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Abstract

Background/Objectives: Antimicrobial resistance (AMR) has increased significantly over
the years, contributing to a real challenge in the intensive care unit (ICU). The emergence of
metallo-beta-lactamases (MBLs) has contributed to the protection of pathogens against all
current beta-lactam /beta-lactamase inhibitors (BL/BLIs), including the newer ceftazidime-
avibactam (CAZ-AVI), meropenem-vaborbactam, and imipenem-relebactam. Treatment
of such infections is challenging. In vitro and clinical data suggest that combinations
of CAZ-AVI with aztreonam (ATM) and the use of two different carbapenems (double
carbapenem therapy, DCT) may be an option for MBL-producing pathogens. The aim of
our study was to evaluate the effectiveness of the combination CAZ-AVI + ATM and the
effectiveness of DCT against MBL-producing K. pneumoniae infections in the critically ill,
mechanically ventilated patients. Methods: This is a retrospective study conducted in
the two ICUs of hospitals in central Greece. Mechanically ventilated patients admitted
to the ICU were included in the study if they developed an infection by MBL-producing
K. pneumoniae. Patients were divided into three groups: the first one consisted of patients
who were treated with CAZ-AVI plus ATM (CAZ-AVI + ATM group), and the second group
consisted of patients who received DCT (DCT group). The third group included patients
who received appropriate antibiotic therapy other than CAZ-AVI + ATM and DCT (control
group). The primary outcome of the study was the evolution of the sequential organ
failure assessment (SOFA) score, and secondary outcomes were duration of mechanical
ventilation (MV), ICU length of stay (LOS), and, finally, ICU mortality. Results: 108 patients
were included in the study. 35 (32%) in the CAZ-AVI + ATM group, 31 (29%) in the DCT
group, and the remaining 42 (39%) patients in the control group. The SOFA score was not
statistically different on day 1, day 4, and day 7 of the infection among the three groups (p
> 0.05). Duration of MV and ICU LOS were also similar. Finally, mortality did not differ
between the groups [20 patients (57.1%) vs. 18 (58.1%) vs. 25 (59.5%) for CAZ-AVI + ATM,
DCT and control group, respectively, p = 0.98]. Comparison between survivors and non-
survivors revealed that independent risk factors for mortality were SOFA score at day
1 of infection and medical cause of admission (p < 0.05). Conclusions: Treatment with
CAZ-AVI + ATM or DCT presented similar efficacy with appropriate antibiotic therapy for
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infections caused by MBL-producing K. prneumoniae strains. Larger studies are required to
confirm the findings.

Keywords: MBL-producing K. pneumoniae; ceftazidime-avibactam + aztreonam; double
carbapenem therapy; critically ill patients; survival

1. Introduction

Antimicrobial resistance (AMR) is a leading cause of mortality, comorbidity and health-
care costs, contributing to a major concern for healthcare systems. It is estimated that in
2019 there were 4.95 million (95% UI 3.62-6.57) deaths associated with, and 1.27 million
(0.911-1.71) deaths attributable to, multidrug-resistant bacteria [1]. According to a fore-
cast for 2050, there will be 1.91 million (1.56-2.26) deaths attributable to, and 8.22 million
(6.85-9.65) deaths associated with such infections. The total deaths attributable to AMR
from 2025 to 2050 are estimated to be 39.1 million (33.0-46.0) [2]. AMR poses an important
challenge for every clinician. Gram-negative bacterial (GNB) infections account for most
AMR infections, especially in the intensive care unit (ICU) [3]. Klebsiella pneumoniae car-
bapenemase (KPC) has been the most prominent mechanism of resistance worldwide [4,5].
In recent years, new types of carbapenemases have emerged. Amongst them are the
metallo-beta-lactamases (MBLs), carbapenemases, which protect pathogens from the new
beta-lactamase inhibitors (BLIs) avibactam, vaborbactam, and relebactam [6], making the
treatment of such infections challenging.

Two different strategies have been suggested for the treatment of such infections.
The first one consists of the combination of ceftazidime—avibactam (CAZ-AVI) with aztre-
onam (ATM) [7,8]. AVl is active against carbapenemases other than MBLs. ATM cannot
be hydrolyzed by MBLs, but it can be destroyed by carbapenemases other than MBLs.
The combination of AVI and ATM is sufficient to counter pathogens’ mechanisms of resis-
tance; AVI inhibits non-MBL carbapenemases, and ATM, which is not susceptible to MBLs,
is then active against the pathogen. The second strategy is double-carbapenem therapy
(DCT), and especially the combination of ertapenem and meropenem [9]. Ertapenem has a
high affinity for carbapenemases and acts as a suicide inhibitor; in effect, carbapenemase
activity decreases, and the second carbapenem can be active against the pathogen [10].
Clinical data for DCT is lacking, and thus, in the current guidelines, the combination of
CAZ-AVI + ATM with cefiderocol is recommended against MBL-producing Enterobacterales;
the combination of ATM and AVI is now also commercially available but was not available
when the guidelines were released [11-13]. As such, we conducted a study to evaluate the
effectiveness of the CAZ-AVI + ATM combination against DCT and other active antibiotics
in the management of MBL-producing K. pneumoniae in the mechanically ventilated ICU
patient population

2. Results

A total of 108 patients presented with infection due to MBL-producing K. pneumoniae;
64 patients presented with bloodstream infection (BSI), and 44 patients presented with
ventilator-associated pneumonia (VAP)—22 patients had been included in a previous
study [14]. None of the patients was admitted to the ICU for the index infection. CAZ-
AVI plus ATM was administered to 35 out of the 108 (32%) patients (CAZ-AVI + ATM
group), DCT was administered in 31 (29%) patients (DCT group), and 42 (39%) patients
received other effective antibiotic regimens (control group). Only the first episode was
accounted. Twenty-three (65.7%) patients in the CAZ-AVI + ATM group suffered from BSI,
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and the remaining 12 (34.3%) from VAP. The DCT group (19; 61.3%) presented with BSI,
and 12 (38.7%) with VAP; finally, 29 (69%) control group patients had BSI and 13 (31%) VAP.
Twenty-one control group patients received as appropriate therapy gentamicin (50%),
14 patients received colistin (33%), 5 patients fosfomycin (12%), and the remaining 2 patients
chloramphenicol (5%). Time to initiation of appropriate treatment was mean (SE) 8.4 (6.8)
hours for CAZ-AVI + ATM group, 11 (5) for DCT group, and 19.2 (8.5) for control group
(p = 0.59). Duration of therapy was [mean (SE) days] 11.8 (0.8) for CAZ-AVI + ATM group,
11.5 (1.6) for DCT, and 5.7 (1.6) for the control group (p = 0.057). The baseline characteristics
of patients are presented in Table 1. There were statistically significant baseline differences
between the three groups in age, sex, cause of ICU admission, days of prior antibiotic use,
and liver disease in the medical history (p < 0.05). Patients presented with statistically
similar mortality, ICU length of stay (LOS), mechanical ventilation (MV) duration, and
sequential organ failure assessment (SOFA) scores on different days of infection. No
differences were observed for inflammatory markers or SOFA scores for day 1 of infection
(Tables 2 and 3). There was no statistical difference in SOFA scores amongst days 1, 4 and 7
of infection (p > 0.05) (Table 3). Mortality was also similar between the groups (Figure 1)
[20 patients died (57.1%) vs. 18 (58.1%) vs. 25 (59.5%) for CAZ-AVI + ATM, DCT and the
control group, respectively, p = 0.98]. Also, there was no statistically significant difference
in duration of mechanical ventilation (MV) [46.1 days (9.4) vs. 32.2 (3.8) vs. 30.9 (2.7)
for CAZ-AVI + ATM, DCT and control group, respectively, p = 0.13] and ICU LOS [57.2
(12.4) vs. 39.6 (4.7) vs. 39.3 (3.6), p = 0.18] (Table 4). Comparison between survivors and
non-survivors (Table 5) revealed that survivors were admitted in ICU more frequently
for surgical reasons [20 (44.4%) survivors vs. 7 (11.1%) non-survivors, p = 0.0001], had
lower SOFA score on day 1 of infection [5.1 (0.4) vs. 8.6 (0.5), p < 0.0001], higher markers
of inflammation [c-reactive protein (CRP) 5.1 mg/dL (0.4) vs. 8.6 (0.5), p < 0.0001, and
white blood cells (WBC) 10.8 x 10°/L (1.3) vs. 16.1 x 10°/L (1.3), p = 0.0011], and higher
PaO, /FiO; ratio [240 (4.5) vs. 154 (2.2), p < 0.0001]. After logistic regression, mortality was
independently associated with surgical cause of admission [OR (95%CI), 0.144 (0.027-0785),
p = 0.023] and SOFA score at day 1 of the index infection [1.536 (1.191-1.981), p = 0.001].
Only variables which were significantly associated with mortality after univariate analysis
were included in the logistic regression model. None of the antibiotic regimens that the
patients received independently affected mortality.

Mortality

100
90
80
70
60 57.1 58.1 59.5
40
30
20

CAZ-AVI + ATM DCT CONTROL

Figure 1. ICU mortality rates according to targeted antibiotic regimens. Abbreviations: CAZ-AVI,
ceftazidime-avibactam; ATM, aztreonam; DCT, double carbapenem therapy.
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Table 1. Baseline characteristics.
CAZ-AVI + ATM DCT Control Group  All Patients Val
(N = 35) (N =31) (N = 42) (N=108)  Pvaue
Age (years) 56.7 (2.5) 62.3(2.1) 64.1 (1.8) 61.3 (1.3) 0.037
Sex (male) 27 (77.1) 26 (83.9) 22 (52.4) 75 (69.4) 0.008
APACHE 1II score 16.8 (1.2) 16.2 (1.3) 14.9 (0.8) 15.9 (0.6) 0413
SOFA score 7.5 (0.5) 7.5 (0.5) 7 (0.3) 7.3 (0.3) 0.627
Surgical cause of admission 9 (25.7) 3(9.7) 15 (35.7) 27 (25) 0.04
Antibiotics prior to ICU (days) 9.2 (2.2) 2.2 (0.5) 3.4 (0.7) 4.9 (0.8) <0.001
COPD 9 (25.7) 9(29) 12 (28.6) 30 (27.8) 0.946
Heart Failure 8 (22.9) 2 (6.5) 4 (9.5) 14 (13) 0.098
Renal Failure 7 (20) 4 (12.9) 3(7.1) 14 (13) 0.247
Liver Disease 4(11.4) 0 (0) 0 (0) 4(3.7) 0.013
Immunosuppression 1(2.9) 4 (12.9) 1(24) 6 (5.6) 0.106

Data is presented as a mean (SE) or n (%); CAZ-AVI, ceftazidime-avibactam; ATM, aztreonam; DCT, double
carbapenem therapy; APACHE, acute physiology and chronic health evaluation; SOFA, sequential organ failure
assessment; ICU, intensive care unit; COPD, chronic obstructive pulmonary disease; p, comparison between the
three groups. Results after univariate analysis.

Table 2. Patients’ characteristics on day 1 of infection.

CAZ-AVI + ATM DCT Control Group  All Patients Val
(N =35) (N =31) (N = 42) (N =108) p-yatue
WBC (10° /L) 14.8 (1.8) 132 (1.1) 13.7 (1.7) 13.9 (0.9) 0.802
Lymphocytes (10° /L) 1.6 (0.4) 1.3(0.2) 1.2(0.2) 1.3(0.1) 0.633
CRP (mg/dL) 12 (1.6) 10.5 (1.8) 11.1 (1.4) 11.2 (0.9) 0.806
PaO, /FiO, ratio 209 (19) 156 (12) 199 (9) 190 (10) 0.09
AKI (yes) 9(25.7) 15 (48.4) 12 (28.6) 36 (33.3) 0.105

Data is presented as a mean (SE) or n (%); CAZ-AV], ceftazidime-avibactam; ATM, aztreonam; DCT, double
carbapenem therapy; WBC, white blood cell; CRP, C-reactive protein; AKI, acute kidney injury; p, comparison
between the three groups. Results after univariate analysis.

Table 3. SOFA score for day 1, day 4, and day 7 of infection.

CAZ-AVI + DCT Control Group

ATM (N = 35) (N = 31) (N = 42) p-Value
Day 1 7.2 (0.6) 7.5 (0.6) 6.8 (0.6) 0.699
Day 4 7.4 (0.7) 6.7 (0.7) 6 (0.6) 0.322
Day 7 7.1(0.8) 5.9 (0.8) 5.7 (0.7) 0.374

Data is presented as mean (SE); CAZ-AVI, ceftazidime-avibactam; ATM, aztreonam; DCT, double carbapenem
therapy; SOFA, sequential organ failure assessment; p, comparison between the three groups. Results by univari-
ate analysis.

Table 4. Duration of MV, ICU stay, and mortality.

CAZ-AVI + ATM DCT Control Group Value
(N = 35) (N =31) (N=42) b
MV duration (days) 46.1 (9.4) 32.2(3.8) 30.9 (2.7) 0.13
ICU LOS (days) 57.2(12.4) 39.6 (4.7) 39.3 (3.6) 0.18
Mortality (%) 20 (57.1) 18 (58.1) 25 (59.5) 0.98

Data is presented as mean (SE) or n (%); CAZ-AVI, ceftazidime-avibactam; ATM, aztreonam; DCT, double
carbapenem therapy; MV, mechanical ventilation; ICU, intensive care unit; LOS, length of stay; p, comparison
between the three groups. Results by univariate analysis.
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Table 5. Characteristics of survivors and non-survivors.
Survivors Non-Survivors Val
(N = 45) (N = 63) p-vaiie

Age (years) 59.7 (2) 62.4 (1.6) 0.324

Sex (male) 31 (68.9) 44 (69.8) 1
APACHE II score 15.3 (0.9) 16.3 (0.9) 0.338
Surgical cause of admission 20 (44.4) 7 (11.1) <0.001

Antibiotics prior to ICU (days) 4.6 (1.5) 5.1 (0.9) 0.14

CAZ-AVI + ATM 15 20 1

DCT 13 18 1
COPD 9 (20) 21 (33.3) 0.191
Heart failure 7 (15.6) 7 (11.1) 0.567
Renal failure 5(11.1) 9 (14.3) 0.774
Liver disease 1(2.2) 3 (4.8) 0.639
Immunosuppression 4(8.9) 2(3.2) 0.232
Total ICU stay (days) 58 (9.5) 36 (3.2) 0.001
Total MV duration (days) 43.8 (7.4) 30.8 (2.5) 0.046
SOFA score (day of infection) 5.1(0.4) 8.6 (0.5) <0.001
WBC (10%/L) (day of infection) 10.8 (1.3) 16.1 (1.3) 0.001
Lymphocytes (10°/L) (day of 1.2(1.1) 15(0.2) 0.402

infection)

CRP (mg/dl) (day of infection) 9.1 (1.5) 12.6 (1.1) 0.029
AKI (day of infection) 11 (24.4) 25 (39.7) 0.147
PaO, /FiO, ratio (day of infection) 240 (14.5) 154 (12.2) <0.001
Treatment duration (days) 149 (1.4) 12.1 (1) 0.122

Data are presented as mean (SE) or n (%); APACHE, acute physiology and chronic health evaluation; CAZ-AVI,
ceftazidime—-avibactam; ATM, aztreonam; DCT, double carbapenem therapy; COPD, chronic obstructive pul-
monary disease; ICU, intensive care unit; MV, mechanical ventilation; SOFA, sequential organ failure assessment;
WBC, white blood cells; CRP, C-reactive protein; AKI, acute kidney injury; p, comparison between the two groups.
Results after univariate analysis.

3. Discussion

In the present study, we aimed to evaluate the effectiveness of different antibiotic
treatments for infections due to MBL-producing K. pneumoniae. CAZ-AVI + ATM and DCT
were compared to appropriate antibiotic treatment. This is the first study, to our knowledge,
that considers only critically ill, mechanically ventilated patients. The results indicate that
CAZ-AVI + ATM presents with the same effectiveness as appropriate therapy or DCT.

Clinical data on the effectiveness of the combination therapy of CAZ-AVI + ATM
for the treatment of MBL-producing pathogens is scarce. To date, the majority of the
relevant literature consists of case reports or case series [15-20] with the exception of
two prospective multi-centre observational studies by Falcone in 2021 and 2024 [21,22] and
one interventional study [13]. The first of the observational studies [21] was conducted in
Greece and Italy, where 102 patients with BSI were recruited. The 30-day mortality rate,
which was the primary outcome, was 19.2% in the CAZ-AVI + ATM group vs. 44% in the
best available treatment (BAT) group (p = 0.007). Secondary outcomes also favoured the
CAZ-AVI + ATM combination. Propensity score adjusted analysis revealed lower clinical
failure at day 14 [HR, 0.30 (95% CI, 0.14-0.65), p = 0.002], and shorter length of stay {HR,
0.49 (95% CI, 0.30-0.82), p = 0.007] CAZ-AVI + ATM [13]. The study concluded that the
CAZ-AVI + ATM combination offered more favourable outcomes compared to BAT [13].
Our results do not confirm the above-mentioned results; however, differences in study
populations may explain this discrepancy. In our study, the cohort consisted of mechanically
ventilated ICU patients, while the majority of the patients in the study of Falcone were
not ICU patients (30.4% of patients were mechanically ventilated), especially in the BAT
group. Moreover, in the study of Falcone, 50% of the patients in the BAT group and 19.2%
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in the CAZ-AVI + ATM groups had a history of immunosuppressive treatment. Finally,
the patients in our study suffered from both BSI and VAP. In the second observational
study [22], the mortality was lower in the CAZ-AVI + ATM group (22.3%) compared to the
group that received colistin-containing regimens (50%) or cefiderocol-containing regimens
(33%), but higher than the group of patients who received other antibiotics (13.5%). In
the same study, sensitivity analysis showed that CAZ-AVI + ATM was associated with
reduced 30-day mortality rate [HR, 0.39, (95% CI, 0.18-0.86), p = 0.02] compared to colistin.
Again, only 42% of the patients were admitted to the ICU. The REVISIT study [13] was a
prospective, multi-centre study which recruited patients with complicated intra-abdominal
infections or hospital-acquired pneumonia (including VAP); patients were randomized to
ATM + AVI or meropenem with or without colistin. However, in REVISIT, there were seven
patients with documented MBL-producing pathogens in the ATM + AVI group and three
patients in the meropenem group, making a comparison with our study difficult.

There is insufficient clinical data about the efficacy of DCT for the treatment of MBL-
producing K. pneumoniae infections. The existing studies are usually case reports and
case series with a limited number of patients [23—-29]. Clinical studies comparing DCT
to other antibiotic combinations are also scarce. The first study [30] included patients
with carbapenem-resistant K. pneumoniae who were treated with DCT. The control group
consisted of patients who received standard therapy. The 28-day mortality was lower in the
DCT compared to the control group (29.2% vs. 47.9%, respectively, p = 0.04). In the other
two studies [31,32], DCT offered similar outcomes to standard therapy. On the other hand,
a systematic review and meta-analysis [33] concluded that DCT presented a therapeutic
advantage to other antibiotic therapies, as patients who received DCT had lower mortality
[OR 0.44, 95% CI 0.24-0.82, (p = 0.009)]. Finally, two previous studies conducted by our
group examining the impact of DCT in the ICU patients reported similar results [14,34].
These studies included ICU patients with infections caused by K. pneumoniae resistant to all
available beta-lactam /b-lactamase inhibitors (BL/BLIs), and treatment with DCT presented
similar outcomes to CAZ-AVI + ATM or other effective regimens. To our knowledge, this is
the first study to consider DCT for MBL-producing K. pneumoniae infections in critically ill,
mechanically ventilated patients.

The study presents several limitations. It was conducted in two hospitals in the same
region, and the generalizability of the results may be limited. The number of patients
was small. Hetero-resistance or other mechanisms of resistance were not studied. Sources
of BSI are not specified, and moreover, side effects were not recorded. Finally, prior
antibiotic treatments were not recorded, and thus, no effects on resistance mechanisms
could be identified.

Overall, there is very little data available, and more high-quality clinical trials
are required to address the efficacy and safety of the combination. Notwithstanding,
CAZ-AVI + ATM or DCT could be considered as another therapeutic option.

4. Materials and Methods

This was a retrospective study between 2023 and 2025 conducted at the University
Hospital of Larissa, Thessaly, Greece and the General Hospital of Larissa, Thessaly, Greece.
Inclusion criteria were (a) admission to the ICU, (b) intubated and mechanically ventilated
patients for >48 h, and (c) MBL-producing K. pneumoniae infection. Exclusion criteria were
(a) age <18 years old, (b) ICU readmission, and (c) treatment with no effective antibiotics. If
a patient presented with multiple episodes of infection, only the first one was accounted for.
Patients were subsequently divided into three groups: patients treated with CAZ-AVI plus
ATM (CAZ-AVI + ATM group); patients who received DCT (DCT group); and patients who
received antibiotics other than CAZ-AVI + ATM and DCT, which were appropriate against
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the pathogen (control group). Patients in the first two groups presented infection due to
pandrug-resistant (PDR) pathogens. On the other hand, control group patients had an
infection secondary to extensively drug-resistant (XDR) K. pneumoniae, and they received
appropriate therapy with the antibiotic to which the pathogen was sensitive.

4.1. Outcome

The primary outcome of the study was ICU mortality. Secondary outcomes were the
evolution of the SOFA score during the course of infection, and more specifically on day 4
and day 7, duration of MV, and ICU LOS.

4.2. Definitions

The Centre for Disease Control (CDC) criteria were used for VAP (www.cdc.gov/
nhsn/pdfs/pscmanual /10-vae_final.pdf, accessed on 10 May 2025) and BSI [35] definitions.
As appropriate therapy was considered, the administration of in vitro active antibiotics
for at least 48 h [36]. PDR is defined as a strain that is non-susceptible to all available
antimicrobial agents, and XDR is a strain that is resistant to nearly all available antibiotics.

4.3. Antibiotics

CAZ-AVI and ATM were administered three times per day at doses of 2.5 g and
2 g, respectively. DCT consisted of ertapenem plus meropenem: 1 g of ertapenem was
administered once a day before the first dose of meropenem; meropenem’s dose was2 g
every 8 h. All the above antibiotics were administered as extended infusions. All patients
who received colistin or tigecycline received loading doses (9 million IU colistin and 200 mg
tigecycline). Also, doses of all antibiotics were adjusted for creatinine clearance.

4.4. Clinical Assessment

The following patient characteristics were recorded: age, sex, medical history, sur-
gical or medical admission, illness severity, duration of antibiotic treatment before ICU
admission, and relevant clinical and laboratory findings for the index infection.

4.5. Microbiology

Identification and susceptibility testing of the isolated pathogens were performed
by the Vitek 2 automated system (bioMérieux, Marcy-1'Etoile, Lyon, France). For the
interpretation of the results, the European Committee on Antimicrobial Susceptibility
Testing (EUCAST) breakpoints were used, and more specific v. 13.0 (2023), v. 14.0 (2023),
and v 15.0 (2025). E-test was used to determine the minimum inhibitory concentration
(MIC) for CAZ-AVI, meropenem—vaborbactam and imipenem—cilastatin—relebactam,
and broth microdilution for colistin. Phenotypic methods were used for the detection of
MBL-producing strains.

4.6. Statistical Analysis

Results are presented as frequencies (%) for categorical variables and as means (stan-
dard errors, SE) for continuous variables. Normality of data distribution was assessed
by Kolmogorov/Smirnov test. Categorical variables were compared using the chi-square
test or Fisher’s exact test, where appropriate; continuous variables were compared by the
Mann-Whitney U test or the Kruskal-Wallis test. The Wilcoxon test was used to compare
the variations in variables within the same group. Only variables with a p-value < 0.05 were
used in the stepwise logistic regression models. GraphPad Prism 5 (GraphPad by Dotmatics
Software Development, San Diego, CA, USA, 2007) software was used for data analysis.
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5. Conclusions

The present study showed that ICU patients with infections caused by MBL-producing
K. pneumoniae strains, who received CAZ-AVI + ATM or DCT, had similar clinical outcomes
to those receiving other appropriate antibiotic regimens. The study was conducted in two
hospitals in the same region with a relatively small number of patients. Mechanisms of
resistance were not studied, and moreover, sources of BSI, prior antibiotic use, and side
effects were not recorded. Therefore, larger studies are required to confirm these findings.
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