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Abstract  

Carbapenem-resistant Klebsiella pneumoniae (CRKP) infections are difficult to treat 

because of high-level resistance, limited treatment options, and inconsistent treatment 

duration. Ceftazidime-avibactam (CAZ-AVI) has emerged as a potential option for 

carbapenem-resistant Enterobacterales infections, but comparative evidence specific to 

CRKP remains limited. This meta-analysis compared clinical cure, microbiological cure, 

and mortality associated with CAZ-AVI versus other antimicrobial regimens for CRKP 

infections. PubMed was searched for English-language human studies from the past five 

years using the terms "Ceftazidime/Avibactam" and "carbapenem-resistant Klebsiella 

pneumoniae." Of 206 eligible human records screened, seven observational comparative 

studies comprising 988 patients were included: 415 received CAZ-AVI-containing 
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regimens, and 573 received comparator regimens. Given study heterogeneity, pooled 

odds ratios (OR) with 95% confidence intervals (CI) were calculated using a random-

effects (DerSimonian-Laird) model, with heterogeneity quantified via the I² statistic. 

CAZ-AVI was associated with higher clinical cure (64.9% vs 42.2%; OR 2.98, 95% CI 

1.90–4.67, p<0.0001; I²=21%), higher microbiological cure (70.4% vs 41.2%; OR 3.77, 

95% CI 1.67–8.53, p=0.001; I²=69%, attenuating to OR 5.18, 95% CI 2.61–10.27, 

I²=41% after excluding one outlying study in sensitivity analysis), and lower mortality 

(26.8% vs 43.9%; OR 0.40, 95% CI 0.27–0.61, p<0.0001; I²=19%). As all included 

studies were non-randomized with heterogeneous comparators, these findings support—

but do not establish—a benefit of CAZ-AVI for CRKP infections; randomized studies are 

needed to confirm these results and guide antimicrobial stewardship. 

Keywords: antimicrobial; carbapenem-resistant: ceftazidime-avibactam; cure rate; 

Klebsiella pneumoniae; mortality rate 

1. Introduction 

Enterobacterales are a gram-negative bacterial order that can cause several healthcare-

associated infections, including meningitis, bloodstream infections, surgical-site 

infections, and pneumonia. Bacteremia caused by Enterobacterales has increased 

worldwide, particularly that caused by resistant Klebsiella pneumoniae (K. pneumoniae) 

strains [1]. Drug resistance among K. pneumoniae isolates is rising, particularly within 

the carbapenem class [2]. Carbapenems are typically reserved as a last-resort option for 

gram-negative infections resistant to conventional antibiotics [2]. Carbapenems are also 

widely used to treat infections caused by Enterobacterales that produce extended-
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spectrum beta-lactamase (ESBL) [3]; however, overuse and inappropriate use of these 

agents have driven the emergence of carbapenem-resistant isolates. 

Antibiotic resistance poses a severe and growing threat to human health, with 

antibiotic-resistant illnesses projected to cause millions of deaths globally each year by 

2050 [4]. Carbapenem-resistant K. pneumoniae (CRKP) infections are difficult to manage 

because of high-level antibiotic resistance, restricted therapeutic alternatives, and 

inconsistent recommended treatment duration [5,6]. The World Health Organization 

classifies K. pneumoniae as a key priority antibiotic-resistant pathogen, accounting for a 

significant proportion of hospital- and community-acquired infections [7]. 

Carbapenem resistance is a global issue, affecting clinical, urban, and agricultural 

settings [8-13]. Patients with carbapenem-resistant Klebsiella pneumoniae (CRKP) 

infections have substantially higher mortality than those infected with carbapenem-

susceptible strains, with the impact particularly pronounced among patients with 

bloodstream infections [14-18]. According to the 2019 CDC antibiotic resistance study 

and the China Antimicrobial Surveillance Network, the majority of carbapenem-resistant 

Enterobacterales are CRKP, with lower respiratory infections being the most common 

kind [19,20]. Notably, CRKP is linked to a higher death rate, with a nearly 2-fold 

increase in mortality when compared to carbapenem-susceptible enterobacterial 

infections [19,21].  

Currently available penicillins, cephalosporins, and carbapenems generally lack in 

vitro activity against this resistant bacterium, including CRKP bloodstream infections 

[22]. CAZ-AVI combines the third-generation cephalosporin ceftazidime with avibactam, 

a non-β-lactam, β-lactamase inhibitor that irreversibly binds and inactivates the target 
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enzyme. This combination restores ceftazidime activity against organisms producing 

class A (including K. pneumoniae carbapenemase, KPC), class C (AmpC), and class D 

(OXA-48-like) β-lactamases, but it has no activity against class B metallo-β-lactamases 

(e.g., NDM, VIM) [23]; this spectrum is clinically important because it defines which 

CRKP isolates can be expected to respond to CAZ-AVI. There is increasing evidence that 

CAZ-AVI can be used to treat infections caused by resistant gram-negative bacteria, 

particularly carbapenem-resistant Enterobacterales infections [24-28]. Systematic reviews 

provided clinical evidence for the efficacy of CAZ-AVI in hospitalized patients with 

multidrug-resistant K. pneumoniae and carbapenem-resistant Enterobacterales [29,30]. 

Real-world studies report that this β-lactam/β-lactamase inhibitor combination reduces 

clinical failure, 14-day microbiological failure, and 30-day mortality in carbapenem-

resistant Enterobacterales bacteremia compared with other available regimens [31,32].  

Carbapenem-resistant Enterobacterales have shown strong antimicrobial and 

synergistic bacteriostatic/bactericidal activity when CAZ-AVI is administered alone or in 

combination with aztreonam [33]. For example, Abu Jaber et al. reported favorable 

outcomes with CAZ-AVI added to standard therapy in patients with infections caused by 

CRKP carrying blaOXA-48-like genes. The clinical success rate was significantly higher 

with CAZ-AVI (p = 0.028), and the intervention group also had higher microbiological 

eradication (68.8% versus 42.0%; p = 0.007), lower 30-day all-cause mortality (50.0% 

versus 70.0%; p = 0.036), and lower infection recurrence (7.8% versus 24.0%; p = 0.019) 

than the comparison group [33]. A previous systematic review and meta-analysis by 

Karampatakis et al. evaluated the efficacy and safety of ceftazidime-avibactam compared 

with other antimicrobial agents for infections caused by carbapenem-resistant Klebsiella 
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pneumoniae [34]. However, additional comparative studies have been published 

subsequently, including studies involving critically ill patients, hematological 

populations, and solid-organ transplant recipients [35–39]. The present systematic review 

and meta-analysis was therefore undertaken to provide an updated quantitative synthesis 

of comparative evidence specifically in CRKP infections. In addition to clinical cure and 

mortality, the present analysis evaluates microbiological cure and includes a sensitivity 

analysis addressing heterogeneity in microbiological outcomes. The inclusion of more 

recent observational evidence and the assessment of these outcomes provide an updated 

perspective on the comparative effectiveness of CAZ-AVI in CRKP infections. 

2. Methods 

The review methodology was conducted in accordance with the recommendations of the 

Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA). 

Search strategy and study selection. A systematic literature search was conducted in 

PubMed from database inception to December 1, 2025, to identify studies evaluating 

ceftazidime/avibactam (CAZ-AVI) for infections caused by carbapenem-resistant 

Klebsiella pneumoniae (CRKP). The search strategy combined controlled vocabulary 

(MeSH) and free-text terms related to K. pneumoniae, carbapenem resistance, and 

ceftazidime/avibactam. The following search string was used in PubMed: 

("Klebsiella pneumoniae"[MeSH Terms] OR "Klebsiella pneumoniae"[Title/Abstract] 

OR "Klebsiella"[Title/Abstract]) AND ("Carbapenem-Resistant 

Enterobacteriaceae"[MeSH Terms] OR carbapenem-resistant[Title/Abstract] OR 

carbapenem resistance[Title/Abstract] OR carbapenemase-producing[Title/Abstract] OR 
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CRKP[Title/Abstract]) AND ("ceftazidime-avibactam"[Title/Abstract] OR "ceftazidime 

avibactam"[Title/Abstract] OR "ceftazidime/avibactam"[Title/Abstract] OR CAZ-

AVI[Title/Abstract] OR CAZ/AVI[Title/Abstract]) 

The search was limited to human studies published in English during the five years 

preceding December 1, 2025. No additional filters were applied. The complete search 

strategy, including the search terms, field tags, MeSH terms, Boolean operators, and 

applied limits, is provided in Supplementary Table S1 to facilitate reproducibility. 

Eligibility criteria. Studies were eligible if they: (1) enrolled patients with 

microbiologically confirmed CRKP infection; (2) directly compared CAZ-AVI, given 

alone or in combination with another agent (e.g., aztreonam), against any other 

antimicrobial regimen (e.g., polymyxins, tigecycline, other β-lactams, or best-available 

therapy); (3) reported, for both groups, at least one of clinical cure, microbiological 

cure/eradication, or all-cause mortality; (4) were published in English within the last five 

years; and (5) involved human participants. Studies were excluded if they lacked a 

comparator group, reported only pooled or aggregated outcomes that could not be 

disaggregated into 2×2 contingency data, were case reports, conference abstracts, or 

reviews without original comparative data, or were not in English. Of the 206 human, 

English-language studies identified, 199 were excluded for these reasons (most 

commonly, absence of a comparator arm or non-extractable outcome data), leaving seven 

studies for quantitative synthesis. 

Review registration. This systematic review was not prospectively registered in a 

systematic review registry. 
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Data extraction. For each eligible study, the following information was 

extracted: first author and publication year; country/region and study design; infection 

site(s) and patient population (Table 1); the number of patients and the number of events 

for clinical cure, microbiological cure, and mortality in the CAZ-AVI and comparator 

groups; comparator regimen(s); and, when reported, antimicrobial dosing regimens, 

treatment frequency, treatment duration, and renal-dose adjustments. Dosing and renal-

dose information was extracted descriptively when explicitly reported in the eligible 

publications but was not used as a criterion for study inclusion and was not incorporated 

into the quantitative meta-analysis, because these details were inconsistently reported 

across studies and were not sufficiently comparable. When dosing, renal-dose 

adjustment, treatment duration, or combination-therapy status was incompletely reported, 

these variables were recorded as “not reported” and were not inferred or imputed.  

Handling of missing and non-uniformly reported data: Outcome data were 

extracted as reported in the eligible publications. When event counts and corresponding 

group totals were available, these data were entered directly into the meta-analysis. 

Studies that did not report an eligible outcome or did not provide sufficient information to 

derive the required 2 × 2 contingency data were not included in the corresponding 

outcome-specific meta-analysis. No unpublished data were requested or imputed, and no 

event counts were estimated from percentages. Where study characteristics such as 

dosing regimen, renal-dose adjustment, treatment duration, or combination therapy were 

incompletely reported, the information was recorded as not reported and was not inferred. 

Risk of bias. The methodological quality and risk of bias of the included 

observational cohort studies were assessed using the Newcastle–Ottawa Scale (NOS) for 
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cohort studies. The NOS evaluates three domains: selection of study groups (maximum 

four stars), comparability of cohorts (maximum two stars), and ascertainment of 

outcomes and adequacy of follow-up (maximum three stars), yielding a maximum score 

of nine stars. Each included study was assessed at the study level according to the 

published NOS criteria. A conservative approach was used whereby stars were awarded 

only when the relevant methodological information was explicitly reported in the original 

publication; missing or insufficiently reported information was not inferred. The 

individual item-level assessments and total NOS scores are presented in Supplementary 

Table S2. 

Statistical analysis. Outcomes (clinical cure, microbiological cure, and mortality) 

were summarized as odds ratios (OR) with 95% confidence intervals (CI) comparing the 

CAZ-AVI group with the comparator group in each study, and forest plots were 

generated for each outcome. Because all included studies were observational and 

clinically heterogeneous with respect to patient population, infection site, and comparator 

regimen, we used a random-effects model (DerSimonian-Laird) as the primary method 

for pooling effect estimates; we also calculated a fixed-effect model for comparison. 

Heterogeneity was quantified with the I2 statistic, with I2 ≥50% considered indicative of 

substantial statistical heterogeneity. Because of the small number of studies contributing 

to each outcome (four to seven), formal statistical tests for publication bias (e.g., Egger’s 

test) were not performed; funnel plots were therefore interpreted only as a qualitative, 

exploratory check for asymmetry suggestive of small-study effects or publication bias, 

rather than as evidence of study homogeneity. For the microbiological cure outcome, a 

sensitivity analysis was performed excluding the study identified as the principal source 
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of heterogeneity (Gu et al. [28]), to assess the robustness of the pooled estimate to this 

single study; subgroup analyses stratified by infection site or patient population were not 

performed because of the small number of available studies. No statistical 

transformations or imputations were applied to missing outcome data before pooling. The 

reported event counts and denominators were used directly for calculation of odds ratios. 

Outcome-specific analyses therefore included only studies for which sufficient 

comparative data were available. 

A two-sided p<0.05 was considered statistically significant. Meta-analyses were 

performed using Review Manager (RevMan) software, version 5.4 (The Cochrane 

Collaboration); random-effects pooled estimates were cross-checked using the 

DerSimonian-Laird method implemented in Python.  

3. Results  

The PubMed database search identified 450 records. Of these, 78 records were excluded 

because they were published outside the predefined five-year period, leaving 372 records. 

A further eight records were excluded because they were published in languages other 

than English, resulting in 364 records. The search included studies involving human 

participants; therefore, 158 records involving non-human studies were excluded, leaving 

206 studies for screening and retrieval. These 206 studies were subsequently screened for 

eligibility, and 199 studies were excluded because they did not contain the required 

comparative outcome data for the meta-analysis. Ultimately, seven observational studies 

met the eligibility criteria and were included in the systematic review and quantitative 

synthesis (Table 1 and Figure 1). Across the seven included observational studies, 988 
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patients were enrolled, including 415 patients who received CAZ-AVI-containing 

regimens and 573 who received comparator antimicrobial regimens. Outcome-specific 

denominators varied because not all studies reported every outcome and because the 

number of evaluable patients differed across outcomes. 

Table 1: Characteristics of the observational studies included in the systematic review and meta-analysis, 

including publication year, journal, sample size, infection characteristics, and antimicrobial regimens in the 

CAZ-AVI and comparator groups. 

Study Year Journal Number of patients  

Intervention  Control 

Shi et al. [35] 2021 Infectious Diseases and Therapy 43 62 

Abu Jaber et al. 

[33] 

2024 Antibiotics  64 50 

Sree et al. [36] 2024 Infection 22 65 

Zhang et al. [37] 2023 Annals of Clinical Microbiology and 

Antimicrobials 

28 66 

Pérez-Nadales et 

al. [38] 

2023 American Journal of Transplantation 149 149 

Hu et al. [39] 2024 International Journal of 

Antimicrobial Agents 

67 133 

Gu et al. [28] 2021 Journal of Global Antimicrobial 

Resistance 

42 48 

 

The infection sites and patient populations varied across the seven included studies: Shi 

et al.  enrolled critically ill patients with CRKP-induced pneumonia; Abu Jaber et al. [33] 

enrolled patients with infections caused by CRKP carrying blaOXA-48-like genes; Sree 

et al. enrolled patients with CRKP nosocomial infections at mixed sites; Zhang et al. 

enrolled hematology patients with carbapenem-resistant Enterobacteriaceae bloodstream 

infections; Pérez-Nadales et al. [38] enrolled solid-organ transplant recipients with 

bloodstream infections caused by carbapenemase-producing K. pneumoniae; Hu et al. 

[39] enrolled patients, including solid-organ transplant recipients, with CRKP infections; 

and Gu et al. [28] enrolled general patients with CR-KP infections. This diversity in 

infection site and patient population is an important source of clinical heterogeneity 

among the pooled studies. 
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Figure 1. PRISMA flow diagram of study identification, screening, eligibility assessment, and inclusion in 

the systematic review. 

 The methodological quality and risk of bias of the seven included 

observational cohort studies were assessed using the Newcastle–Ottawa Scale. Overall, 

the studies demonstrated moderate-to-high methodological quality, with NOS scores 

ranging from 6 to 8 of 9 stars. Five studies—Shi et al. [35], Sree et al., Zhang et al., 

Pérez-Nadales et al. [38], and Gu et al. [28]—received 8 stars, whereas Abu Jaber et al. 

[33] and Hu et al. [39] received 6 stars. The main methodological limitation identified 

across the studies was incomplete reporting of follow-up adequacy, for which a star was 

not awarded when the completeness of follow-up was not explicitly documented. In 

addition, the Abu Jaber et al. and Hu et al. [39] studies did not provide sufficient 

evidence of adjustment for the principal confounding factors in the comparative treatment 

analysis, resulting in no stars for the NOS comparability domain. Detailed item-level 

assessments are provided in Supplementary Table S2. 
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Across the five studies reporting this outcome (n=508; 245 CAZ-AVI, 263 

comparator), CAZ-AVI was associated with a higher clinical cure rate than other 

regimens (64.90% versus 42.21%, respectively) (Table 2).  

Table 2: Clinical cure outcomes among patients with carbapenem-resistant Klebsiella pneumoniae 

infections treated with ceftazidime-avibactam or comparator antimicrobial regimens. 

Study Intervention Control 

Event Total % Event Total % 

Shi et al. [35] 22 43 51.16% 18 62 29.03% 

Abu Jaber et al. 

[33] 

27 64 42.19% 11 50 22.00% 

Pérez-Nadales et 

al. [38] 

55 66  83.33% 50 83 60.24% 

Hu et al. [39] 27 30 90.00% 8 20 40.00% 

Gu et al. [28] 28 42 66.67% 24 48 50.00% 

Total 159 245 64.90% 111 263 42.21% 

 

Figure 2 displays the clinical cure rate among patients infected with CRKP. CAZ-

AVI treatment was associated with a higher clinical cure rate than other regimens 

(random-effects OR: 2.98; 95% CI: 1.90-4.67; p < 0.0001; fixed-effect OR: 2.96, 95% 

CI: 2.00-4.37). 

 

 

Figure 2. Forest plot comparing clinical cure with ceftazidime-avibactam versus comparator antimicrobial 

regimens in patients with carbapenem-resistant Klebsiella pneumoniae infections. Pooled odds ratios were 

calculated using a random-effects model. 

 

The I2 statistic for clinical cure was 21% (below the 50% threshold), indicating a 

low degree of statistical heterogeneity among the five included studies. The funnel plot 
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(Figure 3) showed no marked asymmetry, which is reassuring against substantial small-

study or publication-bias effects, although with only five studies this assessment is 

necessarily exploratory and of limited power. 

 

Figure 3. Funnel plot for studies reporting clinical cure, showing the distribution of study effect estimates 

around the pooled estimate as an exploratory assessment of potential small-study effects. 

Across the four studies reporting this outcome (n=383; 189 CAZ-AVI, 194 

comparator), CAZ-AVI treatment for CRKP infections resulted in a greater 

microbiological cure rate than other regimens (70.37% versus 41.24%, respectively) 

(Table 3).  

Table 3: Microbiological cure outcomes among patients with carbapenem-resistant Klebsiella pneumoniae 

infections treated with ceftazidime-avibactam or comparator antimicrobial regimens. 

Study Intervention Control 

Event Total % Event Total % 

Shi et al. [35] 32 43 74.42% 21 62 33.87% 

Abu Jaber et al. 

[33] 

44 64 68.75% 21 50 42.00% 

Hu et al. [39] 26 40 65.00% 5 34 14.71% 

Gu et al. [28] 31 42 73.81% 33 48 68.75% 

Total 133 189 70.37% 80 194 41.24% 
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Figure 4 shows the microbiological cure rate among patients with CRKP 

infections. CAZ-AVI was associated with a higher microbiological cure rate than other 

regimens (random-effects OR=3.77; 95% CI: 1.67-8.53; p=0.001; fixed-effect OR=3.59, 

95% CI: 2.32-5.56).  

 

Figure 4. Forest plot comparing microbiological cure with ceftazidime-avibactam versus comparator 

antimicrobial regimens in patients with carbapenem-resistant Klebsiella pneumoniae infections. Pooled 

odds ratios were calculated using a random-effects model. 

The I2 statistic for microbiological cure was 69%, indicating substantial statistical 

heterogeneity among the four included studies, which is reflected in the wider confidence 

interval around the random-effects pooled estimate compared with clinical cure and 

mortality. The funnel plot (Figure 5) was visually inspected for asymmetry as an 

exploratory check for small-study or publication-bias effects, but with only four studies 

this assessment has very limited power and cannot itself establish or rule out 

homogeneity.  
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Figure 5. Funnel plot for studies reporting microbiological cure, presented as an exploratory assessment of 

potential small-study effects. 

In a sensitivity analysis excluding the Gu et al. [28] study—identified as the 

principal source of heterogeneity in the full four-study analysis—the I2 fell to 41%, below 

the 50% threshold used in this analysis, and the random-effects pooled estimate was 

correspondingly more precise. The forest plot in Figure 6 indicates that, in this three-

study subset, CAZ-AVI was associated with a higher microbiological cure rate than other 

regimens (random-effects OR=5.18; 95% CI: 2.61-10.27; p < 0.0001; fixed-effect 

OR=4.96, 95% CI: 2.99-8.23). Because Gu et al. [28] enrolled a general CR-KP-infection 

population rather than the more homogeneous transplant, hematology, or ICU-pneumonia 

populations of the other three studies, this sensitivity analysis suggests that some of the 

heterogeneity in the full estimate reflects genuine clinical diversity across studies rather 

than a methodological artifact; the result should therefore be interpreted as an exploration 

of robustness rather than grounds for discarding the Gu et al. [28] data from the primary 

analysis. 

 

Figure 6. Sensitivity analysis of microbiological cure after exclusion of Gu et al., showing the random-

effects pooled estimate and the corresponding reduction in statistical heterogeneity. 

Across all seven studies (n=689; 295 CAZ-AVI, 394 comparator), CAZ-AVI 

treatment of CRKP infections was associated with a lower mortality rate than other 

regimens (26.78% versus 43.91%, respectively) (Table 4).  
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Table 4: All-cause mortality outcomes among patients with carbapenem-resistant Klebsiella pneumoniae 

infections treated with ceftazidime-avibactam or comparator antimicrobial regimens. 

Study Intervention Control 

Event Total % Event Total % 

Shi et al. [35] 13 43 30.23% 21 62 33.87% 

Abu Jaber et al. 

[33] 

32 64 50.00% 33 50 66.00% 

Sree et al. 8 22 36.36% 37 65 56.92% 

Zhang et al. 2 28 7.14% 25 66 37.88% 

Pérez-Nadales et 

al. [38] 

9 66 13.64% 23 83 27.71% 

Hu et al. [39] 7 30 23.33% 12 20 60.00% 

Gu et al. [28] 8 42 19.05% 22 48 45.83% 

Total 79 295 26.78% 173 394 43.91% 

Figure 7 shows the mortality rate of individuals with CRKP infections. CAZ-AVI 

was associated with lower mortality than other regimens (random-effects OR=0.40; 95% 

CI: 0.27-0.61; p < 0.0001; fixed-effect OR=0.40, 95% CI: 0.28-0.57). 

 

Figure 7. Forest plot comparing all-cause mortality between patients receiving ceftazidime-avibactam and 

those receiving comparator antimicrobial regimens for carbapenem-resistant Klebsiella pneumoniae 

infections. Pooled odds ratios were calculated using a random-effects model. 

The I2 for mortality was 19% (below the 50% threshold), indicating a low degree 

of statistical heterogeneity among the seven included studies. The funnel plot (Figure 8) 

showed no marked asymmetry, which is reassuring against substantial small-study or 

publication-bias effects, although, as with the other outcomes, this exploratory check has 

limited power given the small number of studies.  
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Figure 8. Funnel plot for studies reporting all-cause mortality, presented as an exploratory assessment of 

potential small-study effects. 

 

4. Discussion  

Carbapenem-resistant Klebsiella pneumoniae poses a significant healthcare challenge due 

to its limited treatment choices and high morbidity and mortality rates. Carbapenem-

resistant Klebsiella pneumoniae infections are becoming more common globally due to 

their resistance to most existing antibiotics, including carbapenems, which are normally 

used as a last resort. The introduction of ceftazidime/avibactam has provided a potential 

remedy, however, clinical data on its efficacy in real-world settings is limited. The 

primary goal of this study was to determine the therapeutic efficacy of 

ceftazidime/avibactam in treating infections caused by carbapenem-resistant Klebsiella 

pneumoniae.  

These pooled results are broadly consistent with findings from the individual 

included studies, although the included studies differed in the precise outcomes reported 

and in patient population. Abu Jaber et al. [33] reported higher clinical success and 
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microbiological eradication, and lower mortality and infection recurrence, with CAZ-

AVI added to standard therapy for CRKP infections carrying blaOXA-48-like genes [33]. 

Shi et al. similarly reported higher clinical and microbiological success with CAZ-AVI 

than with tigecycline in critically ill patients with CRKP-induced pneumonia, although 

28-day survival did not differ significantly between groups [35]. Sree et al. found a lower 

30-day mortality rate with CAZ-AVI (with or without aztreonam) than with polymyxins, 

raising the possibility that aztreonam-containing combinations may offer particular 

benefit in CRKP infections, including those produced by metallo-β-lactamases for which 

CAZ-AVI alone lacks activity [36]. Taken together, these studies suggest that the benefit 

of CAZ-AVI observed in our pooled analysis is unlikely to be driven by any single study 

or population, although, as discussed below, the populations and comparator regimens 

involved were clinically heterogeneous. 

Gu et al., whose general CR-KP population differed from the more specific 

transplant, hematology, and ICU-pneumonia populations of the other studies, also 

suggested that the benefit of CAZ-AVI may be more pronounced in severe than in 

moderate disease [28]; this is consistent with our finding that this study contributed 

disproportionately to the heterogeneity observed for microbiological cure, and our 

sensitivity analysis excluding it (I2 falling from 69% to 41%) supports clinical diversity, 

rather than a purely statistical artifact, as the more likely explanation. Pérez-Nadales et al. 

[38] and Hu et al. [39], both focused on solid-organ transplant recipients, and Zhang et 

al., focused on hematology patients, reported lower mortality and higher clinical success 

with CAZ-AVI than with best-available therapy or comparator regimens [37-39]. As in 

any observational comparison, confounding by indication cannot be excluded: depending 
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on local protocols and drug availability, CAZ-AVI may have been preferentially used in 

patients perceived as more (or less) likely to respond, and none of the included studies 

reported using methods such as propensity-score matching to address this. None of the 

included studies systematically reported the emergence of CAZ-AVI resistance during 

therapy; this is a recognized concern with this agent in the broader literature and 

represents an important outcome for future comparative studies to capture. 

Our findings are consistent with the broader clinical evidence supporting the use 

of ceftazidime-avibactam against resistant Gram-negative infections. Karampatakis et al. 

previously conducted a systematic review and meta-analysis specifically evaluating 

CAZ-AVI versus other antimicrobials for CRKP infections [34]. The present findings are 

also directionally consistent with evidence from randomized phase 3 trials evaluating 

CAZ-AVI in serious Gram-negative infections. In the REPRISE trial, Carmeli et al. 

evaluated CAZ-AVI versus best available therapy in patients with complicated urinary 

tract or intra-abdominal infections caused by ceftazidime-resistant Gram-negative 

pathogens [40]. Similarly, the REPROVE trial by Torres et al. compared CAZ-AVI with 

meropenem for hospital-acquired pneumonia, including ventilator-associated pneumonia 

[41]. Although these randomized trials were not specific comparative trials of CRKP 

infections and were not included in the present meta-analysis, they provide important 

contextual evidence regarding the clinical efficacy of CAZ-AVI. Systematic reviews 

provided clinical evidence for the efficacy of CAZ-AVI in hospitalized patients with 

multidrug-resistant K. pneumoniae and carbapenem-resistant Enterobacterales (CRE) 

[29,30,34]. This meta-analysis nonetheless has several limitations that should inform how 

its findings are interpreted. First, the search was restricted to a single database (PubMed) 
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and to English-language publications, which may have missed eligible studies indexed 

elsewhere or published in other languages. Second, study selection, screening, and data 

extraction were performed by a single reviewer without duplicate independent 

assessment, as noted in the Methods. Third, risk of bias was formally assessed using the 

Newcastle–Ottawa Scale. Although most included studies demonstrated relatively strong 

methodological characteristics, all were observational, and residual confounding and 

selection bias cannot be excluded. In particular, the absence or limited use of adjusted 

comparative analyses in some studies and incomplete reporting of follow-up adequacy 

may have introduced uncertainty into the estimated treatment effects. In addition, 

treatment selection was determined by clinical practice rather than random allocation, 

making confounding by indication an important consideration when interpreting the 

pooled estimates. Fourth, the comparator (“other medications”) group was clinically 

heterogeneous across studies (including tigecycline, polymyxins with or without 

aztreonam, and other best-available-therapy combinations), limiting the ability to 

attribute the observed benefit to any single alternative regimen. Fifth, the small number 

of studies contributing to each outcome (four to seven) limited the power of 

heterogeneity and small-study-effect assessments and precluded meaningful subgroup 

analyses by infection site or population. Finally, although dosing regimens, treatment 

duration, and renal-dose adjustments were extracted when explicitly reported, these 

parameters were inconsistently described across the included studies and therefore could 

not be reliably compared or incorporated into the quantitative analysis. This limits 

assessment of whether differences in dosing intensity, renal adjustment, or treatment 

duration may have contributed to the observed between-study differences in outcomes. 
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Despite the limitations above, the consistent direction of benefit observed across 

clinically distinct populations—including solid-organ transplant recipients, patients with 

hematologic malignancy, and critically ill patients with pneumonia—suggests that CAZ-

AVI is a reasonable treatment option for CRKP infections in settings where susceptibility 

testing supports its use (i.e., where the resistance mechanism is not a class B metallo-β-

lactamase), particularly given the limited alternatives currently available. Because CRKP 

infections are relatively uncommon and frequently arise in critically ill or 

immunocompromised patients, adequately powered randomized trials remain difficult to 

conduct; in the interim, use of CAZ-AVI within an antimicrobial stewardship framework, 

with attention to local resistance patterns, susceptibility testing, and the possibility of 

resistance emergence during therapy, appears warranted while higher-quality 

comparative evidence, including well-designed prospective studies with explicit 

confounding-control strategies, continues to accumulate. 

5. Conclusion  

In this meta-analysis of seven observational studies, a ceftazidime-avibactam (CAZ-AVI) 

regimen appears to be a promising option for treating infections caused by carbapenem-

resistant Klebsiella pneumoniae (CRKP), with consistently higher clinical and 

microbiological cure rates and lower mortality than other regimens across clinically 

diverse populations. Because all included studies were observational and the comparator 

regimens were heterogeneous, these findings support, rather than definitively establish, a 

benefit of CAZ-AVI and should be interpreted in light of the limitations discussed above. 

CAZ-AVI nonetheless represents a meaningful addition to the management of multidrug-

resistant bacterial infections, especially given the growing incidence of carbapenem-
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resistant pathogens and the scarcity of therapeutic alternatives. Larger, well-designed 

prospective studies—randomized where feasible—are needed to confirm these findings, 

define optimal use (including dosing and combination strategies), and guide antimicrobial 

stewardship. 
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