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Abstract: Evidence-based, standard antibiotic therapy for ventilator-associated pneumonia (VAP)
caused by carbapenem-resistant Acinetobacter baumannii (CRAB) is a relevant unmet clinical need in
the intensive care unit (ICU). We aimed to evaluate the effectiveness of first-line therapy with old and
novel CRAB active antibiotics in monomicrobial VAP caused by CRAB. A prospective, observational
study was performed in a mixed non-COVID-19 ICU. The primary outcome measure was clinical
failure upon first-line targeted therapy. Features independently influencing failure occurrence were
also investigated via Cox proportional multivariable analysis. To account for the imbalance in
antibiotic treatment allocation, a propensity score analysis with an inverse probability treatment
weighting approach was adopted. Of the 90 enrolled patients, 34 (38%) experienced clinical failure.
Compared to patients who experienced a clinical resolution of VAP, those who had clinical failure
were of an older age (median age 71 (IQR 64–78) vs. 62 (IQR 52–69) years), and showed greater burden
of comorbidities (median Charlson comorbidity index 8 (IQR 6–8) vs. 4 (IQR 2–6)), higher frequency
of immunodepression (44% vs. 21%), and greater clinical severity at VAP onset (median SOFA score
10 (IQR 9–11) vs. 9 (IQR 7–11)). Lower rates of use of fast molecular diagnostics for nosocomial
pneumonia (8.8% vs. 30.3%) and of timely CRAB active therapy administration (65% vs. 89%), and
higher rates of colistin-based targeted therapy (71% vs. 46%) were also observed in patients who
failed first-line therapy. Overall, CRAB active iv regimens were colistin-based in 50 patients and
cefiderocol-based in 40 patients, both always combined with inhaled colistin. According to the
backbone agent of first-line regimens, clinical failure was lower in the cefiderocol group, compared to
that in the colistin group (25% vs. 48%, respectively). In multivariable Cox regression analysis, the
burden of comorbid conditions independently predicted clinical failure occurrence (Charlson index
aHR = 1.21, 95% CI = 1.04–1.42, p = 0.01), while timely targeted antibiotic treatment (aHR = 0.40, 95%
CI = 0.19–0.84, p = 0.01) and cefiderocol-based first-line regimens (aHR = 0.38, 95% CI = 0.17–0.85,
p = 0.02) strongly reduced failure risk. In patients with VAP caused by CRAB, timely active therapy
improves infection outcomes and cefiderocol holds promise as a first-line therapeutic option.
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1. Introduction

Ventilator-associated pneumonia (VAP) frequently complicates critically ill patient
care [1]. In the last decade, carbapenem-resistant Acinetobacter baumannii (CRAB) has
been among the pathogens that most frequently cause VAP [2]. Infection prevention, and
control disruption and antibiotic overuse during the COVID-19 pandemic has further
increased CRAB hospital spreading recently [3]. Crude mortality by severe infections
is relevant [1], reaching rates as high as 50%, mainly driven by patients’ underlying
high-risk conditions, VAP severity, delayed CRAB directed treatment [4] and the lack of
scientifically validated effective antibiotics [5]. Currently, based on in vitro synergy studies,
combinations of limited old treatment options among sulbactam, colistin, tigecycline and
aminoglycosides are suggested as the front line, although supportive robust data on their
clinical effectiveness are scarce [6,7], making the appropriate treatment of severe infections
challenging. Concerning newly introduced antibiotics, a conditional recommendation
against the treatment of CRAB infections with cefiderocol, the only novel beta-lactam
with potent in vitro activity against CRAB, is provided, pending evidence-based efficacy
data [6]. In this contemporary clinical scenario of a high unmet clinical need, real-life
observational experiences may provide valuable insights. A mortality benefit provided by
cefiderocol-based compared to colistin-based antibiotic therapy recently emerged in CRAB
infections, including VAP, from clinical studies [8–10]. Investigating outcome measures
reflecting antibiotic effectiveness more directly than mortality in the inherently frail patient
population vulnerable to Acinetobacter baumannii represents a step forward.

We aimed to investigate clinical failure upon first-line in vitro active antibiotics admin-
istered in real-life conditions to patients with monomicrobial VAP caused by CRAB and
that features independently influencing failure occurrence.

2. Materials and Methods
2.1. Study Design, Setting and Participants

A prospective, observational, single-center study was performed in a 16-bed mixed
non-COVID-19 intensive care unit (ICU) of the university tertiary care hospital “Policlinico”
of Bari, Italy. All consecutive adult patients who developed VAP due to CRAB from
11 March 2021 to 31 December 2022 were eligible for the study. The exclusion criteria
were as follows: age of <18 years, polymicrobial VAP, documented in vitro resistance to
first-line antibiotic agents, and duration of first-line therapy of less than 72 h. Each patient
contributed to one VAP case.

2.2. Data Collection

Demographics and clinical data on ICU admission were retrieved via the medical
records of patients and included age, gender, typology of admission (medical or surgi-
cal), burden of comorbid conditions measured by the Charlson comorbidity index (CCI),
immunodepression, and severity of critical illness measured by the Acute Physiologic
Assessment and Chronic Health Evaluation (APACHE) II score. Patients were monitored
daily and the following data were recorded: (1) time of onset of VAP from ICU admission;
(2) daily clinical severity, measured via the worst value of the ratio of arterial O2 tension
to inspired O2 fraction (PaO2/FiO2), the criteria of uncomplicated infection, sepsis and
septic shock, and the Sequential Organ Failure Assessment (SOFA) score; (3) timeliness
of in vitro active antimicrobial therapy and administered regimens (drug, daily dose and
fractioning, and duration of therapy); (4) previous colonization by CRAB on endotracheal
aspirate (ETA) surveillance cultures; (5) findings of fast molecular diagnostics for nosoco-
mial pneumonia; (6) the antimicrobial susceptibility profile of the isolated CRAB and its
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reporting time; (7) follow-up ETA or bronchoalveolar lavage (BAL) cultures; (8) the occur-
rence of secondary bacteraemia, acute kidney injury (AKI) or augmented renal clearance
(ARC), need for renal replacement therapy (RRT) and/or veno-venous extracorporeal mem-
brane oxygenation (vv-ECMO) at the onset or during the VAP course; (9) clinical failure,
microbiological failure, 14-day mortality, 28-day mortality, and ICU length of stay (LOS).

Data were anonymously recorded in an electronic dataset. Patients were followed up
until 28 days from infection onset or ICU death/discharge, whichever came first.

2.3. Definitions

The term CRAB refers to carbapenem-resistant A. baumannii and other species within
the A. baumannii and calcoaceticus complexes. Carbapenem resistance was defined according
to EUCAST criteria [11].

VAP diagnosis was given to patients receiving invasive mechanical ventilation for
at least 48 h, presenting new or progressive and persistent infiltrate, consolidation, or
cavitation upon chest imaging, associated with at least two of the following criteria: a
body temperature of >38 ◦C or <36 ◦C, a white blood cell count of ≥12.000 cells/mm3 or
≤4.000 cells/mm3 and purulent tracheal aspirate. Worsening oxygenation after a period of
stability or improvement, requiring an increase in daily minimum FiO2 of ≥0.20 and/or in
daily minimum positive end-expiratory pressure (PEEP) of ≥3 cmH2O, sustained for 2 or
more days, was also required for diagnosis. Microbiological confirmation required CRAB
isolation upon ETA or BAL culture, meeting quantitative thresholds of pathogen growth of
>105 CFU/mL and >104 CFU/mL, respectively [12,13].

Bacteraemic VAP was defined as isolation of CRAB in at least one blood culture, in
the absence of other known sources of bacteraemia. Polymicrobial VAP was defined as
isolation of A. baumannii plus any other bacterial or fungal pathogen upon ETA or BAL
via a multiplex real time-polymerase chain reaction (RT-PCR) respiratory panel and/or
culture. Infection severity was stratified into uncomplicated infection, sepsis, and septic
shock, according to Sepsis-3 consensus definitions [14].

Timely first-line targeted therapy was defined as the administration of at least one
CRAB in vitro active agent within 24 h from VAP onset.

Clinical failure was defined as (1) the need to switch to second-line antibiotic therapy
due to a lack of clinical response, defined by more than one of the following criteria: persis-
tence of fever or hypothermia, no improvement or worsening of PaO2/FiO2, persistence of
purulent respiratory secretions, increase in pulmonary infiltrates upon a chest radiograph
of >50%, clinical worsening along the continuum of uncomplicated infection, sepsis and
septic shock, and multiple-organ dysfunction syndrome occurrence, defined as at least
2 organ system failures not present on day 1; or (2) recurrence of VAP caused by CRAB up
to 7 days from the end of active antimicrobial therapy.

Clinical resolution was defined as recovery from VAP, as defined above, at the end of
first-line therapy.

Microbiological failure was defined as the persistence of CRAB for ≥7 days from
starting first-line active therapy upon ETA or BAL follow-up cultures.

Acute kidney injury (AKI) was defined according to 2012 KDIGO criteria [15]. De
novo AKI was defined as AKI occurring for >48 h from the start of therapy. Augmented
renal clearance was defined as a creatinine clearance of ≥130 mL/min/1.73 m2 [16].

Immunodepression included neutropenia (neutrophil count, <500 cells/mm3), solid
cancer upon chemotherapy, solid organ transplantation, hematopoietic stem cell transplan-
tation, corticosteroid therapy at a dosage of >16 mg/day of prednisone for at least 15 days
or other chronic immunosuppressive therapies, and uncontrolled HIV infection (CD4 cell
count of <200 cells/mm3).

2.4. Procedures and Antimicrobial Treatment

As for institutional policy, an infection control program was active and included
twice-weekly surveillance cultures on ETA specimens during ICU stays. At the onset of
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VAP, BAL and blood cultures were performed in all patients and a multiplex RT-PCR
respiratory panel was conducted on BAL samples in patients with immunodepression,
severe hypoxemia (PaO2/FiO2 < 100) or septic shock.

According to current guidelines [17,18], timely hemodynamic monitoring via volu-
metric index measurement and transpulmonary thermodilution was started in patients
with sepsis-induced hypoperfusion or septic shock.

The choice of antibiotic therapy was at the joint discretion of the treating physician
and an expert in the field of ICU infections. At VAP onset, antibiotic therapy was based
on individual patient assessment (risk factors for multidrug-resistant organisms, carriage
status, rapid molecular tests findings, and clinical severity), according to a treatment algo-
rithm adapted to the local epidemiology and regularly updated by the ICU antimicrobial
stewardship (AMS) team, encompassing two intensivists, three ID consultants and three
microbiologists. Prescribed regimens were then endorsed by the AMS team in the daily
morning rounds.

Intravenous (iv) antibiotics were administered with the daily doses and fractioning
recommended for critically ill patients including tigecycline, with a first dose of 200 mg,
followed by 100 mg every 12 h infused over 60 min; ampicillin/sulbactam, with a loading
dose (LD) of 6 g/3 g followed by a 4 h infusion of 6 g/3 g every 8 h; meropenem, with a 2 g
LD followed by a 6 h infusion of 2 g every 8 h; fosfomycin, with a 6 g LD followed by a
continuous infusion of 16–24 g daily [7,19]. Colistin was administered as colistimethate
sodium (CMS) and dosed according to current international guidelines [20]. Patients treated
with colistin received 1 g of ascorbic acid 30 min before iv colistin administration, to prevent
colistin-induced nephrotoxicity [21]. Cefiderocol was administered as a LD of 2 g followed
by a 8 h infusion of 2 g every 8 h in patients with normal renal function and by a 6 h infusion
of 2 g every 6 h in patients with ARC [22,23]. For all administered antibiotics, maintenance
dose adjustments were performed in patients with renal impairment, according to the
manufacturer’ recommendations. In patients without a history of chronic kidney disease
who presented AKI at VAP onset, beta-lactam standard doses were administered and
titration to renal function was performed after 48 h from the start of therapy only if
persistent AKI was documented [24].

Regardless of the type of iv regimens, all patients received inhaled colistin. A fixed
dose of 2 million international units of CMS diluted in 5 mL of normal saline was admin-
istered every 8 h with a vibrating mesh nebulizer placed 10 cm before the Y-piece in a
ventilator circuit. During nebulization, the heated humidifier was switched off, to reduce
aerosol inertial impaction in the ventilator circuit and maximize delivery to the patient.
Mechanical ventilation was set to controlled mode, with a tidal volume of 6 mL/kg of
predicted body weight. The mechanical filter placed on the expiratory limb of the circuit
was changed at the end of each nebulization, to avoid clogging [25].

2.5. Microbiological Identification and Susceptibility Testing

Fast molecular diagnostics for nosocomial pneumonia was performed on BAL samples
with a commercial multiplex qPCR system (Biofire Filmarray® Pneumonia plus panel,
biòMerieux, Marcy l’Étoile, France).

Isolate identification and antimicrobial susceptibility testing were performed via
matrix-assisted laser desorption ionization (MALDI) time-of-flight (ToF) mass spectrometry
(MALDI MS®, biòMerieux, Lyon, France) and the Vitek®2 automated system (biòMerieux,
Lyon, France), respectively. Colistin susceptibility testing was conducted via broth microdi-
lution. Minimum inhibitory concentration (MIC) values were interpreted according to
clinical breakpoints established by the European Committee on Antimicrobial Susceptibil-
ity Testing (EUCAST) [26]. Cefiderocol susceptibility testing was performed through the
disk diffusion method using Cefiderocol 30 µg discs (Liofilchem®, Roseto degli Abruzzi
(TE), Italy) in standard Mueller–Hinton agar plates. Inhibition zone diameters of ≥17 mm
for cefiderocol corresponded to MIC values below the PK/PD breakpoint of sensitivity,
≤ 2 mg/L [27]. Fosfomycin was not tested due to the intrinsic resistance of A. baumannii.
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2.6. Study Outcomes

The primary outcome measure of the study was clinical failure upon first-line CRAB
active antimicrobial therapy. Independent predictors of clinical failure were also investi-
gated. Secondary outcome measures were clinical and microbiological failure rates, and the
14-day and 28-day mortality of patients stratified by first-line regimens. For the assessment
of outcomes, day 1 was defined as the day of VAP onset.

2.7. Statistical Analysis

According to their distribution evaluated by the Kolmogorov–Smirnov test, continu-
ous data are reported as the median and interquartile range (IQR) and compared using the
Mann–Whitney U test. Categorical data are reported as absolute values and percentages
and compared using the χ2 test or Fisher’s exact test, as appropriate. To investigate inde-
pendent predictors of clinical failure, a Cox proportional hazard model was performed.
Variables with a significant endpoint (p value < 0.1) upon univariable Cox regression
analysis were included in a multivariable stepwise analysis, to control for potential con-
founders. Crude (HR) and adjusted hazard ratios (aHR) and 95% confidence intervals
(95% CI) were reported.

Since cefiderocol-based first-line regimens turned out to independently reduce clinical
failure risk compared to colistin-based regimens, an inverse probability treatment weighting
(IPTW) analysis was performed, to deal with the potential treatment selection bias in the
non-randomized assignment of included patients to cefiderocol or colistin groups. A
multivariable logistic regression model was produced to obtain, for each patient, the
propensity score (PS) of receiving cefiderocol-based therapy. The covariates included in
the model were CCI, immunodepression, SOFA score, septic shock, bacteraemia, ARC,
need for RRT, and timely antimicrobial treatment, which were available prior to treatment
assignment and potentially influenced both the treatment decision and the outcome. To
avoid collinearity with the CCI, age was not included in the model. The contribution
of each patient was weighted by the inverse probability of receiving cefiderocol-based
treatment for patients in cefiderocol group, whereas it was weighted by the inverse of
1 minus the PS for patients in the colistin group. Weighting generated a pseudo-population
in which the influence of patients receiving a treatment they would not be expected to
receive was increased, producing a mathematical representation of “rare” patients in each
treatment group [28]. Standardized differences (SD) were used to quantitatively compare
the balance in measured baseline covariates between the cefiderocol group and colistin
group in both the unweighted and weighted sample. SD values below 10% suggested a
negligible imbalance between groups, indicating no further adjustment requirement in
outcome analyses [29]. Cox proportional regression analysis of the IPTW population was
then performed and an IPTW aHR (95% CI) of cefiderocol based treatment on clinical
failure was reported.

Statistical analysis was performed using STATA v17 (StataCorp, College Station, TX,
USA), and statistical significance was set at a p-value of < 0.05.

3. Results
3.1. Clinical Characteristics of Patients Stratified by Primary Outcome

Out of the 981 patients consecutively admitted to our ICU from March 2021 to Decem-
ber 2022, 129 patients developed VAP caused by CRAB. In total, 39 patients were excluded
from analysis, 31 patients being excluded due to polymicrobial VAP, and 8 patients being
excluded due to a treatment duration of less than 72 h, because of early death or transfer to
other ICUs. Therefore, 90 patients were enrolled.

Clinical failure upon first-line targeted therapy was observed in 34 (38%) patients.
All events were due to a lack of clinical response at a median of 6 days (IQR 4–8) from
starting therapy. No VAP recurrence was observed. Compared to those in the clinical
resolution group, those in the clinical failure group were of an older age, had more fre-
quent immunodepression, and presented a higher CCI and higher SOFA score at VAP
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onset (Table 1). Moreover, a less frequent etiological diagnosis made via rapid molecular
diagnostics and timely first-line targeted therapy was observed in patients who failed first-
line therapy, compared to those who had resolved VAP. The reporting time of the in vitro
susceptibility profile of CRAB isolates did not differ between groups (3 (IQR 3-4) days in
both groups). The clinical failure group was more frequently treated with colistin-based
regimens. Specifically, a higher rate of colistin-tigecycline administration and a lower rate
of cefiderocol–fosfomycin use were observed in these patients (Table 1). Finally, compared
to those who underwent clinical resolution, patients who failed first-line therapy showed
higher 14 d and 28 d mortality and a shorter length of ICU stay (Table 1).

Table 1. Characteristics and outcome of study patients according to clinical failure or resolution upon
first-line CRAB active therapy.

Clinical Resolution
(n = 56)

Clinical Failure
(n = 34)

Age (years) 62 (52–69) 71 (64–78) *
Male sex 38 (68) 16 (47)
Surgical admission 30 (54) 18 (53)
Immunodepression 12 (21) 15 (44) *
Charlson comorbidity index 4 (2–6) 8 (6–8) *
Main comorbidities

Diabetes mellitus 8 (14) 17 (50) *
Cardiovascular disease 13 (23) 18 (53) *
Chronic respiratory disease 6 (11) 15 (44) *
Chronic kidney disease 4 (7) 6 (18)
Chronic liver disease 2 (4) 3 (9)
Solid cancer 6 (11) 5 (15)
Active hematologic malignancies 2 (4) 5 (15)
Solid organ transplantation 3 (5) 6 (18)
Obesity (BMI > 30 kg/m2) 5 (9) 4 (12)

APACHE II score upon ICU admission 22 (20–25) 23 (20–25)
VAP onset from ICU admission (days) 8 (6–11) 9 (7–11)
SOFA score at VAP onset 9 (7–11) 10 (9–11) *
Oxygenation at VAP onset

PaO2 to FiO2 ratio >200 9 (16) 4 (12)
PaO2 to FiO2 ratio >100 and <200 41 (73) 26 (76)
PaO2 to FiO2 ratio <100 6 (11) 4 (12)

Infection severity at VAP onset
Uncomplicated infection 13 (23) 2 (6) *
Sepsis 19 (34) 10 (29)
Septic shock 25 (45) 22 (65)

Bacteraemic VAP 15 (26.8) 14 (41.2)
Augmented renal clearance 10 (18) 5 (15)
CRRT 8 (14) 8 (24)
vv-ECMO 3 (5) 1 (3)
Known respiratory CRAB colonization 34 (61) 18 (53)
Fast molecular diagnostics at VAP onset 17 (30.3) 3 (8.8) *
Timely (≤24 h) targeted therapy 50 (89) 22 (65) *
Cefiderocol-based regimens 30 (54) 10 (29) *
Cefiderocol–inhaled colistin 10 (17.8) 9 (26.5)
Cefiderocol–fosfomycin–inhaled colistin 20 (35.7) 1 (3) *
Colistin-based regimens 26 (46) 24 (71) *
Colistin–tigecycline–inhaled colistin 11 (20) 16 (47) *
Colistin–ampicillin/sulbactam–inhaled colistin 8 (14) 7 (21)
Colistin–meropenem–inhaled colistin 7 (13) 1 (3)
14-day mortality 0 (0) 14 (41) *
28-day mortality 12 (21) 24 (71) *
ICU length of stay (days) 24 (21–28) 21 (17–25) *

Data are presented as No. (%) of included patients or as median (interquartile range), unless otherwise indicated.
* p < 0.05 vs. clinical resolution group. APACHE: Acute Physiologic Assessment and Chronic Health Evaluation;
BMI: Body Max Index; CRAB: carbapenem-resistant Acinetobacter baumannii; CRRT: Continuous Renal Replace-
ment Therapy; SOFA: Sequential Organ Failure Assessment; VAP: Ventilator Associated Pneumonia; vv-ECMO:
veno-venous Extra-Corporeal Membrane Oxygenation.
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3.2. Characteristics and Outcomes of Patients Stratified by First-Line Antibiotic Regimen

First-line targeted regimens administered during the study period were colistin-based
in 50 (56%) patients (colistin group) and cefiderocol-based in 40 (44%) patients (cefiderocol
group). Features of patients stratified by first-line antimicrobial regimens are reported
in Table 2. No differences were found between cefiderocol and colistin groups regarding
demographic and clinical characteristics on ICU admission, except for a higher occurrence
of male gender and a higher clinical severity of patients who received cefiderocol-based
regimens (Table 2). Regarding VAP characteristics, the study groups were also comparable
in time of onset from ICU admission, PaO2/FiO2, SOFA score, sepsis, and septic shock
at VAP onset, secondary bacteraemia, and need for extracorporeal supports (Table 2).
Frequency of known CRAB carrier rates, etiological diagnosis made by fast molecular
tests and timely targeted antimicrobial therapy was also not different between groups
(Table 2). In cefiderocol group, 19 (47.5%) patients were treated with iv monotherapy, and
21 (52.5%) received combination iv therapy with fosfomycin as partner drug. In colistin-
group, all patients received combination iv therapy, with tigecycline in 27 (54%) cases,
ampicillin/sulbactam in 15 (30%) and meropenem in 8 (16%) cases. All patients in both
groups received inhaled colistin.

According to EUCAST criteria [26,27], the susceptibility of CRAB isolates to colistin
and cefiderocol was 100%. Colistin MIC values ranged from 0.5 to 1 mg/L. The cefiderocol
zone diameter ranged from 19 to 22 mm in disk diffusion tests.

In patients who had resolved VAP, the median duration of antibiotic therapy did not
differ between cefiderocol and colistin groups (Table 2). Compared to patients who received
colistin-based regimens, patients who received cefiderocol-based regimens showed a lower
clinical failure rate (25% vs. 48%; p = 0.02). Microbiological failure was not evaluable
in 15 patients (10 in the colistin group and 5 in the cefiderocol group), due to a switch
to second-line agents <7 days from the start of therapy. In the remaining 75 patients,
microbiological failure was lower in the cefiderocol group (30% vs. 60%; p = 0.003). Finally,
a lower 14 d mortality rate in the cefiderocol group, compared to that of the colistin group
(10% vs. 38%; p = 0.03), was observed (Figure 1). There were no significant differences
regarding de novo AKI occurrence (42% vs. 47%), length of ICU stay (16 (IQR, 12–21) days
vs. 15 (12–17) days) and 28-day mortality rates between groups (35% vs. 52%) (Figure 1).

Table 2. Demographic and clinical characteristics of study patients according to first-line treatment
regimens.

Cefiderocol Group
(n = 40) Colistin Group (n = 50)

Age (years) 67 (59–72) 64 (55–76)
Male gender 35 (86) 19 (38) *
Surgical admission 20 (50) 28 (56)
Immunosuppression 13 (33) 14 (28)
Charlson Comorbidity Index 5 (2–6) 7 (2–8)
Comorbidities

Diabetes mellitus 7 (18) 18 (36)
Cardiovascular disease 12 (30) 19 (50)
Chronic respiratory disease 6 (15) 15 (30)
Chronic kidney disease 3 (8) 7 (14)
Chronic liver disease 1 (3) 1 (2)
Solid cancer 5 (13) 6 (12)
Active hematologic malignancies 3 (8) 4 (8)
Solid organ transplantation 4 (10) 5 (10)
Obesity (BMI > 30 kg/m2) 4 (10) 5 (10)
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Table 2. Cont.

Cefiderocol Group
(n = 40) Colistin Group (n = 50)

APACHE II score on ICU admission 24 (22–29) 22 (20–24) *
VAP onset from ICU admission (days) 8 (6–12) 9 (7–10)
SOFA score at VAP onset 9 (8–12) 9 (8–11)
Oxygenation at VAP onset

PaO2 to FiO2 ratio >200 6 (15) 7 (14)
PaO2 to FiO2 ratio >100 and <200 27 (68) 40 (80)
PaO2 to FiO2 ratio <100 7 (18) 3 (6)

Infection severity at VAP onset
Uncomplicated infection 9 (23) 6 (12)
Sepsis 10 (25) 18 (36)
Septic shock 21 (53) 26 (52)

Bacteraemic VAP 13 (33) 16 (32)
Augmented renal clearance 8 (20) 7 (14)
Acute kidney injury at VAP onset # 7 (19) 12 (33)
De novo acute kidney injury § 13 (45) 17 (47)
CRRT 7 (18) 9 (18)
vv-ECMO 3 (8) 1 (2)
Known respiratory CRAB colonization 22 (55) 30 (60)
Fast molecular diagnostics at VAP onset 8 (20) 12 (24)
Timely (<24 h) targeted therapy 30 (75) 42 (84)
Antibiotic therapy duration (days) 13 (10–15) 12 (10–14)

Data are presented as no. (%) of included patients or as median (interquartile range), unless otherwise indicated.
* p < 0.05 vs. cefiderocol group. # 6 IHD patients (4 patients in cefiderocol group, 2 patients in colistin group)
were not included in analysis. § 6 IHD patients (4 patients in cefiderocol group, 2 patients in colistin group)
and 19 patients with AKI at VAP onset (7 patients in cefiderocol group, 12 patients in colistin group) were
not included in analysis. APACHE: Acute Physiologic Assessment and Chronic Health Evaluation; BMI: body
max index; CRAB: carbapenem-resistant Acinetobacter baumannii; CRRT: continuous renal replacement therapy;
SOFA: sequential organ failure assessment; VAP: ventilator-associated pneumonia; vv-ECMO: veno-venous
extra-corporeal membrane oxygenation.
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3.3. Independent Predictors of Clinical Failure

In the multivariable Cox regression analysis, the Charlson comorbidity index indepen-
dently predicted clinical failure, while timely targeted antibiotic therapy and cefiderocol-
based first-line targeted therapy turned out to independently reduce failure risk (Table 3).

Table 3. Cox proportional hazard model for investigating predictors of clinical failure with first-line
antimicrobial therapy.

Univariable Analysis Multivariable Analysis

aHR 95% CI p-Value aHR 95% CI p-Value

Immunodepression 1.97 0.98–3.83 0.06 1.56 0.76–3.19 0.23

Charlson comorbidity index 1.28 1.12–1.47 <0.0001 1.21 1.04–1.42 0.01

SOFA score 1.15 1.02–1.30 0.02 1.07 0.92–1.25 0.35

Septic shock 1.91 0.93–3.87 0.07 1.52 0.69–3.33 0.29

Bacteremic VAP 1.46 0.74–2.90 0.28 /

Augmented renal clearance 1.07 0.41–2.76 0.41 /

CRRT 1.10 0.50–2.47 0.81 /

Timely targeted therapy 0.44 0.22–0.90 0.02 0.40 0.19–0.84 0.01

Cefiderocol-based
first-line regimens 0.37 0.17–0.79 0.01 0.38 0.17–0.85 0.02

CRRT: continuous renal replacement therapy; SOFA: sequential organ failure assessment; VAP: ventilator-
associated pneumonia.

These findings were confirmed through the IPTW analysis, with an IPTW aHR of
0.37 (95% CI 0.18–0.76, p = 0.007) for cefiderocol-based regimens. The IPTW-adjusted
multivariable Cox model for predictors of clinical failure and standardized differences
before and after IPT weighting are reported in the Supplementary Materials (Table S1 and
Table S2, respectively).

4. Discussion

In a large cohort of patients with monomicrobial VAP caused by CRAB, clinical failure
upon first-line targeted therapy involved nearly 40% of patients and was associated with
14-day and 28-day ICU mortality rates as high as 41% and 71%, respectively. These figures
were 0% and 21% when clinical resolution of VAP was observed. Clinical failure rates signif-
icantly differed depending upon the backbone agent of targeted regimens administered in
the front line, at 48% in patients who received colistin-based and 25% in those treated with
cefiderocol-based regimens. Underlying comorbid conditions independently predicted
clinical failure occurrence, whereas timely targeted therapy and cefiderocol-based first-line
regimens strongly reduced failure risk.

VAP caused by CRAB frequently affects patients with a poor physiological background.
Our study confirms the role of underlying host conditions in poor infection outcomes, as
previously reported [4]. Noteworthily, however, regardless of the patient comorbidity
burden, a protective role against clinical failure for modifiable features of the front-line
approach to VAP caused by CRAB emerged.

Indeed, nearly 90% of patients who experienced infection resolution received CRAB
active agents within 24 h from VAP onset and timely targeted therapy turned out to
independently reduce the clinical failure risk by 60%. This finding is not surprising and
is consistent with previous studies [4]. In our study cohort, 58% patients were colonized
by CRAB and, accordingly, they received local susceptibility pattern-guided empirical
treatment decisions, as recommended [7,12]. Remarkably, however, the relevant rates of
timely active therapy, which prompted VAP resolution, were reached by the significant
contribution of fast molecular diagnostics performed in high-risk patients. This finding
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substantiates the value of RT multiplex respiratory panels, which includes, in addition
to withholding antibiotics, helping clinicians to promptly direct therapy in patients with
severe VAP [30].

Along with timeliness, the choice of cefiderocol in the front line strongly reduced
clinical failure chances in our study cohort. A unanimous consensus on the optimal
antibiotic treatment of VAP caused by CRAB is still lacking [6,7]. So far, colistin remains the
most widely employed backbone agent of targeted regimens, despite concerns regarding
its ability to safely achieve adequate lung exposure [31], renal toxicity [32] and sub-optimal
clinical response rates [33]. Indeed, 46.5% clinical response rates and 51% infection-related
mortality rates have been reported in patients with VAP caused by CRAB treated with
colistin-based regimens [33]. By virtue of strong in vitro activity against CRAB [34], and a
favorable intrapulmonary PK [35,36] and safety profile, cefiderocol has been increasingly
employed in clinical practice for CRAB infections, including pneumonia [8–10]. Even
though in the phase III CREDIBLE-CR study mortality rates in the subset of CRAB infections
were found to be higher in the cefiderocol arm, compared to the arm with the best available
therapy [37], favorable insights emerged from real-life observational studies involving
ICU patients [8–10]. In a large cohort of COVID-19 ICU patients with bloodstream or
lower respiratory tract CRAB superinfections, cefiderocol monotherapy, administered on a
compassionate use basis, was associated with a non-significantly lower 28-day mortality
risk compared to colistin-based regimens [8]. In the largest retrospective analysis reported
to date of 124 COVID-19 ICU patients with bloodstream infections or VAP caused by
CRAB, 30-day mortality was 55.8% in patients who received colistin and 34% in those
treated with cefiderocol-containing regimens. Upon multivariable analysis, cefiderocol-
based therapy independently reduced mortality risks. Although this outcome advantage
was not confirmed in patients with VAP, they represented only 28% of the study sample,
and in half of them VAP was polymicrobial [9]. Finally, in the most recently published
retrospective analysis of 73 COVID-19 patients with monomicrobial bacteraemic VAP
caused by CRAB, 30-day mortality was 98% in patients treated with colistin-containing
regimens and 32% in those who received cefiderocol-based regimens. Of note is that the
latter were independently associated with 30-day survival [10].

Our study corroborates these findings and complements them, enriching the body of
knowledge from real-world care settings in different ways, first by focusing on VAP, thus
investigating a homogenous cohort of ICU patients with a unique infection site from the
antibiotics pharmacokinetic/pharmacodynamic (PK/PD) perspective [31]. Secondly, we
aimed for an earlier primary outcome measure, thus addressing antibiotic effectiveness
more directly than mortality. This is of importance in patients whose baseline mortality
risk is already high, as critically ill patients vulnerable to A. baumanni. Third, we analyzed
CRAB active agents administered in the front line, thus obviating the challenging interpre-
tation of effectiveness in a rescue therapy setting. Fourth, we excluded COVID-19 patients,
thus avoiding the confounding effect of SARS-CoV2 pneumonia on both the diagnosis and
outcome of VAP [38]. Finally, we focused on monomicrobial VAP, hence overcoming the
uncertainty related to the unclear pathogenetic role of A. baumannii in polymicrobial infec-
tions [39]. Therefore, for the first time, in the general ICU population with monomicrobial
VAP caused by CRAB, a contemporary clinical scenario with a high unmet treatment need,
cefiderocol administration as a first-choice backbone agent was found to reduce clinical
failure risk by almost 60%, being more effective than iv colistin.

By interpreting this finding, our beta-lactam dosing strategy should not be disregarded.
In patients with VAP, early adequate antibiotic therapy drives infection outcomes [40].
Pneumonia, as do other deep-seated infections, pose a high risk of under-exposure to
standard dosing beta-lactam antibiotics [41], which may, in turn, translate to clinical fail-
ure [42]. In mechanically ventilated patients with severe pneumonia, at standard dosing
and fractioning, cefiderocol exposure in epithelial lining fluid is comparable to that in other
cephalosporins [36] and population PK modeling suggests a high probability of achieving
PK-PD targets when MICs are < 2 mg/L [36]. However, cefiderocol efficacy targets for
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CRAB are considerably higher than those for other carbapenem-resistant pathogens. No-
tably, a suboptimal attainment of those targets accounted for most cases of microbiological
failure with cefiderocol in a case series of VAP caused by XDR A. baumannii that was
recently reported [43]. Beta-lactams are known to exhibit time-dependent killing and better
target attainments and clinical outcomes have been related to prolonged or continuous
compared to standard infusion [44,45]. As for our institutional protocol, beta-lactams,
including cefiderocol, are administered via continuous infusion preceded by a loading
dose [23]. Thus, our dosing approach may possibly have favored timely optimal cefiderocol
lung exposure [43], contributing to the low rates of clinical failure observed in our cohort,
as has been reported for the prolonged infusion of ceftazidime–avibactam in infections
caused by carbapenem-resistant Enterobacterales [42].

Likewise, it may be that our practice of administering beta-lactams at standard daily
doses in the first 48 h of therapy in patients with AKI and without a history of chronic
kidney disease influenced the timely achievement of adequate cefiderocol lung exposure
in the early treatment phase. Indeed, transient AKI occurs in up to 46% patients with
pneumonia-related renal injury [46] and a lower effectiveness of some novel beta-lactams
among patients with moderate acute renal impairment at the onset of infection, compared
to that among those with normal renal function [42], has been associated with inappropriate
antibiotic dose reduction in the setting of transient AKI [46]. Thus, a deferral of dose titra-
tion to renal function when transient AKI was a possibility, as previously suggested [44,46],
might have further improved the likelihood of clinical resolution in our cefiderocol-treated
patients.

According to current guidelines [6,7], in our study cohort, colistin was always adminis-
tered in combination therapy, with high-dose tigecycline as the most frequent partner agent.
Nearly 50% patients who failed first-line therapy received colistin–tigecycline regimens.
Cefiderocol was administered in combination with fosfomycin in over half of the patients.
This was the most frequently employed combination regimen in patients who showed
a clinical resolution of VAP. Whilst our study does not allow any conclusion regarding
colistin and cefiderocol partner agents, due to the limited sample size, these findings are
consistent with previous concerns about the performance of tigecycline in VAP [47] on
one hand, and support the recently reported favorable experience with fosfomycin as a
cefiderocol partner drug in VAP caused by CRAB [10] on the other hand.

Inhaled colistin administration for VAP caused by CRAB is highly debated [12,20].
In our whole cohort, inhaled colistin was employed as an adjunctive therapy to reduce
bacterial burden, independently of administered CRAB active iv regimens. Therefore, any
inference could be made on its effectiveness from the present study.

Regarding colistin, renal safety is a major concern. Consistently with previous stud-
ies [21], in our study cohort, de novo AKI occurred in 47% of patients who received colistin.
Interestingly, comparable AKI rates in patients treated with cefiderocol were observed. It
should not be disregarded, however, that this study was not designed to investigate renal
toxicity caused by CRAB active agents and, as such, did not control for confounders. In ICU
patients, sepsis accounts for 40% of AKI cases [48] and over 80% of patients in our cohort
had sepsis or septic shock. Moreover, co-administered nephrotoxins and renal protective
measures routinely employed in our ICU [21,49] were not measured. Thus, although we
tried to differentiate sepsis-induced AKI, i.e., AKI already present at the onset of VAP,
from renal injury observed later during therapy, whether or not AKI was a consequence of
exposure to nephrotoxic antibiotics per se cannot be clearly ascertained by our data.

We acknowledge that our study has some relevant limitations. First, owing to the
single-center design and the relatively small sample size, results may not be generalizable.
Second, cefiderocol was available at our center from August 2021. Therefore, from March
to July 2021, colistin-based regimens have been administered. Although a propensity
score analysis with the IPTW approach was adopted to deal with a potential treatment
selection bias, this possibility exists. Third, we acknowledge that ampicillin–sulbactam is
suggested as the first-line backbone agent for severe CRAB infections [6]. However, its use
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is discouraged in settings with high-level sulbactam resistance, as it is in our ICU/hospital.
Finally, susceptibilities to cefiderocol and colistin were not systematically tested in patients
who experienced clinical failure. In our opinion, this is a major limitation of this study,
considering the treatment-emergent cefiderocol resistance recently reported [9].

Despite these limitations, several methodological features of this study strengthen its
findings and, for the first time, clinical failure upon first-line therapy for VAP caused by
CRAB with colistin-based or cefiderocol-based regimens outside the COVID-19 setting has
been reported.

5. Conclusions

In real-life conditions, the timeliness of CRAB active antibiotic administration and
cefiderocol use as a first-line choice substantially reduces clinical failure risk in severe VAP
caused by CRAB. Further studies are needed to corroborate these findings and to investigate
fosfomycin as a cefiderocol partner agent in VAP caused by CRAB. The beneficial role of
rapid molecular diagnostics in improving timely appropriate targeted therapy in high-risk
patients with severe VAP deserves further investigations too.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/antibiotics12061048/s1. Table S1: IPTW-adjusted multivariable
proportional Cox hazard model for investigating predictors of clinical failure; Table S2: Balance table
before and after IPT weighting.
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