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Background: Ceftazidime-avibactam (CAZ-AVI) is a new cephalosporin/β-lactamase inhibitor combination that received clinical 
approval in China in 2019. This study aims to investigate the efficacy and safety of CAZ-AVI in the treatment of Klebsiella 
pneumoniae (KP) infection in a hospital, and differences in efficacy among various infection sites and between monotherapy and 
combination therapy, providing valuable insights for its further application.
Methods: Patients who used CAZ-AVI between January 2019 and April 2023 were identified through the hospital information 
system. Demographic information, details of the infection site, KP strain’s drug sensitivity report, treatment duration, combination 
therapies, adverse drug reactions (ADR), and 28-day survival were recorded. Clinical and microbiological efficacies were analyzed 
using SPSS 23.0 software to compare different infection sites and combination therapies.
Results: The overall effective clinical response (CR) rate of CAZ-AVI against KP infection was 62.13%, with a favorable microbial 
response (MR) rate was 65.68% and a 28-day survival rate was 63.91%. No significant difference occurred in effective CR and 28-day 
survival rate among different infection sites (P = 0.709 and 0.862, respectively). The favorable MR rate for abdominal infections was 
slightly lower than that for other sites of infection (P = 0.021). No significant differences in effective CR, favorable MR, and 28-day 
survival between monotherapy and combination therapy were present (P values were 0.649, 0.123, and 0.280, respectively). The 
incidence of ADR was 1.78%, including increased creatinine, elevated transaminase, hematuria, and thrombocytopenia.
Conclusion: CAZ-AVI demonstrates good clinical efficacy and safety in the treatment of KP infections. The clinical efficacy of CAZ- 
AVI was similar across different infection sites, and combination therapy did not show an advantage over monotherapy. Further studies 
are warranted. It should be noted that CAZ-AVI may induce thrombocytopenia and hematuria.
Keywords: ceftazidime-avibactam, Klebsiella pneumoniae, carbapenem-resistant Enterobacteriaceae, urethral hemorrhage, 
thrombocytopenia, combination therapy

Introduction
Despite continuous improvement in living standards worldwide, infectious diseases remain a topic of public health concern. In 
recent years, the pandemic coronavirus disease 2019 (COVID-19) has led people to pay more attention to preventing and 
controlling infectious diseases.1 In addition to viral infections such as COVID-19, bacterial infections cause many human 
diseases; the emergence and continuous evolution of drug-resistant bacteria especially creates great difficulties in clinical 
treatment.2 In particular, the incidence of carbapenem-resistant organism (CRO) infections has shown a significant upward 
trend, which has become one of the major challenges in the medical field. The production of carbapenemases plays an essential 
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role in carbapenem resistance. Since the genes that encode carbapenemases are located on plasmids and other mobile genetic 
elements, the determinants of carbapenem resistance have rapidly spread in many regions of the world.3 Data presented in 
Zhejiang Province, China, indicate that the prevalence of carbapenem-resistant Klebsiella pneumoniae (CRKP) has increased 
from 2.5% in 2008 to 15.8% in 2018, and this trend is further increasing among ICU patients.4,5 In addition, for patients with 
indwelling catheters, biofilm formation is another important mechanism of drug resistance in Klebsiella pneumoniae (KP).6,7 

Previous studies have shown that Ethylenediaminetetraacetic acid (EDTA) can be used as an adjuvant against biofilms, and it 
has synergistic antibacterial effects with aztreonam, colistin, and ceftazidime-avibactam (CAZ-AVI).8–10

CAZ-AVI is a widely studied antimicrobial agent, originally developed by Pfizer Inc. for the treatment of drug-resistant 
bacterial infections. Its compound formulation consists of ceftazidime (CAZ) and avibactam (AVI). CAZ is a third-generation 
cephalosporin that targets gram-negative bacteria, particularly those in the Enterobacteriaceae family.11 AVI is a synthetic non- 
β-lactam, β-lactamase inhibitor that inhibits the activities of Ambler class A serine carbapenem enzymes such as Klebsiella 
pneumoniae carbapenemas [KPC], class C [AmpC] enzymes, and some class D [OXA] β-lactamases, but has no activity 
against class B [metallo-beta-lactamases] enzymes and almost no activity against Acinetobacter baumannii(AB).12,13 Since 
AVI inhibits carbapenem enzyme activity, CAZ-AVI is used to treat multidrug-resistant organisms (MDRO), especially 
carbapenem-resistant Enterobacteriaceae (CRE).14 CAZ-AVI was approved by the Food and Drug Administration (FDA) in 
the United States on 25 February 2015, and in the European Union (EU) on 24 June 2016. In China, CAZ-AVI was approved 
by the National Medical Products Administration (NMPA) on 21 May 2019. Approved adult indications include complex 
intra-abdominal infection (cIAI), hospital-acquired pneumonia (HAP), and the treatment of infections caused by gram- 
negative aerobic microorganisms in adult patients with limited treatment options.

CAZ-AVI has been widely used clinically since its development, and previous clinical studies have shown that it has 
good clinical and antimicrobial efficacy.15,16 However, few real-world studies on CAZ-AVI exist, especially for KP 
infection. In addition, drug resistance to CAZ-AVI has been reported in some regions.10,17,18 The purpose of this study is 
to retrospectively investigate the clinical efficacy and safety of CAZ-AVI against KP in a Chinese hospital, to investigate 
differences in the efficacy of CAZ-AVI for infection sites, and to investigate differences among different combination 
treatment schemes based on CAZ-AVI. This work will provide a reference for further clinical application of CAZ-AVI 
treatment use.

Materials and Methods
Study Design
A retrospective questionnaire was designed to collect basic information about patients, infection characteristics, patho-
genic microorganism characteristics, drug use, clinical efficacy, drug-related adverse reactions, and other information. 
Cases retrieved from January 2019 to April 2023 with CAZ-AVI use indicated in the medical order information from the 
Hospital Information System (HIS) were screened according to the following inclusion and exclusion criteria.

Inclusion Criteria
a) The use of CAZ-AVI was confirmed by verified doctor’s order, and the medication time was ≥3 days. b) The attending 
doctor had diagnosed bacterial infection at the corresponding site according to guidelines, eg, pneumonia guidelines,19 

abdominal infection guidelines,20 urinary tract infection guidelines,21 or positive blood culture. The main diagnostic 
points included fever and other symptoms of systemic infection or signs of local infection; imaging findings suggesting 
infection; systemic infection indicators such as from blood tests, procalcitonin (PCT), C-reactive protein (CRP), or local 
specimen examinations such as urine testing, specimen Gram staining, etc. suggesting the presence of bacterial infection. 
c) The pathogenic culture of qualified specimens indicated a single KP infection or multiple pathogenic bacteria, one of 
which was KP. d) If the infection site was suspected to be infected with gram-positive bacteria or the specimen culture 
suggested the presence of gram-positive bacteria such as MRSA, Enterococcus faecium, or Enterococcus faecalis, and it 
was treated with vancomycin, linezolid, and daptomycin, the case was also included in this study.
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Exclusion Criteria
a) The doctor’s order information contained CAZ-AVI but it was not administered or was administered for <3 days. b) 
The culture of pathogenic microorganisms showed no KP. c) The culture of pathogenic microorganisms showed KP, but 
combined with the patient’s signs and laboratory examination, and considering the potential that the specimen was 
contaminated using pathogen colonization status, it was concluded that CAZ-AVI was given inappropriately, resulting in 
the inability to evaluate the curative effect. d) The dosage was not adjusted according to the requirements of the drug 
instructions based on the renal function (Cockcroft-Gault calculation formula), leading to inappropriate doses. e) Cases 
where the blood concentration of CAZ-AVI may have been affected by the combined use of probenecid, chloramphe-
nicol, and other drugs during the medication period or medical measures such as hemofiltration or peritoneal dialysis.

Combination medication is defined as the antibiotics that were used before CAZ-AVI was started and continued to be 
used during the period of CAZ-AVI administration, or antibiotics added within 3 days after the start of CAZ-AVI.

Evaluation of Efficacy and Safety
In this study, the evaluation of the curative effect includes clinical and microbiological responses. Based on previous 
clinical trials of CAZ-AVI15,22 and our clinical practice knowledge, we divided clinical response (CR) into effective 
response, failure, and uncertainty. In this study, an effective response was defined as, following treatment with CAZ-AVI, 
the patient survived and the symptoms or signs of infection disappeared or significantly improved such that the infection 
index returned to normal or significantly decreased, allowing anti-infective treatment to be reduced or discontinued until 
discharge. Failure was defined as non-response to CAZ-AVI treatment for more than 3 days, including 1. Clinical 
symptoms and signs did not improve or worsened, bacterial infection indicators did not decrease or continued to rise, 
with ascending ladder antibiotics required, and 2. death resulted from the aggravation of infection after 5 days of 
treatment. Uncertainty was defined as the patient dying before the minimum course of treatment (<5 days) or CAZ-AVI 
treatment terminated because the patient was discharged from the hospital, resulting in unevaluated efficacy.

Microbial response (MR) was divided into favorable, unfavorable, and indeterminate responses. Favorable was 
defined as no KP was found in the follow-up specimen cultures from all infection sites or the follow-up specimen 
culture was not effective but the clinical response was evaluated as cured. Unfavorable was defined as microbiological 
culture showing persistence of KP or susceptibility results showing an increase in minimum inhibitory concentration 
(MIC) of CAZ-AVI relative to baseline MIC or inhibition zone diameter relative to baseline decreased, or if an effective 
specimen culture was not obtained but the CR was evaluated as treatment failure. Indeterminate was defined as failure to 
obtain an appropriate source sample for culture, and the subject’s CR was assessed as uncertain. The 28-day survival rate 
was also used to facilitate treatment efficacy evaluation. Cases with infection at a single site were screened, and 
differences in the CR and MR of CAZ-AVI at different infection sites were compared. Differences in CR and MR 
under different combination therapy regimens of CAZ-AVI were also analyzed. The Naranjo’s adverse drug reactions 
(ADRs) probability scale was used to evaluate the correlation of adverse events in the use of CAZ-AVI.23

Statistical Analysis
All statistical analyses were performed with the SPSS 23.0 statistical package (IBM Corp., Armonk, NY, USA). Values 
are presented as median (range) for continuous variables such as age and course of treatment, and number (% rate) for 
categorical variables. Differences among subgroups were assessed using P-values derived from the Pearson Chi-square 
test for the comparison of categorical variables. For all comparisons, P <0.05 was considered statistically significant.

Results
Patient Characteristics
A total of 275 cases with CAZ-AVI included in the medical order information were identified in the HIS. Based on the 
exclusion criteria, 106 cases were excluded, including 34 cases that did not use CAZ-AVI after verifying the doctor’s 
order information and 72 cases whose etiological culture was non-KP and the course of treatment was <3 days. Thus, 169 
cases were included in this study. The basic information of 169 patients is shown in Table 1. Males accounted for 76.33% 
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of patients included in the study and the median age was 57 years (range 14–96 years). Some patient cases were 
complicated with additional basic diseases, mostly, cardiovascular diseases, accounting for 44.28% of complex cases. 
Some patient cases (13.61%) were complicated by COVID-19 infection. In terms of the distribution of infection sites, 
mainly pulmonary, abdominal, and bloodstream infections were observed; patients with infection at the above sites 
accounted for 66.86%, 36.09%, and 30.18%, respectively. AB infection was present in 8.88% of patients and 
Pseudomonas aeruginosa (PA) infection in 5.92%. The median course of treatment for CAZ-AVI was 10 days (range 
3–45 days). Patients treated only with CAZ-AVI made up 26.63% of study cases; 34.91% were combined with one 
antibiotic, 38.46% were combined with more than two antibiotics, and the maximum combination used five drugs 
including anti-gram-positive bacteria and fungal drugs.

Drug-Resistant Characteristics of KP and the Detection of Carbapenem-Resistant 
Genes
A total of 179 strains of KP were obtained from the infection sites of 169 patients, and the resistance rate of KP to 
various antibiotics was calculated, as shown in Figure 1, using the Kirby-Bauer disk diffusion method. Using a 30/20 µg 
drug sensitivity test paper, a bacteriostatic zone diameter of ≤20 mm was judged as drug resistance, and a bacteriostatic 

Table 1 Basic Demographic Characteristics of Patients, Infection Status, and Characteristics of Combined Use 
(n=169)

Classification n/Range Proportion (%)/Medium

Gender Male 129 76.33

Female 40 23.67

Age Range of age 14–96y 57y
Basic disease Tumor 23 13.61

Diseases of blood systema 12 7.10

Metabolic diseaseb 59 34.91
Basic lung diseasesc 17 10.06

Cardiovascular disease 75 44.38
Combined COVID-19 infection Yes 23 13.61

No 146 86.39

Infection site Lung 113 66.86
Abdominal cavity 61 36.09

Blood 51 30.18

Urinary tract 6 3.55
Skin soft tissue or Surgical incision 4 2.37

Intracranial 2 1.18

Types of pathogenic bacteria for co-infection Acinetobacter baumannii 15 8.88
Pseudomonas aeruginosa 10 5.92

Escherichia coli 2 1.18

Stenotrophomonas maltophilia 4 2.37
Enterococcus 4 2.37

Fungus 2 1.18

Course of treatment / 3–45d 10d
Number of combined medication varietiesd 0 45 26.63

1 59 34.91

2 42 24.85
3 14 8.28

4 7 4.14

5 2 1.18

Notes: aHematology diseases mainly refer to leukemia, lymphoma, myelodysplastic syndrome, anemia caused by various reasons, etc. bEndocrine 
diseases mainly include diabetes and thyroid disease. cBasic lung diseases mainly include chronic obstructive pulmonary disease, asthma, bronchiectasis, 
interstitial lung disease, tuberculosis, etc. dIn this part, the statistics of the number of drugs used in combination included the use of anti-gram-positive 
bacteria drugs and antifungals.
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zone diameter ≥21 mm was judged as sensitive. The MIC of other antimicrobials was estimated using the microbroth 
dilution method and the determination standard from the Clinical and Laboratory Standards Institute (CLSI). Of the 179 
KP strains collected, 125 strains were tested for sensitivity to CAZ-AVI, and the resistance rate to CAZ-AVI was 3.2%. 
A drug sensitivity test to tigecycline was carried out in 164 cases, and the resistance rate was 50.00%. In addition, the 
resistance rates of the 179 strains to ceftazidime, meropenem, amikacin, and colistin were 93.26%, 92.05%, 75.84%, and 
14.12%, respectively. We also detected carbapenem-resistance genes in some KP strains. In 43 cases tested for blaKPC, 
the positivity rate was 65.12%; in 27 cases tested for blaOXA-48, 3.70% were positive; and in 26 cases tested for blaIMP, 
blaVIM, and blaNDM, the positive rates were 3.85%, 0.00%, and 15.38%, respectively.

Efficacy Evaluation
CR, MR, and 28-Day Survival
The CR, MR and 28-day survival data for 169 patients with KP infection given CAZ-AVI are presented in Table 2. The 
effective CR rate of CAZ-AVI for KP infection was 62.13%, and 65.68% of patients achieved a favorable MR. The 28- 
day survival rate was 63.91% (108 patients).

Subgroup Analysis of the Therapeutic Effect of CAZ-AVI in Different Infection Sites
Of the 169 patients, 107 had a single-site infection, including lung (67), abdominal cavity (26), blood (10), and urinary 
tract (4). CAZ-AVI had the greatest effective CR rate for bloodstream infections, reaching 80% (Table 3). For MR, the 

Figure 1 Drug resistance rates of KP (n = 179). 
Abbreviations: CAZ-AVI, ceftazidime-avibactam (n = 125); TCC, ticarcillin-clavulanic acid; PTZ, piperacillin-tazobactam; CAZ, ceftazidime; CSL, cefoperazone-sulbactam; 
CPM, cefepime; ATM, aztreonam; IPM, imipenem; MEM, meropenem; AMK, amikacin; TOB, tobramycin; CIP, ciprofloxacin; LEV, levofloxacin; DOX, doxycycline; MNO, 
minocycline; TGC, tigecycline (n = 164); COL, colistin; SXT, trimethoprim-sulfamethoxazole.

Table 2 CR, MR, and 28-Day Survival Data in the Study (n=169)

Evaluating Indicator Cases Proportion (%)

Clinical response Effective 105 62.13

Failure 62 36.69

Uncertainty 2 1.18
Microbiological response Favourable 111 65.68

Unfavourable 51 30.18

Indeterminate 7 4.14
28-day survival Yes 108 63.91

No 61 36.09
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favorable response rate for urinary tract infections reached 100%. The highest 28-day survival rate was for patients with 
bloodstream infections, at 80%. The Chi-square test was used to compare the differences among infection sites. No 
significant difference in CR or 28-day survival rate occurred. The favorable MR rate differed statistically among 
infection sites, with a low favorable MR rate of 46.15% in abdominal infections (P = 0.021).

Subgroup Analysis of the Therapeutic Effect of Different Combined Treatment Regimens Based on CAZ-AVI
Of the 169 patients in this study, 136 patients were selected to analyze the efficacy of different combination subgroups based on 
CAZ-AVI. The details of each combination, the number of patients, and the therapeutic effect data are presented in Table 4. In 
terms of CR, the combination of CAZ-AVI with meropenem was the most effective, with a clinical effective rate of 80%, while 
CAZ-AVI combined with aztreonam was the least effective at 43.8%. In terms of MR, CAZ-AVI combined with fosfomycin or 
quinolones had highly favorable MR rates (100%), while CAZ-AVI combined with tigecycline or aztreonam had favorable MR 
rates of only 50%. In terms of the 28-day survival rate. The combination of CAZ-AVI with meropenem had the highest (80%) 28- 
day survival rate, while the combination of CAZ-AVI and tigecycline had the lowest survival rate at 40%. The chi-square test 
indicated no significant differences in CR, MR, and 28-day survival rate among the seven groups (P >0.05).

Safety Evaluation
In 169 patients, three cases of drug-related adverse events occurred during the use of CAZ-AVI, for an incidence rate of 1.78%. 
One case showed moderately elevated creatinine levels (three times the basic value and two times the normal upper limit); one 
case showed mild diarrhea and elevated transaminase (alanine transaminase and glutamic oxalic transaminase were four times 
and three times the normal upper limit, respectively); and one case showed moderate urethral hemorrhage with thrombocytopenia 
(half the basic level and below the normal lower limit). According to Naranjo’s ADRs probability scale, these events had scores 
of 3, 3, and 5, respectively. The correlation evaluation of ADRs was thus possible, possible, and probable, respectively.

Table 3 The Difference in the Therapeutic Effect of CAZ-AVI on KP Infection in Different Sites (n=107)

Infection Sites Cases Number of CR 
Effective /Rate (%)a

Number of MR 
Favourable /Rate (%)b

Number of 28-Day 
Survival/Rate (%)c

Lung 67 46/68.66 48/71.64 45/67.16

Abdominal cavity 26 14/53.85 12/46.15* 19/73.08

Blood 10 8/80.00 9/90.00 8/80.00
Urinary tract 4 3/75.00 4/100.00 3/75.00

Notes: aThe results of the Pearson Chi-square test: χ2=3.76, P=0.709. bThe results of the Pearson Chi-square test: χ2=14.87, P=0.021. *In 
terms of MR, there was a statistically significant difference in favourable response between the abdominal cavity group and other groups. 
cThe results of Pearson Chi-square test: χ2=0.90, P=0.826.

Table 4 The Differences in the Efficacy of Different Combinations of CAZ-AVI in the Treatment of KP 
Infection (n=136)

Treated Groupa Cases Number of CR 
Effective /Rate (%)b

Number of MR 
Favourable /Rate (%)c

Number of 28-Day 
Survival/Rate (%)d

CAZ-AVI 71 43/60.6 48/67.6 48/67.6

CAZ-AVI+COL 16 10/62.5 11/68.8 9/56.3
CAZ-AVI+MEN 10 8/80.0 6/60.0 8/80.0

CAZ-AVI+TGC 10 6/60.0 5/50.0 4/40.0

CAZ-AVI+FOS 8 6/75.0 8/100 6/75.0
CAZ-AVI+Quinolones 5 3/60.0 5/100 3/60

CAZ-AVI+ATM 16 7/43.8 8/50.0 7/43.8

Notes: aIn this part, the combination of anti-gram-positive bacteria and fungal drugs was excluded when calculating the types of 
combined drugs. bThe results of the Pearson Chi-square test: χ2=4.21, P=0.649. c The results of the Pearson Chi-square test: χ2=10.04, 
P=0.123. d The results of the Pearson Chi-square test: χ2=7.47, P=0.280. 
Abbreviations: CAZ-AVI, ceftazidime-avibactam; COL, colistin; MEM, meropenem; TGC, tigecycline; FOS, fosfomycin; ATM, aztreonam, 
Quinolones: Including levofloxacin and moxifloxacin.
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Discussion
This is a retrospective study of CAZ-AVI in the treatment of KP infection. The efficacy and safety of CAZ-AVI in the 
treatment of KP infection in a clinical setting were retrospectively analyzed for the first time in a Chinese hospital. The 
therapeutic effects of CAZ-AVI at different infection sites were compared, and the therapeutic effects of different 
combinations of antibiotics were compared. In the past, some scholars have made retrospective studies on the efficacy of 
CAZ-AVI in the treatment of KP, but previous research focused mostly on bloodstream infections.24–27 Cases included in 
this study covered pulmonary, abdominal, blood, and urinary tract infections, and the majority were pulmonary 
infections. In this study, the vast majority of KP strains were not screened for drug-resistance genes, and clinicians do 
not screen for drug-resistance genes in most clinical settings in China. Clinician choice to use CAZ-AVI is mostly based 
on experience or drug sensitivity reports, so the efficacy evaluation results of this study are closer to “real-world values” 
than previous studies.

CAZ-AVI was mainly used in patients with carbapenem-resistant KP infection in this hospital. According to the statistical 
data on drug resistance, the proportion of strains resistant to meropenem was 92.05%. However, even when the resistance rate 
of the studied strain to colistin reached 14.12%, the sensitivity of CAZ-AVI was still good, with a resistance rate of 3.2%. This 
is consistent with other published studies from China (3.7%).28 In this study, a small number of KP drug-resistance genes were 
detected; the positive expression rate of blaNDM was 15.38%, and of blaIMP was 3.7%. The lack of inhibition of metallo-beta- 
lactamases by AVI may be one reason for the resistance of KP to CAZ-AVI in this study. In addition, other studies have shown 
that the mechanism of drug resistance of KP to CAZ-AVI may be related to a mutation of the KPC enzyme,17,29 the high 
expression of wild-type KPC enzyme, and the deletion of membrane porin.30,31

The effective CR rate of CAZ-AVI against KP in the current study was 62.13%, the favorable MR rate was 65.8%, and the 
28-day survival rate was 63.91%. Several clinical studies of CAZ-AVI have previously been reported. In a summary and 
analysis of five clinical studies of CAZ-AVI for infection sites including abdominal, urinary tract, and pulmonary, an overall 
effective CR rate of 92.2%, and a favorable MR rate of 84.9% were observed.32 A similar curative effect was found for CRKP 
infection, despite differences in patient structure and infection sites compared to previous retrospective studies.24,25 The 
efficacy of CAZ-AVI in clinical studies appears to be superior to that of real-world retrospective studies. We suggest the 
following possible reasons. 1) In clinical studies, the recruitment of subjects is typically directed to a particular site of 
infection, without considering specific pathogen infection. Escherichia coli is the most common pathogen, followed by PA, 
with KP accounting for only a small proportion. 2) In clinical studies, most infectious pathogens are sensitive bacteria, with 
carbapenem-resistant bacteria accounting for only a small proportion. 3) In the real-world retrospective study, most patients 
have multiple underlying diseases, making cases more severe and complex than those in Phase III clinical studies. In the 
current study, a small number of patients had severe COVID-19 infection, and the taxed immune system of these patients may 
have led to a poorer prognosis.33 4) In this real-world study, patients are sometimes co-infected with other pathogens such as 
AB, in addition to KP. From the antibacterial spectrum, although CAZ-AVI maintains good activity against KP, Escherichia 
coli, and PA, its activity against AB is weak. In the case of combined infection with AB, even if the sensitive KP is eliminated 
by CAZ-AVI, the presence of AB still affects the therapeutic effect. Some studies have shown that the detection of drug- 
resistance genes before testing the drug sensitivity of KP can help to improve the effective CR rate.34 This is because the 
identification of drug-resistance genes can predict the sensitivity of CAZ-AVI, allowing for more rapid control of the disease. 
Other studies have shown that prolonging the infusion time based on the pharmacokinetic/pharmacodynamic (PK/PD) 
characteristics of CAZ-AVI also helps to improve clinical efficacy.35,36

We found no significant difference in CR and 28-day survival rates for lung, abdominal cavity, blood, and urinary tract 
infections. MR, however, did differ for infections at different sites, with a lower favorable rate for abdominal infections and 
a higher favorable rate for urinary tract infections. The efficacy of antibiotics in the body typically depends on whether the 
drug can reach an effective therapeutic concentration at the site of infection, which is related to the tissue distribution of the 
drug in the body. In mice pneumonia models, the concentration of AVI in alveolar epithelial lining fluid is about 24% that of 
plasma concentration.37 In human studies, the protein binding rate of AVI is low (8%), leaving more than 90% of drug free to 
act quickly.38 In various single intravenous injection doses, the steady-state distribution volume of AVI was 15–25 L, which 
slightly exceeds the circulating blood volume, indicating mild to moderate tissue distribution of AVI is likely.39 In terms of 
metabolism and excretion, AVI is metabolized very little by the liver, and more than 85% of it is excreted in urine.40 
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Pharmacokinetic characteristics of AVI suggest that because it has good distribution in the blood, it is well-distributed in the 
lungs and abdominal cavity, which have an abundant blood supply and is mainly excreted from the urinary tract. Thus, CAZ- 
AVI can help CAZ have a good antibacterial effect in the blood, lung, abdominal cavity and urinary tract, which may explain 
why no significant difference in clinical efficacy among different infection sites occurred in this study. In terms of micro-
biological efficacy in abdominal infections, studies have shown that the efficacy of CAZ-AVI combined with metronidazole in 
abdominal infection is similar to meropenem.41–43 In the current study, when CAZ-AVI was used in the treatment of 
abdominal infection, most times metronidazole was not used, which may be a factor leading to the low favorable MR rate 
for abdominal infections, but this remains to be further studied.

Subgroup analysis of CAZ-AVI in monotherapy versus in combination therapy with other antibiotics indicated that 
CAZ-AVI combined with colistin, meropenem, tigecycline, fosfomycin, quinolones or aztreonam did not show better 
clinical or microbiological efficacy than CAZ-AVI alone and did not significantly increase survival rate. This finding is 
consistent with the results of a previous meta-analysis and a clinical study.24,51 However, in vitro studies have shown that 
CAZ-AVI combined with meropenem has a synergistic effect on carbapenem-resistant Pseudomonas aeruginosa (CRPA) 
and CAZ-AVI combined with fosfomycin has a synergistic effect on CRKP.44–46 Besides, in vitro, studies have 
demonstrated significant synergy between CAZ-AVI and aztreonam in most Metallo-β-Lactamase-producing 
Enterobacterales.47,48 Clinical studies have also shown that CAZ-AVI combined with aztreonam can reduce the mortality 
of patients with metallo-β-lactamase-producing KP infection.49 However, this study did not find a significant advantage 
in using the combination of CAZ-AVI and aztreonam to combat KP infection, which may be attributed to previous 
studies mainly targeting strains producing metalloenzymes, while the proportion of metalloenzyme-producing strains in 
this study was small. The difference in results among combination CAZ-AVI treatments in different studies in vivo seems 
likely to reflect the fact that the body environment is more complex than the laboratory environment used in clinical 
studies. Whether combination therapy is of benefit in the real world still needs further investigation.

CAZ-AVI demonstrates good clinical safety in the treatment of KP infections. The increase of creatinine and 
transaminase observed in some patients in our study has also been reported in previous studies.50 However, a patient 
with urethral hemorrhage and thrombocytopenia occurred in this study, which has not been previously reported. Whether 
this was related to CAZ-induced thrombocytopenia is unclear;52 the mechanism of this adverse event is not clear and 
needs more attention.

This study has some limitations. It is only a single-center retrospective study because drug-resistant KP distribution 
varies greatly among different regions and even between different hospitals. This may lead to regional differences in 
clinical effectiveness. Therefore, further multicenter studies are urgently needed to evaluate the clinical effectiveness and 
safety of CAZ-AVI.

Conclusions
Overall, CAZ-AVI demonstrates promising clinical and microbiological efficacy and safety in the treatment of KP 
infections at this hospital. We found that CAZ-AVI provides comparable clinical benefits for KP-induced pulmonary, 
bloodstream, abdominal, and urinary tract infections. It is worth noting that CAZ-AVI exhibits a higher rate of urinary 
excretion compared to tigecycline and lower nephrotoxicity than colistin, potentially leading to improved effectiveness 
and safety in treating extensively drug-resistant KP urinary tract infections. However, for abdominal infections, 
concurrent anaerobic bacterial infections may be present, and combination therapy with metronidazole may be necessary 
to enhance microbiological efficacy. Furthermore, although we did not observe statistically significant differences 
between monotherapy and combination therapy in the treatment of KP infections, further research is needed. 
Specifically, for KP strains producing metallo-beta-lactamases, the addition of aztreonam may be required in clinical 
practice. Additionally, it is important to note that CAZ-AVI may pose a risk of thrombocytopenia and hematuria, 
necessitating close monitoring of platelet count and urinalysis during clinical administration.
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