristics of the reviewed
studies are summarized in the Supplementary Materials File S1 (Section 2). Most (73%) studies
were published in the last 10 years, while about a third (35%) were published in the last 5 years
(Appendix A, Table A1). Most studies were conducted in the European region (33%), America (29%)
and the Western-Pacific region (24%) (Appendix A, Table A2). The number of eligible isolates per
study was small in most studies, with most (79%) of them including ≤ 10 isolates (Supplementary
Materials File S1 Section 2.4). Finally, most studies were single center (65%) and of the multicenter
studies most (58%) were conducted in only two to five centers (Supplementary Materials File S1
Section 2.5), an important consideration as this reflects the clonal diversity of the A. baumannii
isolates available for each study.
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Figure 1. Flow chart of the review.

3.2. Overview of Methods for Assessment of Antimicrobial Combinations

A variety of methods were used for in vitro evaluation of antimicrobial combinations; disk
diffusion methods (n = 4 studies, n = 18 eligible isolates), gradient strip methods (n = 11 studies,
n = 229 eligible isolates), MIC determination by agar dilution (n = 2 studies, n = 42 eligible isolates),
checkerboard assay (n = 44 studies, n = 599 eligible isolates), the multiple-combination bactericidal
test (n = 1 study, n = 9 eligible isolates), time-kill assay (n = 51 studies, n = 259 eligible isolates),
dynamic in vitro PK/PD models with antimicrobial concentrations simulating human treatment
regimens (n = 6 studies, n = 10 isolates), and semi-mechanistic PK/PD modelling based on TKA
data (n = 5 studies [37,54,102,107,118]). Finally, a few in vivo animal models (n = 11 studies, n = 18
isolates) eligible for review have been published [35,38,55,64,70,90,94,98,102,105,113]. No eligible
clinical studies were retrieved.

3.3. Overview of Antimicrobial Combinations That have been Evaluated

Numerous different combinations (n = 141 double and n = 9 triple combinations) were
evaluated predominantly based on polymyxins, rifamycins (predominantly rifampicin
and recently rifabutin), sulbactam, fosfomycin and carbapenems. However, there were
few available studies for most combinations with only 10 combinations having >3 studies
available. Summarizing Tables of the number of studies and number of eligible isolates for
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each combination, as well as methods used to evaluate each combination are available in
the Supplementary Materials File S1 (Section 3).

3.4. Overview of Polymyxin-Based Combinations

Polymyxin-based combinations were the most studied, with several studies demon-
strating synergy against eligible A. baumannii isolates by combinations of polymyxins
(either colistin or polymyxin-B) with cell-wall acting agents including: sulbactam (either
alone or as ampicillin-sulbactam), beta-lactams (predominantly carbapenems, but also
third generation cephalosporins, aztreonam, and ceftazidime/avibactam), glycopeptides
(predominantly vancomycin, but also teicoplanin), and daptomycin. Furthermore, several
studies have reported synergy between colistin and rifamycins against eligible strains
(predominantly rifampicin and recently rifabutin). Isolated reports have also demonstrated
synergy with trimethoprim/sulfamethoxazole, chloramphenicol, and fusidic acid.

The following triple polymyxin-based combinations have also been shown to be synergis-
tic against selected eligible strains: polymyxin-B/meropenem/sulbactam [51,69], polymyxin-
B/ meropenem/ampicillin/sulbactam [61,62], colistin/doripenem/sulbactam [82], polymyxin-
B/ meropenem/fosfomycin [51,69] and polymyxin-B/doripenem/vancomycin [35]. Triple
polymyxin- based combinations appear to be more active than double combinations and more
likely to prevent regrowth during treatment [51,61,69,82], likely by preventing emergence of
resistant subpopulations [61].

A variety of the above combinations (colistin/sulbactam, polymyxin-b/sulbactam,
colistin/imipenem, colistin/meropenem, polymyxin-B/meropenem, colistin/doripenem,
colistin/tigecycline, colistin/rifampicin, polymyxin-B/rifampicin, colistin/vancomycin,
polymyxin-B/vancomycin, colistin/daptomycin, colistin/trimethoprim/sulfamethoxazole,
colistin/chloramphenicol, colistin/fusidic acid, colistin/levofloxacin, polymyxin-B/ fos-
fomycin/meropenem, polymyxin-B/sulbactam/meropenem, polymyxin-B/ampicillin/
sulbactam/meropenem, colistin/sulbactam/doripenem, colistin/vancomycin/doripenem)
have been shown to be synergistic at concentrations equal to or less than established
breakpoints by a variety of methods, or in dynamic drug concentration-time experiments
including animal models (Appendix A; Tables A3–A5, and Supplementary Materials File S1
Section 4). Nevertheless, the number of studies and eligible isolates per combination was
small and most combinations were active at clinically relevant concentrations only against
selected of the tested eligible strains (Appendix A; Tables A3–A5, and Supplementary
Materials File S1 Sections 3–4).

3.5. Overview of Non-Polymyxin Based Combinations

Non-polymyxin-based combinations are predominantly based on combinations of the
following antimicrobials (Supplementary Materials File S1 Section 3): sulbactam (either
as sulbactam alone or in the form of ampicillin/sulbactam or cefoperazone/sulbactam),
fosfomycin, rifampicin and carbapenems. However, a variety of other antimicrobials have
been tried in combination regimens including aminoglycosides, tetracyclines (doxycycline,
tigecycline, minocycline and eravacycline), fluoroquinolones, cephalosporins, aztreonam,
trimethoprim/sulfamethoxazole, linezolid, teicoplanin and azithromycin.

The best data for non-polymyxin-based combinations come from four studies by Mohd
Sazly Lim S et al. [37,44,45,118]. Fosfomycin/sulbactam (FOF/SUL), fosfomycin/meropenem
(FOF/MEM), sulbactam/meropenem (SUL/MEM), fosfomycin/rifampin (FOF/RIF) and
meropenem/rifampin (MEM/RIF) were evaluated for synergy against 50 eligible A. bauman-
nii isolates characterized by high genetic diversity. The combinations were first evaluated
by checkerboard assay [44]. Based on an FICI ≤ 0.5 the combinations were synergistic
against 74% (FOF/SUL), 28% (FOF/MEM), 56% (SUL/MEM), 24% (FOF/RIF) and 20%
(RIF/MEM) of eligible strains. Synergy was mostly detected at concentrations above es-
tablished breakpoints of resistance. However, considering higher proposed breakpoints
based on PK/PD models (32 mg/L for SUL [119,120] and 128 mg/L for FOF [45,121]) the
combination FOF/SUL was active against 18 of 28 (64%) eligible isolates [37], the combina-
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tion FOF/MEM was active against 9 of 33 (27%) eligible isolates [45], and the combination
SUL/MEM was active against 9 of 46 (20%) eligible isolates [118]. FOF/SUL and SUL/MEM
were further evaluated in TKA against selected isolates [37,44,118], but synergy was only
reported at concentrations (128/128 mg/L for SUL/FOF and 64/32–128/64 for SUL/MEM)
higher than established breakpoints.

Finally, Mohd Sazly Lim S et al. evaluated two of the above combinations with semi-
mechanistic PK/PD modelling; FOF/SUL (simulated regimen: 8 g of fosfomycin given
every 8 h as a 1 h infusion and 4 g of sulbactam given every 8 h as a 4 h infusion) [37]
and SUL/MEM (simulated regimen: 2 gr of meropenem given every 8 h as a 3 h infusion,
and 4 g of sulbactam given every 8 h as a 4 h infusion [118]). A high probability of target
attainment was shown for FOF/SUL against the selected isolate (FOF MIC 2048, SUL
MIC 128, combination MIC in checkerboard 32/16 mg/L); 81.6%, 76.4%, and 71.6% for
stasis, 1-log10 kill and 2-log10 kill, respectively (compared to 23.3%, 19.8% and 15.5% for
fosfomycin monotherapy, and 53.5%, 46.5%, and 32.5% for sulbactam monotherapy) [37].
In contrast, the probability of target attainment was at best moderate for SUL/MEM against
the selected isolates (MEM MIC 128 mg/L, SUL MIC 256 mg/L, combination MICs 8/64
and 8/32 mg/L); 41%, 38% and 34% for stasis, 1-log10 kill and 2-log10 kill, respectively
(compared to no killing with either of the monotherapies) [118].

Avibactam/sulbactam is another recently proposed promising combination. Ro-
driguez CH et al. [47] showed that avibactam at a fixed concentration of 4 mg/L reduced
the MIC of sulbactam to ≤4 mg/L in all 35 non-metallo-β-lactamase (MBL)-producing
sulbactam-resistant A. baumannii isolates in one study. The activity of sulbactam/avibactam
(and to a lesser extent of sulbactam/relebactam) was also confirmed in a subsequent
study [122]. The rationale of the combination is that avibactam may inhibit the β-lactamases
that affect activity of sulbactam [47]. However, the combination is less effective against
metallo-β-lactamase-producing isolates [47,122].

In contrast to non-MBL Enterobacterales [6], double carbapenem combinations are
less likely to be clinically relevant for A. baumannii strains. Specifically, the combination
meropenem/imipenem was synergistic against 6 of 21 eligible isolates according to checker-
board assay in one study, but synergy was only observed at concentration above established
breakpoints of resistance (synergy was present at the following meropenem/imipenem
concentrations: 16/4, 16/8, 32/16 and 32/32, 16/8 mg/L) and all isolates had relatively
low MICs (mostly 32–64 mg/L) [46]. The combination imipenem/meropenem has also
been shown to be effective in a murine intraperitoneal infection model (using two A. bau-
mannii strains with meropenem-imipenem MICs 16–16 and 32–32 mg/L, respectively), but
mortality and bacterial clearance were similar comparing meropenem monotherapy to
combination therapy [38]. Additionally, the combination imipenem/ertapenem was not
found to be synergistic in another study [73].

3.6. Evaluation of Clinical Relevance of Reported Synergy

Detailed data regarding the proportion of observed synergy for each combination
(per study and method) and assessment of the clinical relevance are available in the
Supplementary Materials File S1 (Section 4). In most cases, synergy was only reported
at antimicrobial concentrations above the established breakpoints of resistance or the
concentration at which synergy was observed was not reported. Specifically, of n = 539
cases of reported synergy in checkerboard assay, synergy was observed at concentrations
≤breakpoints in only 112 (21%) cases, synergy was reported at concentration >breakpoints
in 194 (36%) cases, while in 233 (43%) cases the concentration at which synergy was present
was unclear. Similarly, of n = 185 cases of reported synergy in TKA, synergy was observed at
concentrations ≤breakpoints in only 65 (35%) cases, synergy was reported at concentration
>breakpoints in 88 (48%) cases, while in 32 (17%) cases the concentration at which synergy
was present was unclear.

Additionally, the clinical relevance of improved outcomes (survival, reduction of
bacterial loads, sterilization of cultures) in animal models is unclear, despite simulation of
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human treatment regimens, considering the unexpectedly high efficacy of monotherapies
in many cases [38,90,94,98,105,113], and potentially nonrelevant for humans mechanisms of
action of antimicrobials [35]. Finally, dynamic in vitro PK/PD models [61,62,73,87,88,107]
and semi-mechanistic PK/PD models were available for only a few combinations and
selected isolates [37,54,102,107,118] but provided useful information about the killing
activity of antimicrobial combinations at clinically relevant concentrations.

A summary of combinations that have been found synergistic at concentrations
≤established breakpoints of resistance are available in Table A3 of Appendix A. Stud-
ies using dynamic in vitro PK/PD models or animal models are summarized in Tables A4
and A5 of Appendix A.

3.7. Clinical Studies

Although several studies have assessed antimicrobial combination in A. baumannii
infections (e.g., [7–11,123,124]) none was eligible for this review for the following reasons:
(a) combinations were assessed in patients with noneligible isolates (i.e., isolates susceptible
to at least one component of the combination) or the extraction of data for eligible isolates
was not possible, and/or (b) lack of in vitro evaluation for the presence of synergy. The
latter is important because, as demonstrated in this review, in vitro synergy observed
against selected A. baumannii strains with a specific combination cannot be generalized
to other A. baumannii strains. Furthermore, the very few available studies including
patients with infections by PDRAB [1,6,124,125] have major limitations, including small
study populations, retrospective designs, lack of a control group or direct comparison of
different treatment regimens, and lack of correlation of in vitro susceptibility testing of the
combinations with outcomes.

Notable among the available studies is a secondary analysis of the AIDA study (a
randomized controlled trial comparing colistin monotherapy to colistin-meropenem com-
bination in patients with carbapenem-resistant Gram-negative infections [9]) comparing
monotherapy to combination therapy against colistin- and carbapenem-resistant A. bau-
mannii infections [10]. Based on this study, the colistin-meropenem combination was
paradoxically associated with higher mortality compared to monotherapy [10]. However,
being an exploratory subgroup analysis, the study has several limitations and data on
the presence (or absence) of synergy were not reported for the subgroup of patients with
colistin- and carbapenem-resistant A. baumannii infections. Nevertheless, the study raises
the hypothesis that blindly (in the absence of clinical data) using antimicrobial combinations
could unexpectedly result in worse outcomes.

In contrast, favorable results have been reported in a few small series (with all the
above-mentioned limitations) with selected combinations. For example, triple combina-
tion therapy with high-dose ampicillin/sulbactam, high-dose tigecycline and colistin in
patients with ventilator-associated pneumonia by PDRAB resulted in clinical cure in 9 of
10 patients [125]. Similarly, in another series, all seven patients with ventilator-associated
pneumonia or bacteremia by colistin-resistant A. baumannii were successfully treated with a
triple combination including colistin, doripenem and ampicillin/sulbactam (although with
one exception, all isolates had ampicillin/sulbactam MICs ≤ 16/8 mg/L, i.e., were not
eligible for this review) [126]. Furthermore, the combination of colistin with rifampicin has
been used successfully to treat post-neurosurgical meningitis after emergence of colistin
resistance during treatment with colistin monotherapy [127,128]. However, eligibility of
the included isolates in the latter studies could not be assessed due to lack of reporting of
rifampicin MICs [127,128].

Therefore, clinical studies assessing antimicrobial combinations in infections by
PDRAB are urgently needed. The selection of antimicrobial combinations for further
clinical study should ideally be guided by in vitro susceptibility testing of the combinations
against local A. baumannii strains, taking into account whether synergy is achievable at
clinically relevant concentrations.
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4. Discussion

4.1. Summary of Main Findings

The emergence of XDR/PDR A. baumannii [1], which is associated with high mortal-
ity [2] and limited treatment options [6], has resulted in an increasing number of publica-
tions evaluating the role of antimicrobial combination therapy. A vast number of potential
combinations has been reported, although most combinations have been evaluated only
against a limited number of eligible A. baumannii isolates. The most studied combina-
tions are polymyxin-based combinations with cell-wall acting agents (including sulbactam,
carbapenems and vancomycin), rifampicin and fosfomycin. Nevertheless, a variety of
combinations have been reported to be synergistic at clinically achievable concentrations,
at least against selected A. baumannii isolates. However, in most cases synergy was reported
either at too high concentrations or at unclear concentrations.

4.2. Polymyxin-Based Combinations

Polymyxin-based combinations were originally proposed to prevent treatment failure
due to the emergence of polymyxin-resistant A. baumannii during therapy [129], but may
actually be most useful for PDRAB [5,125,127,128]. A proposed mechanism to explain
the synergy between polymyxins and other antimicrobials is that polymyxins, even at
subinhibitory concentrations, may increase the permeability of A baumannii’s cell wall to
other antimicrobials, including antimicrobials that would otherwise be ineffective against
Gram-negative pathogens (such as glycopeptides and lipopeptides) [12,34,56,88].

Polymyxins may be combined, either as double or as triple combinations, with a vari-
ety of antimicrobials, including carbapenems, sulbactam, fosfomycin, rifampicin, rifabutin
(which has recently been shown to be much more potent than rifampicin [130] and may
retain activity even against PDRAB [131]) and vancomycin. Synergy with many of these
combinations was achievable at concentrations ≤established breakpoints of resistance
and demonstratable in animal models and/or dynamic in vitro PK/PD studies simulating
human treatment regimens.

However, synergy is not universal and not applicable to every A. baumannii strain.
Clinically relevant synergy may be less likely for strains with very high MICs. For exam-
ple, clinically-relevant synergy between polymyxins and carbapenems appears to be less
likely for isolates with high carbapenem MIC (doripenem >64 mg/L [82], meropenem
≥64 mg/L [132]). Triple combinations may be more effective than double combinations,
by lowering MICs of individual agents to even lower levels and preventing emergence of
resistance during treatment [51,61,69,82].

4.3. Non-Polymyxin Combinations

A variety of non-polymyxin combinations have been reported, predominantly involv-
ing the following antimicrobials: carbapenems, fosfomycin, sulbactam and rifamycins.
The combination fosfomycin/sulbactam and to a lesser extent meropenem/sulbactam are
especially promising and most studied [37,44,118], but a variety of other combinations have
been found synergistic against selected eligible A. baumannii isolates. Such combinations
may be even more active as triple combinations with polymyxins [51,61,69,82]. Further-
more, among non-polymyxin combinations, the recently proposed avibactam/sulbactam
combination (aiming to restore susceptibility to sulbactam by inhibition of non-MBL β-
lactamases with avibactam) is particularly promising and warrants further study [47,122].

Tigecycline-based combinations are often used in clinical practice against PDRAB [124,133],
probably because of MICs closer to the cut-off for susceptibility [12]. However, based on the limited
available data, tigecycline-based (or other tetracyclines, including eravacycline and minocycline)
combinations are seldomly synergistic against resistant A. baumannii strains at clinically achievable
concentrations [12,53,63,71,77,89,96,103,104,117]. However, the lack of in vitro synergy does not
preclude a role for tigecycline in the treatment of XDR/PDR A. baumannii, especially with
higher dose regimens that are predicted to achieve PK/PD targets for isolates with MICs up to
4–8 mg/L [134].
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4.4. Limitations of the Review and of the Available Evidence

Despite the abundance of in vitro studies evaluating a variety of antimicrobial com-
binations against XDR/PDR A. baumannii, in vivo data, PK/PD models and clinical data
are still limited. Furthermore, there is no acceptable gold standard method (one that best
predicts in vivo efficacy) for the in vitro evaluation of synergy, mainly due to the lack of
studies correlating in vitro synergy to clinical outcomes [19], and the results of different
methods are often conflicting [25,68].

Moreover, as demonstrated in this review, studies often fail to assess the clinical
relevance of reported synergy, as evidenced by the evaluation for synergy at antimicrobial
concentration unlikely to be clinically relevant or lack of reporting of concentrations
at which synergy is present. For example, an FIC index ≤ 0.5 in checkerboard assay
does not necessarily prove clinically relevant synergy if antimicrobials are synergistic at
concentrations higher than those achievable in vivo at the site of the infection. Similarly, in
time-kill assays antimicrobials should ideally be used in concentrations achievable at the
site of infection [20], which is often not the case as demonstrated in this review.

However, although clinically-relevant synergy was defined as synergy achievable
at concentrations ≤ breakpoints of resistance it should be acknowledged that potentially
higher breakpoints have been estimated (based on PK/PD data and Monte Carlo sim-
ulations) for high-dose, prolonged-infusion regimens [6]. For example, a high proba-
bility of target attainment with such regimens has been reported up to the following
maximum MICs: meropenem ≤128 mg/L [135], doripenem ≤8 mg/L [136], fosfomycin
≤128 mg/L [45,121], sulbactam ≤32 mg/L [119,120]. Furthermore, some studies have
evaluated the feasibility of synergistic combinations based on maximum clinically achiev-
able concentrations [44,59] but we believe this approach could result in overestimating the
in vivo relevance of synergistic combinations. Finally, the clinical relevance of synergy in
animal models, even when using dosing regimens simulating human pharmacokinetics, is
unclear considering that in some studies high efficacy was seen even for monotherapies
against resistant strains [38,113], while in some cases antimicrobials may have additional
functions in animal models not relevant to humans [35].

Finally, another major limitation of this review is the limited clonal diversity of eligible
A. baumannii isolates for most combinations evaluated, considering that most studies were
single-center and that for most combinations only few eligible isolates were assessed. This,
combined with the inconsistent activity of antimicrobial combinations highlight the need
to confirm in vitro synergy against local A. baumannii strains before using any of these
combinations in clinical practice.

4.5. Strengths of the Review

Despite the above limitations, this is an exhaustive review of antimicrobial combi-
nation options against PDRAB, aiming to aid clinicians, researchers and microbiology
laboratories to prioritize the selection of the most promising combinations for further
evaluation against PDRAB. Furthermore, a detailed assessment of the potential clinical
relevance of each synergistic combination was conducted, based on the concentrations that
synergy was observed and the availability of PK/PD or animal models.

5. Conclusions

Antimicrobial combinations may be the only treatment option against PDR A. bau-
mannii. Numerous combinations have been evaluated and several appear to be active at
clinically relevant concentrations, at least against selected eligible A. baumannii isolates.
However, studies often do not report the concentrations at which synergy is observed or
use antimicrobials at concentrations unlikely to be clinically relevant. This is an important
limitation of the available literature and an important consideration for future studies
evaluating antimicrobial combinations against PDRAB. Furthermore, no combination was
consistently synergistic against all isolates evaluated. Therefore, selecting the most ap-
propriate combination is likely strain-specific and should be guided by in vitro synergy
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evaluation. Combinations demonstrating activity at clinically relevant concentrations
and/or supported by PK/PD data and animal models should be further evaluated in
appropriately designed clinical studies, which are currently lacking.
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Appendix A

Table A1. Distribution of studies by year of publication.

Year of Publication Number of Studies (%)

2017–2021 29 (35%)

2021 5 (6%)
2020 6 (7%)
2019 10 (12%)
2018 3 (4%)
2017 5 (6%)

2012–2016 32 (38%)

2016 10 (12%)
2015 6 (7%)
2014 7 (8%)
2013 6 (7%)
2012 3 (4%)

2007–2011 15 (18%)

2011 3 (4%)
2010 6 (7%)
2009 3 (4%)
2008 2 (2%)
2007 1 (1%)

2002–2006 7 (8%)

2005 2 (2%)
2004 4 (5%)
2003 1 (1%)

1995–2001 1 (1%)

1996 1 (1%)
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Table A2. Distribution of studies by country and WHO regions.

WHO Regions Number of Studies Per Region (%)

Americas 24 (29%)

Brazil 6 (7%)
USA 12 (14%)

Argentina 3 (4%)
Colombia 1 (1%)

Southeast Asia Region 7 (8%)

India 1 (1%)
Thailand 6 (7%)

European Region 28 (33%)

France 3 (4%)
Germany 1 (1%)

Greece 3 (4%)
Italy 3 (4%)
Spain 7 (8%)

Turkey 7 (8%)
Switzerland 1 (1%)

United Kingdom 1 (1%)
Eastern Mediterranean Region 5 (6%)

Iran 1 (1%)
Saudi Arabia 4 (5%)

United Arab Emirates 2 (2%)
Oman 2 (2%)

Kuwait 2 (2%)
Qatar 2 (2%)

Bahrain 3 (4%)
Western Pacific Region 20 (24%)

China 9 (11%)
South Korea 6 (7%)

Taiwan 3 (3%)
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Table A4. Studies using dynamic in vitro PK/PD models.

Study-Combinations Method Synergy % (n/N) Comments

Lenhard, J.R., 2017 [61,62]

PMB/MEM

HFIM

0 (0/1) Doses simulating human regimens
were used (PMB 3.33 mg/kg then
1.43 mg/kg every 12 h, MEM 2 gr

every 8 h as 3 h infusions, SAM 8/4 g
every 8 h as 3 h infusions).

PMB/SAM 0 (0/1)

MEM/SAM 0 (0/1)

PMB/MEM/SAM 100 (1/1)

Yuan, Z., 2010 [102] and Lim,
T.P., 2008 [107]

AMK/LVX
HFIM

0 (0/1) Regrowth despite initial killing at 4 h.

AMK/FEP 0 (0/1) Regrowth despite initial killing at 4 h.

Córdoba, J., 2015 [73]

CST/IMP
Other dynamic in vitro

PK/PD model

0 (0/1)
Simulation of human treatment

regimens
CST/DAP 100 (1/1)

IMP/ETP 0 (0/3)

RIF/CFS 0 (0/7)

Housman, S.T., 2013 [87]
Simulated regimens: SAM 9 g q8 h (3
h inf), DOR 2 gr q8 h (4 h inf), TGC

200 mg q12 h (0.5 h inf).

TGC/DOR
Other dynamic in vitro

PK/PD model

0 (0/2)

SAM/DOR 0 (0/3)
Increased killing with SAM/DOR vs.
monotherapies against all 3 strains

but with regrowth by 24 h.

SAM/TGC 0 (0/1)

Lee, H.J., 2013 [88]

CST/RIF Other dynamic in vitro
PK/PD model 100 (1/1)

Regimens mimicking human serum
concentration after usual doses in

critically-ill patients.

Abbreviations: AMK = amikacin, CFS = cefoperazone/sulbactam, CHBD = checkerboard assay, CST = colistin, CZA = cef-
tazidime/avibactam, DAP = daptomycin, DOR = doripenem, ETP = ertapenem, FEP = cefepime, FOF = fosfomycin, HFIM = hollow-fiber
infection model, IMP = imipenem, LVX = levofloxacin, MEM = meropenem, n/N = number of isolates against which synergy was
demonstrated/total number of eligible isolates, PK/PD = pharmacokinetic/pharmacodynamic, PMB = polymyxin-B, RIF = rifampicin,
SAM = ampicillin/sulbactam, TGC = tigecycline.
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Table A5. Studies using animal models.

Study-Combinations Method Synergy % (n/N) Comments

Cebrero-Cangueiro, T., 2021 [38]

MEM/IMP Intraperitoneal infection
mouse model 0 (0/2)

Decreased bacterial loads with combination vs. monotherapy,
but similar mortality and bacterial clearance comparing

meropenem monotherapy to combination therapy.

Poulakou, G., 2019 [55]

CST/DAP Intraperitoneal infection
mouse model 100 (1/1) The combination significantly improved survival and reduced

bacterial loads in tissues compared to monotherapies.

Wei, W., 2017 [64]

CST/LVX G. mellonella model 0 (0/1) Same survival comparing combination therapy to
monotherapy

Yang, H., 2016 [70]

CST/VAN G. mellonella model 100 (1/1) Survival rate in G. mellonella model higher with combination,
but high survival even with monotherapies.

O’Hara, J.A., 2013 [35]

CST/DOR

G. mellonella model

0 (0/3) No synergy
CST/VAN 0 (0/3)

DOR/VAN 100 (3/3) The clinical relevance of the G. mellonella model is unclear
because of mechanisms of action likely not relevant to

humans; high survival even with DOR and VAN
monotherapies, and high survival with DOR/VAN despite

lack of in vitro synergy

CST/VAN/DOR 100 (3/3)

Queenan, A.M., 2013 [90]

DOR/CIP intraperitoneal infection
mouse model

0 (0/1) No synergy

DOR/LVX 100 (1/1) Improved survival in the mouse model (the isolate had
relatively low MICs: DOR 16 mg/L and LVX 8 mg/L).

Pachón-Ibáñez, M.E., 2011 [94]

RIF/IMP
Pneumonia mouse model

0 (0/2) In the animal model survival with RIF/IMP (80 and 33%) and
RIF/SUL (60 and 53%) did not differ significantly compared
to RIF monotherapy (73 and 40%). Lung clearance and blood
culture sterilization was higher against one of the two strains

with RIF/SUL.

RIF/SUL 50 (1/2)

Pachón-Ibáñez, M.E., 2010 [98]

SUL/IMP

Pneumonia (mouse) and
meningitis (rabbit) models

100 (1/1) Higher survival and bacterial clearance in animal model
compared to monotherapies.

RIF/IMP 0 (0/1)
Survival not improved comparing RIF monotherapy (71%) to

combination therapy (60%), despite improved bacterial
clearance.

RIF/SUL 0 (0/1)
Survival not improved comparing RIF monotherapy (71%) to

combination therapy (47%), despite improved bacterial
clearance.

Yuan, Z., 2010 [102]

AMK/LVX

Pneumonia mouse model

0 (0/1) Similar survival with AMK monotherapy.

AMK/FEP 1 (1/1) Improved survival and reduction of tissue bacterial burden in
the mouse model.

FEP/LVX 0 (0/1) Similar survival with FEP monotherapy.

Song, Y.C., 2009 [105]

IMP/RIF
Pneumonia mouse model

100 (3/3)
Synergistic (≥2Δlog reduction in lung baterial loads

compared to RIF monotherapy) against all 3 strains, but 100%
survival with both monotherapy and combination.

RIF/AMK 0 (0/1) Not better than monotherapy

IMP/AMK 0 (0/1) Not better than monotherapy

Montero, A., 2004 [113]

IMP/RIF Pneumonia mouse model 50 (1/2)

Strain D: no differences compared to monotherapy in the
mouse model. Strain E: significantly reduced lung bacterial

counts, no significant reduction of bacteremia, similar
survival (100% with the combination, 100% with RIF

monotherapy).

Abbreviations: AMK = amikacin, CIP = ciprofloxacin, CST = colistin, DOR = doripenem, FEP = cefepime, IMP = imipenem,
LVX = levofloxacin, MEM = meropenem, RIF = rifampicin, SUL = sulbactam, VAN = vancomycin.
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