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Abstract
Background: Pseudomonas aeruginosa is a common pathogen in the intensive care unit (ICU). Resistant
strains are frequently isolated, leaving colistimethate sodium (CMS), the drug with known toxicity and
questionable pharmacokinetics, as the last-line conventional therapeutic option.

The new cephalosporin and β-lactamase inhibitor combinations like ceftolozane/tazobactam (C/T)
expanded the available antibiotics for Gram-negative infections. We aimed to compare C/T with CMS in
the treatment of ventilator-associated pneumonia (VAP) due to extensively drug-resistant (XDR)
Pseudomonas aeruginosa.

Methods: A retrospective, observational study was performed at a tertiary care ICU. Patients with VAP due
to XDR Pseudomonas aeruginosa were enrolled. Clinical and microbiological success rate, 28-day all-
cause mortality, and adverse events were compared in patients who received C/T with those treated with
systemic CMS. Multivariate logistic regression was performed to identify predictors of clinical success.

Results: A total of 51 patients were included in the study (18 in the C/T and 33 in the CMS group). The
represented population was acutely and chronically severely ill with a median Acute Physiology and
Chronic Health Evaluation II score of 26 (interquartile range [IQR] 20-31) and a median Charlson
Comorbidity Index of 4 (IQR 3-6) without statistical signi�cant intergroup difference. Clinical success
rates in the C/T and CMS groups were 13 (72.2 %) and 10 (30.3 %), respectively. On multivariate
regression analysis, treatment with ceftolozane/tazobactam was independently associated with clinical
success (odds ratio 4.47, 95% CI = 1.17-17.08). There was no difference in 28-day all-cause mortality
(27.8 % and 33.3 % in the C/T and CMS group, p = 0.76). Acute kidney injury was more common in
patients who received CMS (48.5 % vs 11.1 %, p = 0.01). There was a tendency for lower incidence of
Clostridioides di�cile colitis in the C/T compared to the CMS group (0 vs 9.1%). 

Conclusions: Ceftolozane/tazobactam proved to be e�cient in the treatment of XDR Pseudomonas
aeruginosa VAP and showed a better safety pro�le compared to CMS.

Trial registration: Retrospectively registered with ClinicalTrials.gov (identi�er NCT04352855). 

Background
Pseudomonas aeruginosa is widely recognized as a common pathogen of healthcare-associated
infections. A large proportion of these infections are caused by multidrug-resistant organisms, which are
declared to pose public health threat by the World Health Organisation (WHO). Data from the 2018 report
of the European Antimicrobial Resistance Surveillance Network demonstrated resistance to two or more
antimicrobial groups in 19.2% of all Pseudomonas aeruginosa isolates [1]. Multidrug-resistant (MDR) and
extensively drug-resistant (XDR) strains of Pseudomonas aeruginosa are particularly frequent in ICU-
acquired pneumonia, including hospital-acquired pneumonia (HAP) and ventilator-associated pneumonia
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(VAP) [2, 3]. The observed high frequency of antibiotic resistance limits therapeutic options and possibly
results in worse outcomes in the ICU.

In the past two decades, colistimethate sodium (CMS) was revived as a last-resort agent for the treatment
of resistant Pseudomonas aeruginosa infections. Clinically favourable response following intravenous
CMS therapy is reported in a wide range (15% and 84.6%) of cases, depending mostly on the represented
patient population, site of infection, and outcome de�nition [4, 5, 6, 7, 8]. It is to be noted that the majority
of these studies are observational in nature. A randomized, controlled trial recruiting VAP patients [9]
failed to show noninferiority compared to meropenem, although the study was interrupted due to
nephrotoxicity in the CMS group. Nephrotoxicity and a narrow therapeutic window of CMS is also
documented by other authors [10, 11]. To address these limitations, an international consensus guideline
was developed to optimize CMS clinical use [12].

Ceftolozane/tazobactam (C/T) is a novel type of cephalosporin/beta-lactamase inhibitor, targeting
nosocomial infections caused by Gram-negative bacteria. The drug shows excellent activity against
extended-spectrum beta-lactamase (ESBL) producing Enterobacterales and MDR/XDR strains of
Pseudomonas aeruginosa [13, 14]. In recent years, C/T was prescribed for treating complicated urinary
tract infections (cUTI) and complicated intraabdominal infections (cIAI). Following the results of the
ASPECT-NP trial in 2019, it was approved to treat nosocomial pneumonia including HAP and VAP [15, 16].
The clinical effectiveness of C/T is reportedly between 54 % and 86.8 % in the treatment of serious
Pseudomonas aeruginosa infections [15, 17, 18, 19, 20].

More reports of clinical experiences are needed to better de�ne the risk-bene�t pro�le of C/T. To the best
of our knowledge, there are no results in the literature regarding C/T therapy in Hungarian tertiary ICUs.
Moreover, most studies only focused on the clinical e�ciency of C/T itself with lack of a comparator
group. The aim of the present work is to report our experience with C/T and to evaluate its e�cacy and
safety compared to CMS in the treatment of ventilator-associated pneumonia due to extensively drug-
resistant Pseudomonas aeruginosa.

Methods

Study design and setting
This retrospective, observational study was conducted between 01 January 2018 and 31 December 2019
in an academic tertiary care ICU at the Department of Anaesthesiology and Intensive Therapy,
Semmelweis University, Budapest, Hungary. The following subjects were eligible for the study: (1) age ≥ 
16 years, (2) mechanical ventilation for ≥ 48 hours, (3) con�rmed XDR Pseudomonas aeruginosa lower
respiratory tract infection which was not present on admission, and (4) at least 72 hours of targeted
antibiotic therapy with either CMS or C/T. Two groups were formed and compared according to the used
antibiotic therapy: CMS group and C/T group.
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Ethics approval for this study was provided by the Semmelweis University Regional and Institutional
Committee of Science and Research Ethics, Budapest, Hungary (Registration number: SE RKEB 58/2020).
Since the study was retrospective in nature and data were managed and analyzed anonimously, informed
consent was not required. The study was registered on 20/04/2020 with ClinicalTrials.gov,
NCT04352855.

Data collection
We retrospectively reviewed the clinical records of eligible patients diagnosed with VAP caused by XDR
Pseudomonas aeruginosa. Data were collected for analysis in Microsoft Excel 2016 (Additional �le 1).
The following data were recorded: demographics, severity of illness scores, history of smoking and
underlying diseases according to the Charlson Comorbidity Index, indication for intensive care (medical or
surgical patient), tracheostomy, and the need for intermittent or continous hemodialysis during intensive
care. Pseudomonas aeruginosa infection was characterized by the following indices: polymicrobial
infection, concomintant bacteremia, type of antibiotics used, days of antibiotic therapy and adjuvant
inhaled antibiotic therapy. Patient outcome data related to clinical and microbiological success, 28-day
all-cause mortality and adverse events (AEs) were also collected.

General de�nitions
Cases of VAP were identi�ed in patients exposed to invasive mechanical ventilation for at least 48 hours
according to the 2015 European Centre for Disease Prevention and Control (ECDC) criteria [21]. VAP was
de�ned as the presence of a suggestive image of pneumonia on two or more serial chest X-rays and CT-
scans and at least one of the following: (1) fever > 38 0C with no other cause, (2) leukopenia (< 4000
WBC/mm3) or leucocytosis (≥ 12000 WBC/mm3); and at least one of the following: (1) new onset of
purulent sputum, or change in character of sputum, (2) cough, dyspnea, or tachypnea, (3) suggestive
auscultation, (4) worsening gas exchange; and positive quantitative culture (1) from broncho-alveolar
lavage with a threshold of ≥ 104 colony forming unit, or (2) from endotracheal aspirate with a threshold
of ≥ 105 colony forming units.

Multidrug resistance in Pseudomonas aeruginosa isolates was de�ned as non-susceptible to at least one
agent in ≥ 3 antimicrobial categories. Bacteria were classi�ed as extensively drug-resistant when the
isolate was non-susceptible to at least one agent in all but 2 or fewer antimicrobial categories [22].

The indication, dosage, and duration of the antibiotic therapy was established by the treating physicians
together with a consultant infectious diseases specialist according to the local antibiotic protocol. C/T
was administered by intravenous infusion over 1 hour in a standard dose of 1.5g every 8 h in 9 patients.
After C/T approval to treat nosocomial pneumonia, the dose of 3g q8h was applied in 9 patients. The
dose was adjusted in patients with renal impairment, or in those receiving renal replacement therapy, as
indicated in the summary of product characteristics.

Acute kidney injury (AKI) during antibiotic therapy was identi�ed according to the 2012 KDIGO AKI
guideline [23] if one of the following criteria was ful�lled: (1) increase in serum creatinine by ≥ 26.5
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µmol/l within 48 hours, or (2) increase in serum creatinine ≥ 1.5 times baseline within the previous 7
days, or (3) urine volume < 0.5 ml/kg/h for 6 hours.

Patient outcome
A successful clinical outcome was de�ned as the complete resolution of baseline signs and symptoms of
ventilator-associated pneumonia, with no new signs and symptoms of respiratory infection and no need
for additional antibacterial therapy. Clinical failure was de�ned as either the lack of clinical response
and/or progression and/or recurrence of signs and symptoms of pneumonia. These de�nitions were used
in order to compare the clinical success rates previously reported in the literature regarding C/T
experience [17, 19].

Microbiological outcome was de�ned as (1) eradication: the absence of isolation of Pseudomonas
aeruginosa, and (2) persistence: the presence of Pseudomonas aeruginosa in lower respiratory tract
samples. When repeated microbiological cultures were not available, presumed eradication or presumed
persistence was considered in patients with clinical success or clinical failure, respectively.

28-day all-cause mortality after the initiation of targeted antibacterial therapy was also assessed.

AEs were classi�ed according to WHO de�nitions [24]. An AE was considered serious when the untoward
medical occurrence at any dose resulted in death, resulted in prolongation of existing hospital stay or in
persistent or signi�cant disability, or was life threatening. The severity of AEs was also assessed.

Statistical analysis
The number of eligible cases during the study period determined the sample size. Clinical success rate
was the primary variable of interest. A retrospective power calculation was performed by using the
observed proportions of clinical success in the two groups and by setting a type one error of 0.05. The
analysis revealed an adequate statistical power (0.84).

Continuous variables were analyzed by the Shapiro-Wilk test for normality. Continuous data were reported
as medians and interquartile ranges, and categorical data as absolute numbers of cases and
percentages. The Mann-Whitney U test was used for the comparison of continuous variables, while the
Chi square test or Fisher’s exact test was used to compare categorical variables. Multivariate analyses
were conducted to determine the impact of predictor variables on clinical success rate. Before model
building, variance in�ation factor (VIF) was calculated to estimate multicollinearity for continuous
predictors. The variables were used in a forward stepwise logistic regression model (for enter p < 0.05, for
exit p > 0.10). Survival data were analyzed using the Cox proportional hazards model, Kaplan-Meier
method, and log-rank test. All tests of statistical signi�cance were two-tailed. A p-value ≤ 0.05 was
considered as statistically signi�cant. All analyses were performed in SPSS, version 26.0 (IBM Corp.,
Armonk, New York, USA).

Results



Page 6/19

Demographics and patient characteristics
A total of 58 patients ful�lled the eligibility criteria and were enrolled. Seven patients were excluded from
the study due to incomplete clinical records. Finally, 51 subjects were available for analysis. Eighteen
patients were assigned to the C/T group and 33 to the CMS group. Study �owchart is shown as Fig. 1.

The median age of the cohort was 66 years (IQR 59–72 years), and 34 (66.7 %) were male. The majority
of the patients were admitted due to medical emergencies (n = 41, 80.4 %). The median Acute Physiology
and Chronic Health Evaluation II (APACHE II) score was 26 (IQR 20–31). The most common comorbidities
present included hypertension (n = 33, 64.7 %), congestive heart failure (n = 23, 45.1 %) and chronic
pulmonary disease (n = 15, 29.4%). The median Charlson Comorbidity Index was 4 (IQR 3–6).

Patient characteristics in the C/T and CMS groups are shown in Table 1. Baseline conditions in terms of
demographics, severity of acute illness and comorbidities were similar in the two groups without any
statistically signi�cant difference.
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Table 1
Demographics and comorbidities in colistin and ceftolozane/tazobactam treated patient

groups
Variable CMS group (n = 33) C/T group (n = 18) p value

Demographic factors and severity of illness

Age (years) 67 (62–72) 60 (46–72) 0.07a

Male gender 23 (69.7 %) 11 (61.1 %) 0.53b

Female gender 10 (30.3 %) 7 (38.9 %) 0.53b

APACHE II 27 (21–34) 25 (20–31) 0.34a

SOFA 6 (5–10) 7 (6–9) 0.66a

Preexisting condition

CCI 4 (3–6) 3 (1–6) 0.11a

Hypertension 23 (69.7 %) 10 (55.5 %) 0.31b

Heart failure 17 (51.5 %) 6 (33.3 %) 0.21b

Cerebrovascular disease 6 (18.1 %) 2 (11.1 %) 0.69b

Peripheral arterial disease 7 (21.2 %) 2 (11.1 %) 0.46b

Lung disease 8 (24.2 %) 7 (38.8 %) 0.27b

Kidney disease 1 (3.0 %) 0 (0 %) 1.00b

Liver disease 2 (6.0 %) 1 (5.5 %) 1.00b

Peptic ulcer disease 4 (12.1 %) 4 (22.2 %) 0.43b

Diabetes mellitus 6 (18.1 %) 4 (22.2 %) 0.72b

Solid-organ tumor 4 (12.1 %) 2 (11.1 %) 1.00b

Leukaemia 3 (9.0 %) 0 (0 %) 0.54b

Corticosteroids 3 (9.0 %) 3 (16.6 %) 0.65b

Other immunosuppressive therapy 2 (6.0 %) 2 (11.1 %) 0.60b

Neutropenia 3 (9.0 %) 1 (5.5 %) 1.00b

Smoking 11 (33.3 %) 7 (38.8 %) 0.69b
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APACHE II = Acute Physiology and Chronic Health Evaluation II score; CCI = Charlson Comorbidity Index;
CMS = colistimethate sodium; C/T = ceftolozane/tazobactam; SOFA = Sequential Organ Failure
Assessment score

aMann-Whitney U test.

bχ2 test or Fisher’s exact test.

* p < 0.05

Treatment characteristics
The median days of antibiotic therapy were longer in the CMS group (9 days, IQR 6–11 days), than for
patients who received C/T (7 days, IQR 6–8 days), although the difference did not reach statistical
signi�cance (p = 0.18). Polymicrobial infection was detected in 8 patients (24.2 %) in the CMS group, and
3 (16.6 %) in the C/T group (p = 0.40). In those who received C/T, one was given additional
imipenem/cilastatin systemic therapy due to ESBL Klebsiella pneumoniae infection. In the remaining 2
cases of polymicrobial infection, combination therapy was not needed to treat Serratia marcescens
susceptible to C/T. At the time of XDR Pseudomonas aeruginosa infection, the median sequential organ
failure assessment (SOFA) score was 6 (IQR 5–10) in CMS patients, and 7 points (IQR 6–9 points) in
those who received C/T (p = 0.66). Secondary Pseudomonas aeruginosa bacteremia was present in 1 (5.5
%) patient in the C/T group, and in 3 (9 %) patients in the CMS group.

Combination therapy was more frequently used in the CMS group (97 % vs 44.4 %, p = 0.001) and it
consisted of inhaled colistin and systemic beta-lactams (carbapenems and piperacillin/tazobactam. In
patients who received C/T, the additional antimicrobial agent consisted of inhaled colistin in 6 cases and
a systemic beta-lactam in 2 cases. Additional systemic antimicrobial agents were ineffective against the
XDR pathogen in all cases.

The median days of mechanical ventilation and days of ICU LOS were 24 days (IQR 13–31 days) and 26
days (IQR 17–33 days) in the CMS group and 20 days, [IQR 14–38 days] and 25 days [IQR 19–47 days])
in the C/T group respectively. These differences did not reach statistical signi�cance.

Among patients who received C/T, 9 were given a 1.5g base dose and 9 received a 3g base dose (or the
renal-adjusted dose). The need for continuous or intermittent renal replacement therapy did not differ in
those who received standard or high dose of C/T (4 vs 4 cases). Regarding CRRT in the C/T group,
standard dose was used in 2, and high dose in 3 patients.

Treatment characteristics of the C/T and CMS groups are shown in Table 2.
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Table 2
Treatment characteristics in colistin and ceftolozane/tazobactam treated patient groups

Variable CMS group (n = 33) C/T group (n = 18) p value

Length of ICU stay (days) 26 (17; 33) 25 (19; 47) 0.49a

Duration of mechanical ventilation (days) 24 (13; 31) 20 (14; 38) 0.79a

Medical patient 26 (78.8 %) 15 (83.3 %) 1.00b

Surgical patient 7 (21.2 %) 3 (16.7 %) 1.00b

Tracheostomy 19 (57.6 %) 9 (50.0 %) 0.60b

IRRT 7 (21.2 %) 5 (27.8 %) 0.73b

CRRT 7 (21.2 %) 5 (27.8 %) 0.73b

Polymicrobial infection 8 (24.2 %) 3 (16.6 %) 0.40b

P. aeruginosa bacteremia 3 (9.0 %) 1 (5.5 %) 1.00b

Days of antibiotic therapy 9 (6; 11) 7 (6; 8) 0.18a

Combination therapy 32 (97 %) 8 (44.4 %) 0.001b *

Data are expressed as median (interquartile range) and absolute numbers (percentage).

CRRT = continuous renal replacement therapy; CMS = colistimethate sodium; C/T = 
ceftolozane/tazobactam; ICU = intensive care unit; IRRT = intermittent renal replacement therapy; P.
aeruginosa = Pseudomonas aeruginosa

aMann-Whitney U test.

bχ2 test or Fisher’s exact test.

* p < 0.05

Outcomes
Clinical success was demonstrated in 13 (72.2 %) of C/T patients compared with 10 patients (30.3 %)
who received CMS (OR 5.98, 95% CI = 1.67–21.31, p = 0.007). Clinical success rate did not differ in those
who received the standard or high dose of C/T (46.2 % and 53.8 %, p = 1,00). Clinical failure in the C/T
group was due to death in 4 of 5 patients and persistence of clinical signs and symptoms in one patient.
Noteworthy, among the 5 patients who received CRRT in the C/T group, clinical failure was observed in
one case where the high dose of C/T was applied.
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In multivariate analyses, predictors were included based on results of bivariate comparisons in this study
(at a p value ≤ 0.20), and previous publications regarding independent predictors of clinical success or
failure (age, Charlson Comorbidity Index, severity of acute illness, polymicrobial infection and continuous
renal replacement therapy) [17, 25]. The calculation of the variance in�ation factors showed no important
collinearity among continuous predictors. In forward stepwise model building, only type of antibiotic
therapy and age were retained. Age was not signi�cantly associated with clinical success (OR 0.94, 95%
CI = 0.89–1.01, p = 0.06). In contrast, receiving C/T antibiotic therapy was veri�ed to be an independent
predictor for clinical success (OR 4.47, 95% CI = 1.17–17.08, p = 0.02).

Proven microbiological eradication was observed in 8 patients (44.4 %) in the C/T group, and in 5
patients (15.2 %) in the CMS group (OR 4.48, 95% CI = 1.18–16.94, p = 0.04). We experienced persistence
of XDR Pseudomonas aeruginosa in 4 (22.2 %) of C/T patients compared with 21 patients (63.6 %) who
received CMS. Presumed eradication was considered in 6 patients (33.3 %) and in 7 patients (21.2 %) in
the C/T and CMS groups, respectively.

28-day all-cause mortality rate was 5 (27.8 %) in the C/T, and 11 (33.3 %) in the CMS group (p = 0.76). The
results of the univariate Cox regression analysis indicated that targeted antibiotic therapy with either C/T
or CMS had no signi�cant effect on survival in the cohort (HR = 0.77, 95% CI = 0.26–2.23, p = 0.63).
Estimated Kaplan-Meier survival curves showed that patients on C/T treatment tends to have a higher
survival rate than those on CMS treatment (Fig. 2). By comparing these survival curves using the log-rank
test, no statistical difference was demonstrated (p = 0.63).

Adverse events
The incidence of at least one adverse event considered by treating physicians was 10 out of 18 patients
(55.5 %) in the C/T group, and 24 out of 33 patients (72.7 %) in the CMS group. The most frequently
documented adverse events are shown in Table 3. AEs consisted of gastrointestinal symptoms
(Clostridioides di�cile colitis, diarrhoea, vomiting), asymptomatic increase in liver function tests, rush,
atrial �brillation, and acute kidney injury. Among these, AKI was signi�cantly more common in patients
who received CMS: 16 patients (48.5 %) experienced AKI in the CMS group and 2 patients (11.1 %) in the
C/T group (p = 0.01). There were no Clostridioides di�cile (CDi) colitis observed in the C/T group. In
contrast, the rate of CDi colitis was 9.1% in the CMS group, however this difference did not reach
statistical signi�cance. Seizures, new-onset neuropathies, and direct Coombs positivity were not
observed. All AEs were considered as mild in severity. One patient in the C/T group and 6 patients in the
CMS group died during the course of antibiotic therapy and therefore the adverse event is reported as
serious. However, no death was considered to be related to antibiotic therapy.
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Table 3
Adverse events in colistin and ceftolozane/tazobactam treated patient groups

Most frequent adverse events CMS group (n = 33) C/T group (n = 18) p value

Clostridioides di�cile colitis 3 (9.1 %) 0 (0 %) 0.54a

Diarrhoea 7 (21.2 %) 2 (11.1 %) 0.46a

Vomiting 10 (30.3 %) 2 (11.1 %) 0.17a

Atrial �brillation 8 (24.2 %) 3 (16.7 %) 0.72a

Erythema 5 (15.2 %) 1 (5.5 %) 0.40a

Kidney injury 16 (48.5 %) 2 (11.1 %) 0.01a*

Liver function abnormalities

Increased aspartate aminotransferase 6 (18.2 %) 4 (22.2 %) 0.72a

Increased alanine aminotransferase 8 (24.2 %) 5 (27.8 %) 1.00a

Increased γ-glutamyl-transferase 11 (33.3 %) 3 (16.7 %) 0.32a

Increased alkaline phosphatase 8 (24.2 %) 1 (5.5 %) 0.13a

Data are expressed as absolute numbers (percentage).

CMS = colistimethate sodium; C/T = ceftolozane/tazobactam

aχ2 test or Fisher’s exact test.

* p < 0,05

Discussion
The main objective of this study was to report our experiences with ceftolozane/tazobactam and to
compare its therapeutic properties to colistimethate sodium. Our results con�rmed that
ceftolozane/tazobactam is an effective and safe drug to treat ventilator-associated pneumonia due to
extensively drug-resistant Pseudomonas aeruginosa. The most remarkable observations to emerge from
the results were a higher clinical success rate and a lower incidence of AKI and CDi infections associated
with C/T, although survival bene�t was not demonstrated in this setting.

Even though new antibiotics against multidrug-resistant, Gram-negative bacteria are in development or
already approved [26, 27], the treatment of XDR Pseudomonas aeruginosa is still challenging for the
clinician at the bedside. For this reason, real-world experiences of the e�cacy and tolerability of the novel
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beta-lactam/beta-lactamase inhibitor ceftolozane/tazobactam is of particular interest for the ICU
physician. In our cohort, the use of C/T was associated with clinical cure in 72.2 %. This observation is
relatively consistent with those described in previous studies of C/T therapy (between 73.7 % and 86.8 %)
[17, 18, 19, 20]. Most of these studies included patients with both MDR and XDR infections. Among them,
the work of Escolà-Vergé et al. [18] focused on the treatment of XDR Pseudomonas aeruginosa. They
noted an outstanding clinical success rate of 86.8 % at the completion of the treatment. This higher value
is likely to be related to the non-critically ill population and the heterogeneous source of infection.

Previous studies showed that higher Simpli�ed Acute Physiology Score II, inadequate source control and
continuous renal replacement therapy are associated with clinical failure of C/T treatment [17, 18, 20].
Severity of acute illness was characterized by APACHE II score in our study and was implied in the
multivariate analysis. Results indicate that C/T treatment is an independent predictor of clinical cure (OR
4.47). Interestingly, association between CRRT and clinical failure was not observed, despite of a
relatively high proportion of all patients having received this therapeutic modality (23.5 %). In a recently
published study [28], the in�uence of CRRT was investigated in 6 critically ill patients treated with C/T
against Pseudomonas aeruginosa. They concluded that administration of high dose C/T in extended or
continuous infusion and therapeutic drug monitoring should be considered for adequate plasma
concentrations. In fact, 3 of 5 patients on CRRT in our study received the high dose of C/T, although
clinical success rate did not differ in those who received the standard or high dose of C/T.

In contrast, clinical success was demonstrated in only 30.3 % of CMS-treated patients in our study. These
�ndings signi�cantly differ from previous results reported in the literature by Michalopoulos et al. [7] and
Kallel et al. [8]. In the aforementioned studies, intravenous CMS therapy was associated with a favorable
clinical response in 69.8 % and 75 % of patients with ICU-acquired infections caused by CMS-only-
susceptible Pseudomonas aeruginosa or Acinetobacter baumannii. This apparent lack of correlation can
be due to the higher incidence of AKI and nephrotoxicity in our CMS group, which was shown to be an
independent risk factor of unfavorable infectious outcome [29]. Another possible explanation of this
difference is resistance emergence during CMS therapy, although this option was not investigated in this
work, since repeated microbiological samples were not collected routinely.

In those where available, proven microbiological cure rate for C/T (44.4 %) was relatively lower to those
reported previously (53.4 % to VAP cases) [19]. Consistently with the results of Gallagher et al. survival
was better associated to clinical than microbiological success. Furthermore, since respiratory samples
were not collected routinely but when considering a new infection episode, the proven persistence rate of
XDR Pseudomonas aeruginosa (22.2 %) may re�ect microbiological results better. On the other hand,
clinicians should be aware that pneumonia was also shown as a strong predictor of microbiological
failure [19].

Mortality bene�t was not demonstrated with ceftolzane/tazobactam neither in terms of mortality rate
(27.8 % vs 33.3 %), nor by Cox regression analysis (HR = 0.77) and the Kaplan-Meier method. More
factors may have contributed to the absence of its impact on mortality. First, the effect of antibiotic
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therapy may be hidden by the severity of acute illness as an important determinant of outcome. In fact,
the predicted mortality by the SOFA score calculated at the time of VAP diagnosis was similar in the two
groups. Second, since the estimated attributable mortality of VAP is around 10% [30], a larger study is
needed to demonstrate an impact on all-cause mortality. We did not examine the attributable mortality of
VAP, because of the potential biases in recording cause of death. This observation is in line with the
results of Melsen et al. [31], who found that the attributable mortality of ventilator-associated pneumonia
is lower in medical patients, and that it is mainly caused by prolonged exposure to the risk of dying due to
prolonged ICU stay. In our study, the majority of patients were medical patients and the length of hospital
stay was nearly identical in the two groups, which could explain the lack of survival bene�t.

Ceftolozane/tazobactam had a good safety pro�le in this study. There were no reported cases of
Clostridioides di�cile colitis, seizures, neuropathy and direct Coombs positivity, despite the fact that half
of the C/T patients received the high dose. No new safety signals for ceftolozane/tazobactam were
identi�ed.

We are aware that a number of limitations might have in�uenced our results. Possible sources of error are
the retrospective nature and the small sample size of the study. We attempted to mitigate this by enrolling
all consecutive patients �tting the enrolment criteria. Furthermore, the single-center design of the study
may diminish the applicability of our results to other centers. Finally, the diagnostic criteria of VAP, even if
they were de�ned according to the ECDC guideline, remained very subjective [32], and we may have
overestimated the true number of VAP cases. To limit this bias, we included only lower respiratory tract
infection episodes microbiologically con�rmed and treated with targeted antibiotic therapy. Despite the
limitations, our �ndings support the existing data reported in the only comparative study of
ceftolozane/tazobactam and CMS published so far [25]. Nonetheless, our study also has some strengths:
the population included only critically ill VAP patients with extensively drug-resistant Pseudomonas
aeruginosa, and the results were interpreted in contrast to systemic CMS treatment.

Conclusions
We conclude that ceftolozane/tazobactam should be used preferentially over colistimethate sodium in
the treatment of VAP caused by XDR Pseudomonas aeruginosa. In addition, ceftolozane/tazobactam is a
safe option in avoiding nephrotoxicity during the course of antibiotic therapy. It is important to mention
that our conclusions remain to be con�rmed in randomized, controlled trials to minimize potential bias.
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Figure 1

Study �owchart
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Figure 2

Survival curves for the ceftolozane/tazobactam and colistin groups
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