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ABSTRACT
Aims: Worldwide, an increase in multidrug resistance is observed in Escherichia coli (E. coli), Klebsiella pneumoniae (K. 
pneumoniae), and Pseudomonas aeruginosa (P. aeruginosa) isolates, leading to challenges in the treatment of infections caused by 
these pathogens. This study aims to investigate the in vitro efficacy of ceftazidime-avibactam (CZA) against isolates containing 
K. pneumoniae, E. coli, and P. aeruginosa strains obtained from respiratory tract samples sent from intensive care units.
Methods: A retrospective analysis was conducted on 653 Enterobacterales (E. coli, K. pneumoniae) and P. aeruginosa isolates 
obtained from respiratory tract cultures, including sputum, tracheal aspirates, and bronchial lavage, from patients over 18 years 
old admitted to the intensive care units of Ordu University Training and Research Hospital between May 1, 2021, and May 1, 
2024. Automated systems were used to identify the pathogens and perform antibiotic susceptibility testing. Discriptive data 
analysis was conducted using SPSS version 24.0.
Results: A total of 653 isolates from respiratory tract samples were included in the study, consisting of 368 Enterobacteriaceae 
[61 E. coli (9.3%) and 307 K. pneumoniae (47%)] and 285 P. aeruginosa (43.7%). These samples were isolated from endotracheal 
aspirate (69.5%), sputum (27.9%), and bronchoalveolar lavage (2.6%). Among all isolates, 364 (55.7%) were found to be sensitive 
to carbapenems, while 289 (44.3%) were carbapenem-resistant. Of the samples, 631 (96.6%) were sensitive to CZA, while 22 
(3.4%) were resistant. Although resistance to CZA was detected in 3.6% of K. pneumoniae isolates and 3.9% of P. aeruginosa 
isolates, no resistance was detected in E. coli. Colistin resistance was observed in 15.3% of K. pneumoniae and 5.6% of P. aeruginosa 
isolates, but was absent in E. coli isolates. Resistance rates to other antibiotics were as follows for E. coli, K. pneumoniae, and P. 
aeruginosa isolates, respectively: amikacin (3.3%, 46.6%, 8.1%), ciprofloxacin (73.8%, 73.6%, 85.9%), ceftazidime (67.2%, 77.8%, 
35.8%), piperacillin-tazobactam (26.2%, 70%, 37.2%), and trimethoprim-sulfamethoxazole (52.5%, 66.4%, 0%).
Conclusion: In our study, CZA was found to be the most effective antibiotic against multidrug-resistant Enterobacterales and P. 
aeruginosa isolates, followed by colistin.
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INTRODUCTION
Concerns regarding antibacterial resistance continue to rise 
worldwide, and the management of secondary infections 
caused by multidrug-resistant (MDR) organisms has become 
a global health issue. The primary pathogens that pose 
treatment challenges are MDR gram-negative bacteria, and 
infections caused by these microorganisms are associated 
with increased mortality and morbidity, especially in 
patients with significant comorbidities.1 Furthermore, the 
increasing prevalence of antibiotic resistance has led to the 
widespread and often inappropriate use of antibiotics globally. 
Carbapenems are frequently used as first-line antibiotics in the 

treatment of infections caused by extended-spectrum beta-
lactamase (ESBL)-producing microorganisms isolated from 
respiratory tract samples, as they are highly effective against 
these pathogens. However, the rising incidence of infections 
caused by ESBL-producing Enterobacteriaceae over the years 
has resulted in increased carbapenem usage and higher rates 
of carbapenem resistance.2

In the treatment of carbapenem-resistant microorganisms, 
ceftazidime-avibactam (CZA), a combination of the third-
generation broad-spectrum cephalosporin ceftazidime and 
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the β-lactamase inhibitor avibactam, is used as an antibiotic 
therapy.3 The use of CZA for gram-negative bacterial infections 
was approved in 2018. The European Medicines Agency 
(EMA) and the U.S. Food and Drug Administration (FDA) 
have approved it for adult patients with infections caused by 
aerobic gram-negative bacteria, particularly in cases with 
limited therapeutic options. In Turkiye, it was licensed for use 
in October 2019.4 Recently, the World Health Organization 
listed the multidrug-resistant Pseudomonas aeruginosa (P. 
Aeruginosa), Klebsiella pneumoniae (K. Pneumoniae), and 
Escherichia coli (E. Coli) included in our study among the 
bacterial species for which the development of new antibiotics 
is critically needed to treat infections.5,6

The aim of this study is to investigate the in vitro efficacy of 
CZA against carbapenem-resistant K. pneumoniae, E. coli, and 
P. aeruginosa strains isolated from respiratory tract samples 
sent from intensive care units to the Microbiology Laboratory 
of Ordu University Faculty of Medicine Training and Research 
Hospital. Given the significance of resistance development in 
combating infections caused by these microorganisms and 
the limited number of studies in Turkiye examining CZA’s 
activity against MDR strains of these pathogens, further 
research on this topic is essential.

METHODS
Ethics Approval
This study was approved by the Ordu University Non-
interventional Scientific Researches Ethics Committee (Date: 
26.07.2024, Decision No: 2024/109). All procedures were 
carried out in accordance with the ethical rules and the 
principles of the Declaration of Helsinki.

Study Design
This retrospective study examined 653 isolates of E. coli, K. 
pneumoniae and P. aeruginosa isolated from respiratory 
culture samples such as sputum, tracheal aspirates, and 
bronchoalveolar lavage from patients admitted to the intensive 
care units of Ordu University Training and Research Hospital 
between May 1, 2021, and May 1, 2024. All patients aged 18 
and older were included in the study, and the first culture 
results from similar clinical samples of the same patient, as 
well as culture results from different clinical samples, were 
included in the analysis. Repeated cultures from the same 
patients were excluded from the study.

Automated systems were used for the identification of 
pathogens and the results of the antibiograms. In addition 
to classical methods for species-level identification and 
antimicrobial susceptibility testing, the BD Phoenix 100 
automated system (Becton Dickinson and Company, USA) 
was utilized to determine the production of extended-
spectrum beta-lactamases (ESBL). For ESBL confirmation 
testing, disk diffusion tests (combined disk method) were 
performed according to Clinical and Laboratory Standards 
Institute (CLSI) documents, using both ceftazidime, 
ceftazidime-clavulanic acid, and cefotaxime, cefotaxime-
clavulanic acid disks. Among these, isolates determined to be 
multidrug-resistant (MDR) were evaluated for susceptibility 
to ceftazidime-avibactam 10/4 mg (Bioanalyse, Turkiye) 

using the Kirby-Bauer disk diffusion method. Antimicrobial 
susceptibility results were reported according to the 
breakpoints recommended by the European Committee on 
Antimicrobial Susceptibility Testing (EUCAST). Categorical 
variables are described as frequencies (percentages), while 
continuous variables are presented as mean and standard 
deviation. Discriptive data analysis was conducted using SPSS 
version 24.0.

RESULTS
A total of 653 isolates were included in our study, with 69.5% 
from endotracheal aspirates, 27.9% from sputum, and 2.6% 
from bronchoalveolar lavage; of these, 61 (9.3%) were E. coli 
and 307 (47%) were K. pneumoniae, resulting in a total of 368 
Enterobacteriaceae and 285 (43.7%) P. aeruginosa (Table 1). 
All patients from whom respiratory cultures were obtained 
were adults aged 18 and older who were hospitalized in the 
intensive care unit.

Table 1. Sample sites of isolated bacterial agents

Sample site n (%) 

Endotracheal aspirate 454 (69.5%)

Sputum 182 (27.9%)

Bronchoalveolar lavage 17 (2.6%)

Among all isolates, 364 (55.7%) were found to be susceptible 
to carbapenems, while 289 (44.3%) were resistant. Of the E. 
coli isolates, 4.9% (3/61) were resistant to carbapenems, 56% 
(172/307) of K. pneumoniae isolates, and 53% (152/285) of P. 
aeruginosa isolates were found to be carbapenem-resistant.

Of the samples, 631 (96.6%) were susceptible to CZA, while 
22 (3.4%) were resistant. Resistance to CZA was found in 
3.6% of K. pneumoniae isolates and 3.9% of P. aeruginosa 
isolates, while no resistance was detected in E. coli isolates. No 
resistance to CZA was observed in any of the bronchoalveolar 
lavage samples.

When investigating colistin resistance, 15.3% of K. 
pneumoniae isolates and 5.6% of P. aeruginosa isolates were 
found to be resistant to colistin. No colistin resistance was 
observed in E. coli isolates, similar to the findings for CZA. 
Among the 63 isolates with detected resistance to colistin, 6 
(9.5%) were also resistant to CZA.

Resistance rates were found to be as follows: amikacin 3.3%, 
46.6%, and 8.1% for E. coli, K. pneumoniae, and P. aeruginosa, 
respectively; ciprofloxacin 73.8%, 73.6%, and 85.9%; 
ceftazidime 67.2%, 77.8%, and 35.8%; piperacillin/tazobactam 
26.2%, 70%, and 37.2%; and trimethoprim-sulfamethoxazole 
52.5%, 66.4%, and 0%. The detected antibiotic resistances in 
microorganisms are shown in Table 2.

In our study, CZA was found to be the most effective 
antibiotic against multidrug-resistant Enterobacterales and P. 
aeruginosa isolates, followed by colistin.

DISCUSSION
Members of Enterobacterales are among the primary causes 
of healthcare-associated and community-acquired infections. 
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The most frequently isolated Enterobacteriaceae agents from 
cultures are K. pneumoniae and E. coli.7 The most effective 
treatment for these microorganisms has been carbapenems; 
however, increased resistance due to their widespread use 
has posed significant challenges for treatment in clinical 
practice.8 Carbapenem antibiotics, which belong to the 
beta-lactam group, are bactericidal, fast-acting, and have 
broad-spectrum activity, making them widely used in the 
treatment of infectious diseases. Carbapenem-resistant 
bacteria are typically resistant not only to penicillins and 
cephalosporins but also may carry genes encoding resistance 
to aminoglycosides and quinolones. Multidrug-resistant 
Gram-negative bacilli develop resistance mechanisms that 
lead to resistance against multiple antimicrobial agents, not 
just a single antibiotic class. Initially, carbapenem resistance 
was more commonly detected in Acinetobacter baumannii 
and P. aeruginosa isolates, but in recent years, K. pneumoniae 
has become the most frequently reported agent of carbapenem 
resistance and a significant contributor to the spread of 
carbapenem resistance.9

Colistin, tigecycline, and aminoglycosides are nearly the last-
line therapeutic agents for treating multidrug-resistant (MDR) 
isolates.10 Consequently, there is an increasing need for new 
antibiotics effective against MDR isolates. In the treatment of 
carbapenem-resistant microorganisms, CZA, a new antibiotic 
combining the broad-spectrum cephalosporin ceftazidime 
with the non-beta-lactam beta-lactamase inhibitor avibactam, 
is being utilized.

In a study evaluating the antibiotic resistance profiles of 
K. pneumoniae, resistance rates for gentamicin, amikacin, 
amoxicillin/clavulanate, piperacillin/tazobactam, cefepime, 
ceftriaxone, and ceftazidime were found to be 37%, 33%, 
63%, 53%, 74%, 62%, and 61%, respectively11. Another study 
examining the resistance profiles of carbapenem-resistant 
Enterobacterales isolates from 2015 to 2018 reported 
resistance rates in K. pneumoniae of 28.10% for amikacin, 
51.08% for amoxicillin/clavulanate, 98.37% for ceftazidime, 
51.08% for gentamicin, 99.72% for piperacillin/tazobactam, 
80.81% for cefepime, and 99.72% for ceftriaxone. The highest 
resistance rates among carbapenem-resistant K. pneumoniae 
isolates were observed against ceftriaxone and piperacillin/
tazobactam (99.72%).12 In a study conducted by Altay Koçak 
et al.13 from 2016 to 2018 on respiratory samples and antibiotic 
resistance profiles in hospitalized patients, resistance rates in 
K. pneumoniae isolates for amikacin, amoxicillin/clavulanate, 
gentamicin, colistin, levofloxacin, netilmicin, piperacillin/
tazobactam, cefazolin, cefepime, cefoxitin, ceftazidime, 
ceftriaxone, cefuroxime, ciprofloxacin, and trimethoprim/
sulfamethoxazole were reported as 30.6%, 60.9%, 52.9%, 

11%, 51.8%, 39.5%, 55.8%, 77.9%, 73.3%, 48.8%, 74.1%, 74.1%, 
76.5%, 51.2%, and 65.1%, respectively.

In our study, resistance rates for K. pneumoniae isolates were 
3.6% for CZA, 15.3% for colistin, 46.6% for amikacin, 73.6% 
for ciprofloxacin, 77.8% for ceftazidime, 70% for piperacillin/
tazobactam, and 66.4% for trimethoprim/sulfamethoxazole. 
The highest resistance rates in K. pneumoniae isolates in our 
study were observed against ciprofloxacin, ceftazidime, and 
piperacillin/tazobactam, while the most effective antibiotics 
were CZA and colistin.

According to a study conducted in İstanbul in 2012, 
ciprofloxacin, cotrimoxazole, amikacin, and gentamicin 
resistance rates in ESBL-positive K. pneumoniae were reported 
as 66.2%, 68.6%, 16.2%, and 43.0%, respectively. Resistance 
rates in ESBL-positive K. pneumoniae were reported as 10.5% 
for imipenem, 7% for meropenem, and 11.6% for ertapenem, 
with no colistin-resistant isolates detected.14 The low resistance 
rates in this study were attributed to its completion in 2012.

In a study conducted in Turkiye, fluoroquinolone resistance was 
reported at 86.1%, suggesting that empirical use of this class of 
antibiotics is not recommended.15 Due to the development of 
multidrug resistance linked to fluoroquinolone use in gram-
negative bacteria, avoiding fluoroquinolones and reverting 
to other empirical agents is considered one of the most 
reliable approaches16. Similarly, in our study, fluoroquinolone 
resistance was found to be 79%, and we do not recommend its 
use in empirical treatment.

In a study by Özkul Koçak et al.,17 the colistin resistance rate in 
81 carbapenem-resistant K. pneumoniae isolates was 39.51%. 
Agyar,18 in Ankara in 2020, reported colistin resistance of 
36.4% in carbapenem-resistant K. pneumoniae, while Tartar 
et al.,19 in 2017, reported a colistin resistance rate of 5% in 
Klebsiella spp. isolated from endotracheal aspirate samples 
based on antibiogram results. In our study, colistin resistance 
in K. pneumoniae isolates was detected as 15.3%.

Although studies and case reports on CZA-a combination 
developed and approved for combating bacterial resistance 
caused by ESBL and carbapenemases-show promising 
results, resistance may develop in the near future.20 Research 
based on clinical data has shown that CZA is an effective 
treatment option for MDR gram-negative bacteria, reducing 
mortality rates and improving quality of life.21 A recent study 
conducted in Turkiye reported a CZA susceptibility rate of 
95.7% in ESBL-positive strains.5 Another study found CZA 
susceptibility rates of 87.5% for K. pneumoniae and 95.2% 
for E. coli.2 As these studies suggest, CZA appears to be a 
viable option for ESBL-producing and carbapenem-resistant 
Enterobacteriaceae isolates.22 Similarly, in our study, 96.6% 

Table 2. Antibiotic resistance rates by microorganism

Microorganism Carbapenem 
n (%)

Ceftazidime-
avibactam, n (%)

Colistin   
n (%)

Amikacin 
n (%)

Ciprofloxacin 
n (%)

Ceftazidime 
n (%)

Piperacillin/tazobactam 
n (%)

Trimethoprim-
sulfamethoxazole, n (%)

Klebsiella pneumoniae 172 (56%) 11 (3.6%) 47 (15.3%) 143 (46.6%) 226 (73.6%) 239 (77.8%) 215 (70%) 204 (66.4%)

Escherichia coli 3 (4.9%) - - 2 (3.3%) 45 (73.8%) 41 (67.2%) 16 (26.2%) 32 (52.5%)

Pseudomonas aeruginosa 152 (53%) 11 (3.9%) 16 (5.6%) 23 (8.1%) 245 (85.9%) 102 (35.8%) 106 (37.2%) -

Total 327 (50.0%) 22 (3.3%) 63 (9.6%) 168 (25.7%) 516 (79.0%) 382 (58.5%) 337 (51.6%) 236 (36.1%)
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of the isolates were susceptible to CZA, while 3.4% showed 
resistance.

In another study, 22.5% of carbapenem-resistant K. pneumoniae 
isolates were found to be resistant to CZA. Nevertheless, CZA 
is considered a viable option for suitable cases.23 Following 
the use of ceftazidime-avibactam as an alternative therapeutic 
agent, clinical practice has demonstrated the proliferation of 
CZA-resistant strains. Given the increase in strains resistant 
to this antibiotic, it is important to emphasize the prudent use 
of CZA.24

A study conducted in Turkiye found CZA susceptibility 
rates for E. coli, K. pneumoniae, and P. aeruginosa strains 
to be 93.8%, 95.7%, and 36.2%, respectively. Despite CZA’s 
introduction in Turkiye in October 2019, the high in vitro 
resistance rate of MDR P. aeruginosa strains (63.8%) found 
in this study is concerning.5 Another study in Turkiye 
determined that, among MDR P. aeruginosa strains, colistin 
was the most effective antibiotic, with similar susceptibility 
rates to gentamicin, amikacin, and CZA. However, P. 
aeruginosa showed higher resistance rates to CZA than other 
Gram-negative pathogens.25 These findings suggest that while 
CZA may be an alternative for treating infections caused 
by MDR Enterobacterales, susceptibility testing results are 
critical for MDR P. aeruginosa strains. Other studies have 
similarly shown that the in vitro susceptibility rate of CZA for 
MDR P. aeruginosa is lower than for MDR Enterobacterales.26 
In contrast, in our study, 3.6% of K. pneumoniae and 3.9% of P. 
aeruginosa isolates were resistant to CZA, with no resistance 
detected in E. coli. Contrary to the literature, our study did not 
find higher CZA resistance in P. aeruginosa isolates compared 
to other microorganisms.

In a study by Shields et al.,27 CZA was used to treat 
carbapenemase-producing, meropenem-resistant Klebsiella 
infections in patients. In recurrent infections, the same 
patients developed meropenem-susceptible, CZA-resistant 
Klebsiella, showing both beneficial and adverse impacts 
of CZA on antibiotic resistance genes. The absence of CZA 
resistance is thought to be related to naive strains that had not 
previously encountered this antibiotic.15

In the study by Hoşbul et al.,28 susceptibility results for 100 
Pseudomonas strains were 100% for colistin and 90% for CZA, 
respectively. In our study, similar results were observed, with P. 
aeruginosa isolates showing 94.4% and 96.1% susceptibility to 
colistin and CZA, respectively. Studies by Camargo et al.29 and 
Wu et al.30 observed successful treatment and microbiological 
cure in cases unresponsive to alternative treatments, including 
combinations of colistin and carbapenems, when treated with 
CZA. The rational use of CZA, along with older antibiotics 
such as colistin and meropenem, forms an essential part of 
infection control and antimicrobial stewardship.31 Therefore, 
in vivo studies are needed to evaluate the antimicrobial 
activity of CZA in combination therapies, particularly in 
bacteria with various resistance genes.

Limitations
The main limitation of our study is that it was conducted in 
a single center, which restricts its generalizability to national 
data. Another important limitation is the lack of genomic 

analysis and molecular testing in evaluating antibiotic 
susceptibilities. Limiting the study to carbapenem-resistant 
bacterial strains reduced the number of bacterial species 
included in the study. Additionally, clinical patient data and 
treatment outcomes were not analyzed.

CONCLUSION
Surveillance of local epidemiology and antimicrobial 
susceptibility is a crucial step in determining empirical 
treatment options to combat infections. Increasing the use of 
narrow-spectrum antibiotics minimizes the development of 
resistance mechanisms associated with antibiotic use. Regular 
monitoring of antibiotic resistance patterns is essential to 
guide future antibiotic choices. Similar to other studies, our 
findings confirm the in vitro activity of CZA against MDR K. 
pneumoniae, E. coli, and P. aeruginosa strains.
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