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Overuse of carbapenems has led to the increasing carbapenem-resistant Enterobacteriaceae. It is still unknown whether other antibiotics [especially novel β-lactam/β-lactamase inhibitor combinations (BL/BLIs)] are better than carbapenems in the treatment of Enterobacteriaceae. A systematic literature search was performed to identify randomized controlled trials (RCTs) assessing the efficacy and safety of any antibiotics on Enterobacteriaceae infections. We carried out a traditional paired meta-analysis to compare ceftazidime/avibactam to comparators. Network meta-analysis (NMA) was conducted to integrate direct and indirect evidence of all interventions. Moreover, cost-effectiveness analysis using a combined decision analytical Markov model was completed for the treatment of patients with complex urinary tract infection (cUTI). A total of 25 relevant RCTs were identified, comprising 15 different interventions. Ceftazidime/avibactam exhibited comparable efficacy and safety with comparators (carbapenems) in the paired meta-analysis. In the NMA, the surface under the cumulative ranking curve probabilities showed that in terms of efficacy, the interventions with the highest-ranking were meropenem/vaborbactam, meropenem, imipenem/cilastatin, ceftriaxone, ceftazidime/avibactam, and ceftolozane/tazobactam [but no significant difference between any two antibiotics (p > 0.05)]. Regarding safety, ceftazidime/avibactam had a higher incidence of adverse events than that of piperacillin/tazobactam (relative risk = 0.74, 95% confidence interval = 0.59–0.94). Based on drug and hospitalization costs in China, the incremental cost-effectiveness ratio per quality-adjusted life-year gained in the patients with cUTI for meropenem, ceftazidime/avibactam, and ceftolozane/tazobactam compared to imipenem/cilastatin were US$579, US$24569, and US$29040, respectively. The role of these BL/BLIs to serve as alternatives to carbapenems requires large-scale and high-quality studies to validate.
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INTRODUCTION
Enterobacteriaceae infections are major types of hospital-acquired infections. Carbapenems are the first-line antibiotics for the treatment of multidrug-resistant Enterobacteriaceae infections, but long-term overuse has gradually increased the resistance of Enterobacteriaceae to them (Temkin et al., 2014). A study in 2001 first reported that Klebsiella pneumoniae showed moderate to high resistance to imipenem and meropenem (Yigit et al., 2001). Since then, carbapenem-resistant Enterobacteriaceae (CRE) has spread globally (Tängdén and Giske, 2015).
Appropriate initial empirical therapy is particularly important in the challenging drug-resistance situation, where improper use of antibiotics increases mortality and economic burden for patients (Girometti et al., 2014; Zilberberg et al., 2017; Tacconelli et al., 2019). Current antibiotics available for Enterobacteriaceae infections include β-lactam/β-lactamase inhibitors (BL/BLIs) and other existing antibiotics (e.g., aminoglycosides, carbapenems, tigecycline, etc.). The clinical efficacy of novel BL/BLIs (e.g., ceftazidime/avibactam, ceftolozane/tazobactam, and meropenem/vaborbactam) in the treatment of Enterobacteriaceae infections have been well studied (Solomkin et al., 2015; Carmeli et al., 2016; Wunderink et al., 2018), but there are few other-antibiotics-related studies directly compared to them. Although there has been some meta-analysis on the choice of antibiotics used for Enterobacteriaceae infections (Sfeir et al., 2018; Son et al., 2018; Che et al., 2019), the relative efficacy of existing treatments is still uncertain (especially between novel BL/BLIs with standard-of-care treatment or among different carbapenems) due to the lack of direct comparisons among many antibiotics. In summary, the lack of direct evidence and indirect evidence makes it difficult to obtain the hierarchy for antibiotics to treat Enterobacteriaceae infections, and it is unclear whether there are more effective initial treatment strategies.
In the real world where antibiotics resistance is rising, traditional clinical analyses do not reflect the true value of antibiotics because they often exclude suspected drug-resistant patients and adopt a non-inferiority design. However, it is known that the resistance rate of Enterobacteriaceae to many antibiotics is relatively high in China (Zhang et al., 2018). Pharmacoeconomics evaluation is particularly important for antibiotics, especially for novel agents, to help identify their true market value in the presence of therapeutic resistance (Verhoef and Morris, 2015; Naylor et al., 2018).
Hence, this study aimed to integrate the available direct and indirect evidence via network meta-analysis (NMA) to comprehensively assess the clinical efficacy and safety of any antibiotics for the treatment of Enterobacteriaceae infections. We also developed a pharmacoeconomic analysis model to evaluate the cost-effectiveness of antibiotics from the perspective of healthcare setting.
METHODS
Selection Criteria
The following inclusion criteria were applied: 1) randomized controlled trials (RCTs); 2) adult patients (≥18 years); 3) evaluating the therapeutic effect of any antibiotics on Enterobacteriaceae infections; 4) reporting at least one outcome of the clinical success, the microbiological success, the incidence of adverse events, or mortality data; 5) infection by Enterobacteriaceae ≥80% of the whole population. Studies were excluded if they met the following criteria: 1) meta-analysis, letters, reviews, case reports, or editorial comments; 2) combined therapy study; 3) full text not available.
Search Strategy
RCTs were searched from PubMed, embase, Cochrane Library databases, and ClinicalTrials.gov, starting from their inception to May 2020. The detailed search strategy was in Supplementary Appendix S1. In addition, manual searches were performed in the reference lists of all included articles and related review studies to obtain possibly eligible trials.
Study Selection and Data Extraction
Two researchers independently screened the literatures and excluded studies that did not meet the inclusion criteria by reading the titles and abstracts. After the initial screening, the full-text articles that fulfilled requirements were screened to further determine whether to include. The inconsistencies between researchers were resolved through negotiation. If no agreement was reached, the third investigator decided whether to include the controversial study.
The following data were extracted: authors, publication year, study design, countries, patient characteristics (age, sex, the proportion of Enterobacteriaceae, infections type), treatment regimen, outcomes, and financial support. The primary outcomes were the clinical success (i.e., the signs and symptoms of infections were completely disappeared or significantly improved without further antibiotics treatment) and the microbiological success (defined by each RCT); the safety outcomes (the incidence of adverse events and mortality) were assessed as secondary outcomes.
The risk of bias of the included literatures in this systematic review was appraised by the Cochrane Risk of Bias Tool.
Statistical Analysis
A paired meta-analysis based on the random-effects model was used to compare ceftazidime/avibactam (the only novel BL/BLI marked in China) with comparators. The estimates of primary and secondary outcomes were determined using relative risk (RR) and their corresponding 95% confidence interval (CI). A p value of <0.05 was considered statistically significant. In this study, I2 statistics was used to evaluate heterogeneity quantitatively. If I2 > 50%, it indicated that there was significant heterogeneity between the studies. Besides, subgroups of different infection types [i.e., complicated urinary tract infection (cUTI) and complex intra-abdominal infection (cIAI)] were planned to examine the impact on outcomes.
We applied Mvmeta command in Stata (version 15.1) software to conduct random-effects NMA, assessing the efficacy and safety of different interventions through direct and indirect comparisons (Caldwell et al., 2005; Cipriani et al., 2013). RR and their corresponding 95% CI were used to evaluate the effect of various antibiotics.
The surface under the cumulative ranking curve (SUCRA) probabilities were reported for primary outcomes to estimate the treatment rank for all interventions (Salanti et al., 2011; Chaimani et al., 2013). Moreover, the ranks of the clinical success and the microbiological success were added together to comprehensively appraise the efficacy. Interventions with the same ranking would be re-ranked based on the sum of their SUCRA probabilities. A common estimate [tau (τ) value] was used to assess the heterogeneity between studies and the degree of heterogeneity was evaluated by comparing the value of τ(Turner et al., 2012). We conducted publication bias by drawing funnel plots for the primary outcomes. In addition, we used the inconsistency model to analyze the consistency of the studies. If p < 0.05, it indicated that the inconsistency model was statistically significant and the consistency model cannot be used for analysis (Song et al., 2012; Sturtz and Bender, 2012). Furthermore, a subgroup analysis was conducted to evaluate the impact of different infection types (i.e., cUTI and cIAI) on the efficacy of antibiotics.
We carried out sensitivity analyses of the primary outcomes to determine the stability of the outcomes by excluding RCTs with more than one item indicating a high-risk bias, and excluding RCTs with a sample size of less than 100 and 30.
Cost-Effectiveness Analysis
Given that the best available evidence for patients with cUTI (more close-loop formed), we only chose this infection type for economic evaluation.
A combined decision analytical Markov model was constructed to estimate the cost-effectiveness of initiating empirical antibiotics treatment for cUTI patients caused by Enterobacteriaceae, using the software of TreeAge Pro 2011 (TreeAge Software, Inc., MA, United States) (Supplementary Appendix Figure S1). Patients entered the model at the time of cUTI diagnosis and showed the presence of Enterobacteriaceae. The clinical success was derived from the meta-analysis of this study. The data of other variables and cost were obtained from published literatures or government data (Supplementary Appendix Table S1 and Supplementary Appendix Figures S2–S5). Total costs and quality-adjusted life years (QALY) gained were estimated. The incremental cost-effectiveness ratios (ICERs) per additional QALY gained was calculated to compare the performance of treatment strategies. The potential influence of variations of key parameters on ICERs was investigated by deterministic and probabilistic sensitivity analyses (Supplementary Appendix S2).
RESULTS
Characteristics of Included Trials
A total of 3,726 articles were initially retrieved. 3,620 articles were excluded through preliminary screening, and the remaining 106 articles were chosen for full text reading. Finally, twenty-five RCTs of 15 antibiotics were selected out (Figure 1) (Sifuentes-Osornio et al., 1989; Preheima et al., 1995; Chang et al., 1998; Richard et al., 1998; Ponce-de-León et al., 1999; Jimenez-Cruz et al., 2002; Tomera et al., 2002; Erasmo et al., 2004; Wells et al., 2004; Klausner et al., 2007; Fomin et al., 2008; Naber et al., 2009; Ceran et al., 2010; Park et al., 2012; Vazquez et al., 2012; Solomkin et al., 2015; Wagenlehner et al., 2015; Carmeli et al., 2016; Mazuski et al., 2016; Wagenlehner et al., 2016; Qin et al., 2017; Seo et al., 2017; Harris et al., 2018; Kaye et al., 2018; Kaye et al., 2019).
[image: Figure 1]FIGURE 1 | Study selection flow diagram.
The infection types of 25 RCTs were cIAI (n = 4, 16%) (Erasmo et al., 2004; Solomkin et al., 2015; Mazuski et al., 2016; Qin et al., 2017), cUTI (n = 17, 68%) (Preheima et al., 1995; Richard et al., 1998; Jimenez-Cruz et al., 2002; Tomera et al., 2002; Wells et al., 2004; Klausner et al., 2007; Fomin et al., 2008; Naber et al., 2009; Ceran et al., 2010; Park et al., 2012; Vazquez et al., 2012; Wagenlehner et al., 2015; Wagenlehner et al., 2016; Seo et al., 2017; Harris et al., 2018; Kaye et al., 2018; Kaye et al., 2019), mixed infection types (n = 3, 12,5%) (Sifuentes-Osornio et al., 1989; Chang et al., 1998; Ponce-de-León et al., 1999) [the remaining RCT included both cIAI and cUTI patients (Carmeli et al., 2016)]. A total of 10,390 participants were involved in this study, and the main characteristics of each study were summarized in Supplementary Appendix Table S2 in Supplementary Appendix S3. Twenty-four RCTs were included in the NMA [one study was not included because it did not classify different carbapenems (Carmeli et al., 2016)], and the networks of eligible comparisons for primary outcomes were presented in Figure 2. Five of twenty-five RCTs related to ceftazidime/avibactam were included in the paired meta-analysis (Vazquez et al., 2012; Carmeli et al., 2016; Mazuski et al., 2016; Wagenlehner et al., 2016; Qin et al., 2017), and all the comparators were carbapenems (meropenem, doripenem, or imipenem/cilastatin).
[image: Figure 2]FIGURE 2 | Network of eligible comparisons for primary outcomes [(A), clinical success; (B), microbiological success]. Straight-line represented direct comparisons of antibacterial drugs, the thickness of which corresponded to the number of included studies, the unmarked number means there was only one head-to-head comparison. N was the sample size corresponding to the antibiotics. CA, ceftazidime/avibactam; MV, meropenem/vaborbactam; MEPM, meropenem; DOPM, doripenem; IC, imipenem/cilastatin; CAZ, ceftazidime; CFPM, cefepime; CIP, ciprofloxacin; PT, piperacillin/tazobactam; ETPM, ertapenem; LEFC, levofloxacin; FOS, fosfomycin; CT, ceftolozane/tazobactam; TGC, tigecycline; CRO, ceftriaxone.
About half of the trials provided detailed procedures for sequence generation (15 RCTs, 60%) and allocation sequence concealment (14 RCTs, 56%). Five trials were open-label studies with high risks for performance bias and detection bias (Chang et al., 1998; Ponce-de-León et al., 1999; Erasmo et al., 2004; Seo et al., 2017; Harris et al., 2018). One trial was a single-blind experiment with high risks for performance bias (Ceran et al., 2010). Two studies had missing data with high risks for attrition bias (Klausner et al., 2007; Ceran et al., 2010) (Supplementary Appendix Figures S6, S7 in Supplementary Appendix S4).
Meta-Analysis
Efficacy
The results of paired meta-analyses showed that there was no statistically significant difference between ceftazidime/avibactam and the comparators (carbapenems) in the clinical success and microbiological success (RR = 0.99, 95% CI = 0.96–1.02; RR = 1.05, 95% CI = 0.96–1.16, respectively) (Figures 3, 4). Similarly, no significant difference was detected in cUTI and cIAI subgroups.
[image: Figure 3]FIGURE 3 | Forest plots showing relative risk with 95% confidence interval of clinical success in a random-effects model. cUTI, complex urinary tract infection; cIAI, complicated intra-abdominal infection; CA, ceftazidime/avibactam; CAR, carbapenems.
[image: Figure 4]FIGURE 4 | Forest plots showing relative risk with 95% confidence interval of microbiological success in a random-effects model. cUTI, complex urinary tract infection; cIAI, complicated intra-abdominal infection; CA, ceftazidime/avibactam; CAR, carbapenems.
In the NMA, the clinical success of meropenem was significantly more effective than levofloxacin (RR = 1.08, 95% CI = 1.03–1.14), ciprofloxacin (RR = 1.14, 95% CI = 1.04–1.26), ceftazidime (RR = 1.43, 95% CI = 1.09–1.89), and cefepime (RR = 1.44, 95% CI = 1.07–1.93); ceftazidime/avibactam was statistically superior than levofloxacin (RR = 1.06, 95% CI = 1.01–1.12), ciprofloxacin (RR = 1.12, 95% CI = 1.02–1.23), ceftazidime (RR = 1.41, 95% CI = 1.07–1.85), and cefepime (RR = 1.41, 95% CI = 1.05–1.9) (Figure 5). As for microbiological success, doripenem was significantly lower than that of meropenem (RR = 0.89, 95% CI = 0.83–0.96) and ceftazidime/avibactam (RR = 0.92, 95% CI = 0.86–0.98). Levofloxacin was also observed to be significantly less effective than meropenem (RR = 0.91, 95% CI = 0.85–0.97) (Figure 5).
[image: Figure 5]FIGURE 5 | Clinical success and microbiological success of interventions in the treatment of Enterobacteriaceae infections. Antibiotics were sorted in the order of decreasing clinical cure rate. The clinical success results were compared from left to right, and the microbiological success results should be read from right to left (the results were expressed by relative risk with 95% confidence interval). Significant results were shown in bold and underlined. CA, ceftazidime/avibactam; MV, meropenem/vaborbactam; MEPM, meropenem; DOPM, doripenem; IC, imipenem/cilastatin; CAZ, ceftazidime; CFPM, cefepime; CIP, ciprofloxacin; PT, piperacillin/tazobactam; ETPM, ertapenem; LEFC, levofloxacin; FOS, fosfomycin; CT, ceftolozane/tazobactam; TGC, tigecycline; CRO, ceftriaxone.
We used SUCRA probabilities to display the rank order for all interventions (Table 1). In the clinical success, the interventions with the highest-ranking were (via SUCRA probabilities): meropenem (87.9), ceftazidime/avibactam (77.7), doripenem (75.7), ceftriaxone (67.7), meropenem/vaborbactam (66.2), imipenem/cilastatin (63.6), and ceftolozane/tazobactam (63.5). Meropenem/vaborbactam (90.6) ranked first on the microbiological success, followed by tigecycline (87.7), imipenem/cilastatin (74.6), fosfomycin (74.4), meropenem (64.4), ceftolozane/tazobactam (61.8), and ceftriaxone (57.7). After integrative assessments (i.e. adding the rankings of the clinical success and the microbiological success together), antibiotics ranked first to seventh were meropenem/vaborbactam, meropenem, imipenem/cilastatin, ceftriaxone, ceftazidime/avibactam, ceftolozane/tazobactam, and tigecycline. Nevertheless, there is no significant difference between the clinical success and microbiological success of these interventions. The funnel plot showed no asymmetry (Supplementary Appendix Figure S8 in Supplementary Appendix S5).
TABLE 1 | Results of SUCRA in primary and secondary outcomes for Enterobacteriaceae infections.
[image: Table 1]In subgroup analysis, with respect to cUTI, thirteen antibiotics except meropenem were ranked by SUCRA probabilities (the only included RCT on meropenem did not report the clinical success), and we found that the clinical success of doripenem was significantly higher than that of levofloxacin (RR = 1.05, 95% CI = 1.01–1.11) and ciprofloxacin (RR = 1.11, 95% CI = 1.01–1.11). As to the microbiological success, ceftolozane/tazobactam was more effective than that of doripenem (RR = 1.13, 95% CI = 1.01–1.26), and other detailed results were shown in Supplementary Appendix Figure S9 of Supplementary Appendix S6. Based on the integrative assessments of efficacy, the antibiotics with the highest SUCRA probability were ceftolozane/tazobactam, followed by ceftazidime/avibactam, doripenem, meropenem/vaborbactam, and imipenem/cilastatin (Supplementary Appendix Table S3 in Supplementary Appendix S6).
Safety
No statistically significant difference between ceftazidime/avibactam and comparators for the incidence of adverse events and mortality in paired meta-analysis was noticed (RR = 1.01, 95% CI = 0.90–1.12; RR = 1.40, 95% CI = 0.69–2.85, respectively) (Supplementary Appendix Figures S10, S11 in Supplementary Appendix S7). As to the subgroup analysis of different infection types, the results showed that the incidence of adverse events and mortality were similar between the two subgroups in cUTI and cIAI.
In the NMA, ceftriaxone and ertapenem were excluded in the analysis of the incidence of adverse events because they cannot be directly compared with other antibiotics. The incidence of adverse events of piperacillin/tazobactam was lower than that of ceftazidime/avibactam (RR = 0.74, 95% CI = 0.59–0.94) and imipenem/cilastatin (RR = 0.68, 95% CI = 0.53–0.87) (Supplementary Appendix Figure S12 in Supplementary Appendix S7). Regarding mortality, tigecycline was not analyzed because it led to 0 deaths in each study. Notably, ceftazidime/avibactam demonstrated lower mortality than that of cefepime (RR = 0.12, 95% CI = 0.02–0.86); the mortality of meropenem was less frequent than that of piperacillin/tazobactam and cefepime (RR = 0.31, 95% CI = 0.14–0.68; RR = 0.07, 95% CI = 0.01–0.46, respectively). The SUCRA probabilities indicated that piperacillin/tazobactam has the lowest incidence of adverse events, and the mortality of cefepime was the highest (Table 1).
Assessment of Heterogeneity and Inconsistency
The result of the microbiological success showed moderate heterogeneity (I2 = 75%), while the remaining outcomes (the clinical success, the incidence of adverse events and mortality, respectively) had no significant heterogeneity in the paired meta-analysis (I2 = 0%, I2 = 32%, I2 = 0%, respectively). In the NMA, the heterogeneity of clinical success, microbiological success, the incidence of adverse events and mortality were τ = 3.841e−9, τ = 5.662e−11, τ = 1.908e−9, τ = 3.521e−9, respectively, indicating low heterogeneity on all outcomes. Additionally, the clinical success, the microbiological success, the incidence of adverse events and mortality displayed no inconsistency in the inconsistency model analysis (p = 0.56; p = 0.22; p = 0.40; p = 0.67, respectively).
Sensitivity Analysis for Network Meta-Analysis
In the two pre-designed sensitivity analyses, since too many antibiotics in low-risk RCTs cannot form a closed loop with other antibiotics, the studies with a sample size of more than 30 and 100 were analyzed. The results showed no significant change compared with the original result, suggesting that the results were robust (Supplementary Appendixes S8, S9).
Cost-Effectiveness Analysis
Base-Case Analysis
Imipenem/cilastatin, meropenem, ceftazidime/avibactam, and ceftolozane/tazobactam were included in the pharmacoeconomic analysis. The total costs and outcomes for the four treatment strategies were summarized in Table 2. Imipenem/cilastatin (the lowest cost in base-case analysis) was used as the baseline in calculating the ICERs of other strategies. The ICERs per QALY gained for meropenem, ceftazidime/avibactam, and ceftolozane/tazobactam relative to imipenem/cilastatin corresponded to US$579, US$24569, and US$29040, respectively.
TABLE 2 | Cost-effectiveness of four strategies for cUTI patients due to Enterobacteriaceae infection.
[image: Table 2]In the current study, ceftazidime/avibactam had the best efficacy with respect to QALY gained but it also was associated with the highest costs. Meropenem and ceftolozane/tazobactam were also associated with greater efficacy but higher costs than imipenem/cilastatin. Compared with ceftolozane/tazobactam, meropenem was a dominant option for cUTI treatment (i.e., it led to a higher QALY saved and was less costly). Among these four treatment strategies, meropenem treatment was preferred based on its exhibiting clinical efficacy at an acceptable cost. It was found that ceftazidime/avibactam and ceftolozane/tazobactam were not strongly recommended treatment strategies, since the ICERs per QALY gained corresponded to > US$10,121.3.
Sensitivity Analysis
Deterministic sensitivity analyses indicated that the clinical success of study drugs and daily drug costs had a high impact on the ICERs between the four treatment strategies. When the willingness-to-pay (WTP) threshold was set at US$10121.3, the clinical success of imipenem/cilastatin at higher than 84.7% (vs. meropenem), and the cost of ceftazidime/avibactam (vs. imipenem/cilastatin) and ceftolozane/tazobactam (vs. imipenem/cilastatin) at less than US$374 and US$281, respectively, would make the use of them become acceptable. Additionally, the clinical cure rate of imipenem/cilastatin at higher than 91 and 87.5%, respectively, would lead to evaluating it as superior to ceftazidime/avibactam and ceftolozane/tazobactam.
Results of probabilistic sensitivity analyses revealed that meropenem, ceftazidime/avibactam, and ceftolozane/tazobactam had probabilities of 69.3, 41.2, and 39.3%, respectively, of being cost-effective relative to imipenem/cilastatin under the threshold currently accepted in China (US$10,121.3) in patients with cUTI.
DISCUSSION
Our systematic review involved a total of 25 RCTs (24 included in the NMA), containing 15 antibiotics, and comprehensively evaluated the efficacy, safety and pharmacoeconomics of antibiotics used for Enterobacteriaceae infections. We integrated the existing evidence and found that 1) the SUCRA probabilities showed that the efficacy with the highest-ranking of interventions were meropenem/vaborbactam, meropenem, imipenem/cilastatin, ceftriaxone, ceftazidime/avibactam, and ceftolozane/tazobactam; 2) there were no significant differences in the safety outcomes of the several antibiotics mentioned above, but the incidence of adverse events of piperacillin/tazobactam was significantly lower than that of ceftazidime/avibactam (RR = 0.74) and imipenem/cilastatin (RR = 0.68); 3) in the patients with cUTI, ceftolozane/tazobactam and ceftazidime/avibactam had favorable clinical efficacy, but compared to imipenem/cilastatin, these two agents were not cost-effective strategies.
Some studies have been undertaken to compare the efficacy and safety of antibiotics used for Enterobacteriaceae infections (Che et al., 2019; Nguyen et al., 2019). However, to the best of our knowledge, our study is the first to comprehensively evaluate the efficacy, safety, and cost-effectiveness of antibiotics for the treatment of Enterobacteriaceae using NMA and decision-analytic Markov model. The use of NMA is of particular importance given the lack of direct comparative evidence for the various antibiotics and the inability to evaluate indirect evidence between RCTs. The twenty-five original studies we included are all RCTs which are recognized as the highest level of evidence, making our conclusions more credible than other meta-analyses that included both RCTs and observational studies (Nguyen et al., 2019). Then, a pharmacoeconomics analysis based on the results of NMA can better explore the clinical and economic benefits of these antibiotics for the infection caused by Enterobacteriaceae and to help better clinical decision-making.
CRE has become a major threat to public safety due to its high mortality and low clinical success rate, making treatment options for Enterobacteriaceae infections especially important. Vaborbactam is a novel β-lactamase inhibitor that exhibits excellent antibacterial efficacy when combined with meropenem. In our study, meropenem/vaborbactam had favorable efficacy for Enterobacteriaceae infections (overall ranking first). However, studies of this agent are limited because of the short time on the market. Only one study analyzing meropenem/vaborbactam was included in our NMA, resulting in a small number of populations. Hence, we were unable to obtain sufficient evidence to draw a robust conclusion on this agent. Notably, for ceftolozane/tazobactam, the efficacy was not optimal regardless of infection types (overall ranking sixth). However, in the cUTI subgroup, the overall ranking of ceftolozane/tazobactam rose to first place and its microbiological success was significantly higher than that of doripenem (RR = 1.13). Ceftolozane/tazobactam was more effective in cUTI, which may be related to the fact that the excretion ratio of ceftolozane and tazobactam in their original form is higher than other drugs (Yahav et al., 2020).
Ceftazidime/avibactam is the only one marketed in China among novel BL/BLIs. Our study found that ceftazidime/avibactam ranked fifth without distinguishing infection types, rose to second place followed ceftolozane/tazobactam in the cUTI subgroup. The reason for the difference in the efficacy of ceftazidime/avibactam may also due to its excretion ration through the kidneys via urine in their original form is higher than other drugs (Zhanel et al., 2013). Although the efficacy of ceftazidime/avibactam was favorable, the incidence of adverse events of ceftazidime/avibactam was higher than that of piperacillin/tazobactam (RR = 0.74). Previous studies also demonstrated that the incidence of serious adverse events of ceftazidime/avibactam was higher than that of comparators (e.g., carbapenems) (Sternbach et al., 2018; Che et al., 2019). Therefore, the safety of ceftazidime/avibactam needs to be further appraised. We found that ceftazidime/avibactam was more excellent on efficacy than ceftazidime alone, which may be due to avibactam can restore the activity of ceftazidime. In our study, the safety results of ceftazidime/avibactam and ceftazidime were similar, possibly because of the low potential for protein binding and drug-drug interactions (Merdjan et al., 2015).
In our research, meropenem had bettering efficacy and was likely to be cost-effective in the treatment of cUTI caused by Enterobacteriaceae. Nevertheless, the overuse of carbapenems has been noticed to be associated with the development of CRE. According to CHINET, the drug resistance rate of Enterobacteriaceae to carbapenems has increased from 3 to 11% in the last decade, especially imipenem and meropenem to Klebsiella pneumoniae raised from 3 to 26% in the last fifteen years (http://www.chinets.com/). Although the limited data on resistance in our study precluded us from performing any correlation analysis between studied agents and CRE development, previous studies have pointed out that increased exposure to carbapenems would lead to the occurrence of antimicrobial resistance (Kwak et al., 2005; Schwaber et al., 2008).
Our study found that neither ceftolozane/tazobactam nor ceftazidime/avibactam were cost-effective in patients with cUTI. This result can be explained by three possible reasons. First, we found that the resistance rate of ceftolozane/tazobactam to Klebsiella pneumoniae in China is 41.1%, which will affect the clinical success of treatment and increase the resistance-related cost. Second, ceftazidime/avibactam is less resistant to Klebsiella pneumoniae than that of imipenem/cilastatin, and the two agents have similar rates of resistance to E. coli. However, E. coli strains are the main pathogen of cUTI, so the superiority of ceftazidime/avibactam over drug-resistant strains could not be highlighted. Finally, the price of ceftolozane/tazobactam and ceftazidime/avibactam are both high. In a study analyzing extended-spectrum β-Lactamases-producing Gram-negative pathogens infections, ceftazidime/avibactam was not deemed cost-effective for patients with cUTI, consistent with our finding (Nguyen et al., 2019). However, a study published in Italy on imipenem and ceftazidime/avibactam in the treatment of cUTI found that ceftazidime/avibactam is cost-effective for cUTI patients (Kongnakorn et al., 2019a). The inconsistencies between the studies may be due to the large difference in the clinical success rate between imipenem and ceftazidime/avibactam, and the higher WTP threshold in Italy. The differences between the Italian research and our study are also consistent with the results of our sensitivity analyses, in which the clinical success rates and drug costs had a strong impact on the ICERs between the different treatment strategies. Our study only analyzed the cost-effectiveness of ceftazidime/avibactam in patients with cUTI, because antibiotics related to cIAI treatment cannot form a closed loop. Similarly, studies have been performed for bacteremia, cIAI, and hospital-acquired pneumonia/ventilator acquired pneumonia (Kongnakorn et al., 2019b; Simon et al., 2019; Tichy et al., 2020), and the pharmacoeconomics results of ceftazidime/avibactam were all favorable in these studies. The economic effects of ceftazidime/avibactam for different types of infection require more researches to confirm.
We need to admit that there are some limitations in our research: 1) some direct comparisons between drugs included few RCTs, resulting in wide CI for these drugs; 2) since most studies do not provide information on antibiotic resistance or enzyme production, it is impossible to evaluate the effects of antibiotics on Enterobacteriaceae with different drug resistance phenotypes; 3) the definitions of microbiological success and the incidence of adverse events in different studies are inconsistent; 4) we did not consider the cost related to adverse events in our cost-effectiveness analysis.
CONCLUSION
In brief, our NMA indicated that the BL/BLIs (meropenem/vaborbactam, ceftolozane/tazobactam, and ceftazidime/avibactam) demonstrate favorable clinical efficacy in the treatment of infections caused by Enterobacteriaceae, however, ceftazidime/avibactam has a higher incidence of adverse events than that of piperacillin/tazobactam. For cost-effectiveness, only meropenem was the cost-effective strategy and neither ceftazidime/avibactam nor ceftolozane/tazobactam was recommended strategy in the treatment of patients with cUTI. Due to the limitation of the number of studies included, more clinical studies with a large sample and high-quality are needed to validate the findings of this study, further exploring the value of antimicrobials in Enterobacteriaceae infections and providing a scientific and rational basis for clinical work.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
The study was conceived and designed by YW, YD, and RH. Literature search and interpretation of the data were performed by RH, MT, and YZ. Data analyses were performed by TZ, TW, JC, SL, BY, and YS. The initial draft of the manuscript was written by RH, MT, and YZ. Critical revision of the manuscript was performed by TZ, TW, JC, SL, BY, YS, and RH. All of us approved the manuscript.
FUNDING
The work was supported by the key research and development program of Shaanxi (no. 2019ZDLSF01-05), the National Natural Science Foundation of China (no. 71904155) and the Natural Science Foundation of Shaanxi Province (no. 2020SF-064).
ACKNOWLEDGMENTS
I sincerely thank YW and YD in giving useful comments for the manuscript. In addition, I appreciate all of the authors of the manuscript.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.656790/full#supplementary-material
ABBREVIATIONS
 BL/BLIs, β-lactam/β-lactamase inhibitors; cIAI, complex intra-abdominal infection; CRE, carbapenem-resistant Enterobacteriaceae; cUTI, complex urinary tract infection; ICERs, incremental cost-effectiveness ratios; NMA, network meta-analysis; QALY, quality-adjusted life years; RCTs, randomized controlled trials; RR, relative risk; SUCRA, surface under the cumulative ranking curve; WTP, willingness-to-pay; 95% CI, 95% confidence interval.
REFERENCES
 Caldwell, D. M., Ades, A. E., and Higgins, J. P. T. (2005). Simultaneous Comparison of Multiple Treatments: Combining Direct and Indirect Evidence. Bmj 331 (7521), 897–900. doi:10.1136/bmj.331.7521.897
 Carmeli, Y., Armstrong, J., Laud, P. J., Newell, P., Stone, G., Wardman, A., et al. (2016). Ceftazidime-avibactam or Best Available Therapy in Patients with Ceftazidime-Resistant Enterobacteriaceae and Pseudomonas aeruginosa Complicated Urinary Tract Infections or Complicated Intra-abdominal Infections (REPRISE): a Randomised, Pathogen-Directed, Phase 3 Study. Lancet Infect. Dis. 16 (6), 661–673. doi:10.1016/s1473-3099(16)30004-4
 Ceran, N., Mert, D., Kocdogan, F. Y., Erdem, I., Ozyurek, S., Goktas, P., et al. (2010). A Randomized Comparative Study of Single-Dose Fosfomycin and 5-day Ciprofloxacin in Female Patients with Uncomplicated Lower Urinary Tract Infections. J. Infect. Chemother. 16 (6), 424–430. doi:10.1007/s10156-010-0079-z
 Chaimani, A., Higgins, J. P. T., Mavridis, D., Spyridonos, P., and Salanti, G. (2013). Graphical Tools for Network Meta-Analysis in STATA. PloS one 8 (10), e76654. doi:10.1371/journal.pone.0076654
 Chang, S.-C., Fang, C.-T., Hsueh, P.-R., Liu, C.-J., Sheng, W.-H., Hsieh, S.-M., et al. (1998). Efficacy and Safety of Cefepime Treatment in Chinese Patients with Severe Bacterial Infections: in Comparison with Ceftazidime Treatment. Int. J. Antimicrob. Agents 10 (3), 245–248. doi:10.1016/s0924-8579(98)00040-5
 Che, H., Wang, R., Wang, J., and Cai, Y. (2019). Ceftazidime/avibactam versus Carbapenems for the Treatment of Infections Caused by Enterobacteriaceae: A Meta-Analysis of Randomised Controlled Trials. Int. J. Antimicrob. Agents 54 (6), 809–813. doi:10.1016/j.ijantimicag.2019.09.007
 Cipriani, A., Higgins, J. P. T., Geddes, J. R., and Salanti, G. (2013). Conceptual and Technical Challenges in Network Meta-Analysis. Ann. Intern. Med. 159 (2), 130–137. doi:10.7326/0003-4819-159-2-201307160-00008
 Erasmo, A. A., Crisostomo, A. C., Yan, L.-N., Hong, Y.-S., Lee, K.-U., and Lo, C.-M. (2004). Randomized Comparison of Piperacillin/tazobactam versus Imipenem/cilastatin in the Treatment of Patients with Intra-abdominal Infection. Asian J. Surg. 27 (3), 227–235. doi:10.1016/s1015-9584(09)60039-7
 Fomin, P., Koalov, S., Cooper, A., Babinchak, T., Dartois, N., De Vane, N., et al. (2008). The Efficacy and Safety of Tigecycline for the Treatment of Complicated Intra-adominal Infections - the European Experience. J. Chemother. 20 (Suppl. 1), 12–19. doi:10.1179/joc.2008.20.Supplement-1.12
 Girometti, N., Lewis, R. E., Giannella, M., Ambretti, S., Bartoletti, M., Tedeschi, S., et al. (2014). Klebsiella pneumoniae Bloodstream Infection. Medicine 93 (17), 298–309. doi:10.1097/md.0000000000000111
 Harris, P. N. A., Tambyah, P. A., Lye, D. C., Mo, Y., Lee, T. H., Yilmaz, M., et al. (2018). Effect of Piperacillin-Tazobactam vs Meropenem on 30-Day Mortality for Patients with E Coli or Klebsiella pneumoniae Bloodstream Infection and Ceftriaxone Resistance. Jama 320 (10), 984–994. doi:10.1001/jama.2018.12163
 Jimenez-Cruz, F., Jasovich, A., Cajigas, J., Jiang, Q., Imbeault, D., Woods, G. L., et al. (2002). A Prospective, Multicenter, Randomized, Double-Blind Study Comparing Ertapenem and Ceftriaxone Followed by Appropriate Oral Therapy for Complicated Urinary Tract Infections in Adults. Urology 60 (1), 16–22. doi:10.1016/s0090-4295(02)01664-3
 Kaye, K. S., Bhowmick, T., Bleasdale, S., Sagan, S. C., Sugan, O. S., Stus, V., et al. (2018). Effect of Meropenem-Vaborbactam vs Piperacillin-Tazobactam on Clinical Cure or Improvement and Microbial Eradication in Complicated Urinary Tract Infection. Jama 319 (8), 788–799. doi:10.1001/jama.2018.0438
 Kaye, K. S., Rice, L. B., Dane, A. L., Stus, V., Sagan, O., Fedosiuk, E., et al. (2019). Fosfomycin for Injection (ZTI-01) versus Piperacillin-Tazobactam for the Treatment of Complicated Urinary Tract Infection Including Acute Pyelonephritis: ZEUS, A Phase 2/3 Randomized Trial. Clin. Infect. , 2045–2056. doi:10.1093/cid/ciz181
 Klausner, H. A., Brown, P., Peterson, J., Kaul, S., Khashab, M., Fisher, A. C., et al. (2007). A Trial of Levofloxacin 750 Mg once Daily for 5 Days versus Ciprofloxacin 400 Mg And/or 500 Mg Twice Daily for 10 Days in the Treatment of Acute Pyelonephritis. Curr. Med. Res. Opin. 2369 (11), 2637–2645. doi:10.1185/030079907x233340
 Kongnakorn, T., Eckmann, C., Bassetti, M., Tichy, E., Di Virgilio, R., Baillon-Plot, N., et al. (2019). Cost-effectiveness Analysis Comparing Ceftazidime/avibactam (CAZ-AVI) as Empirical Treatment Comparing to Ceftolozane/tazobactam and to Meropenem for Complicated Intra-abdominal Infection (cIAI). Antimicrob. Resist. Infect. Control. 8, 204. doi:10.1186/s13756-019-0652-x
 Kongnakorn, T., Wagenlehner, F., Falcone, M., Tichy, E., Di Virgilio, R., Baillon-Plot, N., et al. (2019). Cost-effectiveness Analysis of Ceftazidime/avibactam Compared to Imipenem as Empirical Treatment for Complicated Urinary Tract Infections. Int. J. Antimicrob. Agents 54 (5), 633–641. doi:10.1016/j.ijantimicag.2019.06.008
 Kwak, Y. G., Choi, S.-H., Choo, E. J., Chung, J.-W., Jeong, J.-Y., Kim, N. J., et al. (2005). Risk Factors for the Acquisition of Carbapenem-Resistant Klebsiella pneumoniae Among Hospitalized Patients. Microb. Drug Resist. 11 (2), 165–169. doi:10.1089/mdr.2005.11.165
 Mazuski, J. E., Gasink, L. B., Armstrong, J., Broadhurst, H., Stone, G. G., Rank, D., et al. (2016).Efficacy and Safety of Ceftazidime-Avibactam Plus Metronidazole versus Meropenem in the Treatment of Complicated Intra-abdominal Infection: Results from a Randomized, Controlled, Double-Blind, Phase 3 Program. Clin. Infect. Dis. 62, 1380–1389. doi:10.1093/cid/ciw133
 Merdjan, H., Rangaraju, M., and Tarral, A. (2015). Safety and Pharmacokinetics of Single and Multiple Ascending Doses of Avibactam Alone and in Combination with Ceftazidime in Healthy Male Volunteers: Results of Two Randomized, Placebo-Controlled Studies. Clin. Drug Investig. 35 (5), 307–317. doi:10.1007/s40261-015-0283-9
 Naber, K. G., Llorens, L., Kaniga, K., Kotey, P., Hedrich, D., and Redman, R. (2009). Intravenous Doripenem at 500 Milligrams versus Levofloxacin at 250 Milligrams, with an Option to Switch to Oral Therapy, for Treatment of Complicated Lower Urinary Tract Infection and Pyelonephritis. Antimicrob. Agents Chemother. 53 (9), 3782–3792. doi:10.1128/aac.00837-08
 Naylor, N. R., Atun, R., Zhu, N., Kulasabanathan, K., Silva, S., Chatterjee, A., et al. (2018). Estimating the burden of Antimicrobial Resistance: a Systematic Literature Review. Antimicrob. Resist. Infect. Control. 7, 58. doi:10.1186/s13756-018-0336-y
 Nguyen, C. P., Dan Do, T. N., Bruggemann, R., Ten Oever, J., Kolwijck, E., Adang, E. M. M., et al. (2019). Clinical Cure Rate and Cost-Effectiveness of Carbapenem-Sparing Beta-Lactams vs. Meropenem for Gram-Negative Infections: A Systematic Review, Meta-Analysis, and Cost-Effectiveness Analysis. Int. J. Antimicrob. Agents 54 (6), 790–797. doi:10.1016/j.ijantimicag.2019.07.003
 Park, D. W., Peck, K. R., Chung, M. H., Lee, J. S., Park, Y. S., Kim, H. Y., et al. (2012). Comparison of Ertapenem and Ceftriaxone Therapy for Acute Pyelonephritis and Other Complicated Urinary Tract Infections in Korean Adults: a Randomized, Double-Blind, Multicenter Trial. J. Korean Med. Sci. 27 (5), 476–483. doi:10.3346/jkms.2012.27.5.476
 Ponce-de-León, A., López–Meneses, M., and Sifuentes–Osornio, J. (1999). Cefepime versus Ceftazidime for the Treatment of Serious Bacterial Infections. Diagn. Microbiol. Infect. Dis. 35 (4), 263–268. doi:10.1016/s0732-8893(99)00085-1
 Preheima, L. C., Childs, S. J., Rajfer, J., and Bittner, M. J. (1995). Randomized, Double-Blind Comparison of Cefepime and Ceftazidime Therapy for Urinary Tract Infection. Curr. Ther. Res. - Clin. Exp. 56 (No.8), 729–737 .
 Qin, X., Tran, B. G., Kim, M. J., Wang, L., Nguyen, D. A., Chen, Q., et al. (2017). A Randomised, Double-Blind, Phase 3 Study Comparing the Efficacy and Safety of Ceftazidime/avibactam Plus Metronidazole versus Meropenem for Complicated Intra-abdominal Infections in Hospitalised Adults in Asia. Int. J. Antimicrob. Agents 49 (5), 579–588. doi:10.1016/j.ijantimicag.2017.01.010
 Richard, G., Klimberg, I., Fowler, C., Callery-D’Amico, S., and Kim, S. (1998). Levofloxacin versus Ciprofloxacin versus Lomefloxacin in Acute Pyelonephritis. Urology 52 (1), 51–55. doi:10.1016/s0090-4295(98)00160-5
 Salanti, G., Ades, A. E., and Ioannidis, J. P. A. (2011). Graphical Methods and Numerical Summaries for Presenting Results from Multiple-Treatment Meta-Analysis: an Overview and Tutorial. J. Clin. Epidemiol. 64 (2), 163–171. doi:10.1016/j.jclinepi.2010.03.016
 Schwaber, M. J., Klarfeld-Lidji, S., Navon-Venezia, S., Schwartz, D., Leavitt, A., and Carmeli, Y. (2008). Predictors of Carbapenem-Resistant Klebsiella pneumoniae Acquisition Among Hospitalized Adults and Effect of Acquisition on Mortality. Antimicrob. Agents Chemother. 52 (3), 1028–1033. doi:10.1128/aac.01020-07
 Seo, Y. B., Lee, J., Kim, Y. K., Lee, S. S., Lee, J.-a., Kim, H. Y., et al. (2017). Randomized Controlled Trial of Piperacillin-Tazobactam, Cefepime and Ertapenem for the Treatment of Urinary Tract Infection Caused by Extended-Spectrum Beta-Lactamase-Producing Escherichia coli. BMC Infect. Dis. 17 (1), 404. doi:10.1186/s12879-017-2502-x
 Sfeir, M. M., Askin, G., and Christos, P. (2018). Beta-lactam/beta-lactamase Inhibitors versus Carbapenem for Bloodstream Infections Due to Extended-Spectrum Beta-Lactamase-Producing Enterobacteriaceae: Systematic Review and Meta-Analysis. Int. J. Antimicrob. Agents 52 (5), 554–570. doi:10.1016/j.ijantimicag.2018.07.021
 Sifuentes-Osornio, J., Macías, A., Amieva, R. I., Ramos, A., and Ruiz-Palacios, G. M. (1989). Intravenous Ciprofloxacin and Ceftazidime in Serious Infections. A Prospective, Controlled Clinical Trial with Third-Party Blinding. Am. J. Med. 87 (5a), 202s–5s. doi:10.1016/0002-9343(89)90059-4
 Simon, M. S., Sfeir, M. M., Calfee, D. P., and Satlin, M. J. (2019). Cost-effectiveness of Ceftazidime-Avibactam for Treatment of Carbapenem-Resistant Enterobacteriaceae Bacteremia and Pneumonia. Antimicrob. Agents Chemother. 63 (12). e00897. doi:10.1128/aac.00897-19
 Solomkin, J., Hershberger, E., Miller, B., Popejoy, M., Friedland, I., Steenbergen, J., et al. (2015). Ceftolozane/Tazobactam Plus Metronidazole for Complicated Intra-abdominal Infections in an Era of Multidrug Resistance: Results from a Randomized, Double-Blind, Phase 3 Trial (ASPECT-cIAI). Clin. Infect. Dis. : official Publ. Infect. Dis. Soc. America 60, 1462–1471. doi:10.1093/cid/civ097
 Son, S. K., Lee, N. R., Ko, J.-H., Choi, J. K., Moon, S.-Y., Joo, E. J., et al. (2018). Clinical Effectiveness of Carbapenems versus Alternative Antibiotics for Treating ESBL-Producing Enterobacteriaceae Bacteraemia: a Systematic Review and Meta-Analysis. J. Antimicrob. Chemother. 73 (10), 2631–2642. doi:10.1093/jac/dky168
 Song, F., Clark, A., Bachmann, M. O., and Maas, J. (2012). Simulation Evaluation of Statistical Properties of Methods for Indirect and Mixed Treatment Comparisons. BMC Med. Res. Methodol. 12, 138. doi:10.1186/1471-2288-12-138
 Sternbach, N., Leibovici Weissman, Y., Avni, T., and Yahav, D. (2018). Efficacy and Safety of Ceftazidime/avibactam: a Systematic Review and Meta-Analysis. J. Antimicrob. Chemother. 73 (8), 2021–2029. doi:10.1093/jac/dky124
 Sturtz, S., and Bender, R. (2012). Unsolved Issues of Mixed Treatment Comparison Meta-Analysis: Network Size and Inconsistency. Res. Syn. Meth. 3 (4), 300–311. doi:10.1002/jrsm.1057
 Tacconelli, E., Cataldo, M. A., Mutters, N. T., Carrara, E., Bartoloni, A., Raglio, A., et al. (2019). Role of Place of Acquisition and Inappropriate Empirical Antibiotic Therapy on the Outcome of Extended-Spectrum β-lactamase-producing Enterobacteriaceae Infections. Int. J. Antimicrob. Agents 54 (1), 49–54. doi:10.1016/j.ijantimicag.2019.04.007
 Tängdén, T., and Giske, C. G. (2015). Global Dissemination of Extensively Drug-Resistant Carbapenemase-Producing Enterobacteriaceae: Clinical Perspectives on Detection, Treatment and Infection Control. J. Intern. Med. 277 (5), 501–512. doi:10.1111/joim.12342
 Temkin, E., Adler, A., Lerner, A., and Carmeli, Y. (2014). Carbapenem-resistant Enterobacteriaceae: Biology, Epidemiology, and Management. Ann. N.Y. Acad. Sci. 1323, 22–42. doi:10.1111/nyas.12537
 Tichy, E., Torres, A., Bassetti, M., Kongnakorn, T., Di Virgilio, R., Irani, P., et al. (2020). Cost-effectiveness Comparison of Ceftazidime/Avibactam versus Meropenem in the Empirical Treatment of Hospital-Acquired Pneumonia, Including Ventilator-Associated Pneumonia, in Italy. Clin. Ther. 42 (5), 802–817. doi:10.1016/j.clinthera.2020.03.014
 Tomera, K. M., Burdmann, E. A., Reyna, O. G. P., Jiang, Q., Wimmer, W. M., Woods, G. L., et al. (2002). Ertapenem versus Ceftriaxone Followed by Appropriate Oral Therapy for Treatment of Complicated Urinary Tract Infections in Adults: Results of a Prospective, Randomized, Double-Blind Multicenter Study. Antimicrob. Agents Chemother. 46 (9), 2895–2900. doi:10.1128/aac.46.9.2895-2900.2002
 Turner, R. M., Davey, J., Clarke, M. J., Thompson, S. G., and Higgins, J. P. (2012). Predicting the Extent of Heterogeneity in Meta-Analysis, Using Empirical Data from the Cochrane Database of Systematic Reviews. Int. J. Epidemiol. 41 (3), 818–827. doi:10.1093/ije/dys041
 Vazquez, J. A., González Patzán, L. D., Stricklin, D., Duttaroy, D. D., Kreidly, Z., Lipka, J., et al. (2012). Efficacy and Safety of Ceftazidime-Avibactam versus Imipenem-Cilastatin in the Treatment of Complicated Urinary Tract Infections, Including Acute Pyelonephritis, in Hospitalized Adults: Results of a Prospective, Investigator-Blinded, Randomized Study. Curr. Med. Res. Opin. 28 (12), 1921–1931. doi:10.1185/03007995.2012.748653
 Verhoef, T. I., and Morris, S. (2015). Cost-effectiveness and Pricing of Antibacterial Drugs. Chem. Biol. Drug Des. 85 (1), 4–13. doi:10.1111/cbdd.12417
 Wagenlehner, F. M., Sobel, J. D., Newell, P., Armstrong, J., Huang, X., Stone, G. G., et al. (2016). Ceftazidime-avibactam versus Doripenem for the Treatment of Complicated Urinary Tract Infections, Including Acute Pyelonephritis: RECAPTURE, a Phase 3 Randomized Trial Program. Clin. Infect. Dis. , 63, 754–762. doi:10.1093/cid/ciw378
 Wagenlehner, F. M., Umeh, O., Steenbergen, J., Yuan, G., and Darouiche, R. O. (2015). Ceftolozane-tazobactam Compared with Levofloxacin in the Treatment of Complicated Urinary-Tract Infections, Including Pyelonephritis: a Randomised, Double-Blind, Phase 3 Trial (ASPECT-cUTI). The Lancet 385 (9981), 1949–1956. doi:10.1016/s0140-6736(14)62220-0
 Wells, W. G., Woods, G. L., Jiang, Q., and Gesser, R. M. (2004). Treatment of Complicated Urinary Tract Infection in Adults: Combined Analysis of Two Randomized, Double-Blind, Multicentre Trials Comparing Ertapenem and Ceftriaxone Followed by Appropriate Oral Therapy. J. Antimicrob. Chemother. 53 (Suppl. 2), ii67–ii74. doi:10.1093/jac/dkh208
 Wunderink, R. G., Giamarellos-Bourboulis, E. J., Rahav, G., Mathers, A. J., Bassetti, M., Vazquez, J., et al. (2018). Effect and Safety of Meropenem-Vaborbactam versus Best-Available Therapy in Patients with Carbapenem-Resistant Enterobacteriaceae Infections: The TANGO II Randomized Clinical Trial. Infect. Dis. Ther. 7 (4), 439–455. doi:10.1007/s40121-018-0214-1
 Yahav, D., Giske, C. G., Grāmatniece, A., Abodakpi, H., Tam, V. H., and Leibovici, L. (2020). New β-Lactam-β-Lactamase Inhibitor Combinations. Clin. Microbiol. Rev. 34 (1). e00115. doi:10.1128/cmr.00115-20
 Yigit, H., Queenan, A. M., Anderson, G. J., Domenech-Sanchez, A., Biddle, J. W., Steward, C. D., et al. (2001). Novel Carbapenem-Hydrolyzing β-Lactamase, KPC-1, from a Carbapenem-Resistant Strain of Klebsiella pneumoniae. Antimicrob. Agents Chemother. 45 (4), 1151–1161. doi:10.1128/aac.45.4.1151-1161.2001
 Zhanel, G. G., Lawson, C. D., Adam, H., Schweizer, F., Zelenitsky, S., Lagacé-Wiens, P. R. S., et al. (2013). Ceftazidime-Avibactam: a Novel Cephalosporin/β-Lactamase Inhibitor Combination. Drugs 73 (2), 159–177. doi:10.1007/s40265-013-0013-7
 Zhang, Y., Wang, Q., Yin, Y., Chen, H., Jin, L., Gu, B., et al. (2018). Epidemiology of Carbapenem-Resistant Enterobacteriaceae Infections: Report from the China CRE Network. Antimicrob. Agents Chemother. 62 (2). e01882doi:10.1128/aac.01882-17
 Zilberberg, M. D., Nathanson, B. H., Sulham, K., Fan, W., and Shorr, A. F. (2017). Carbapenem Resistance, Inappropriate Empiric Treatment and Outcomes Among Patients Hospitalized with Enterobacteriaceae Urinary Tract Infection, Pneumonia and Sepsis. BMC Infect. Dis. 17 (1), 279. doi:10.1186/s12879-017-2383-z
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Han, Teng, Zhang, Zhang, Wang, Chen, Li, Yang, Shi, Dong and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-656790-g005.gif
Sk
| FEE] ,,wﬁ.uu






OPS/images/fphar-12-656790-t001.jpg
Treatment

Meropenem/vaborbactam
Meropenem
Imipenem/cilastatin
Ceftriaxone
Ceftezidime/avibactam
Ceftolozane/tazobactam
Tigecycine

Fosfomycin

Ertapenem

Doripenem
Piperacilin/tazobactam
Levofloxacin
Ciprofloxacin
Ceftazidime

Cefepime

Clinical success Microbiological
success
SUCRA Rank SUCRA Rank

66.2 5 90.6 1

87.9 1 64.4 5
63.6 6 746 3
67.7 4 57.7 7
T g 447 10
63.5 Ea 61.8 6
238 13 87.7 2
36.7 1 744 4
57.6 8 49.2 8
757 3 15 15
411 10 45.5 9
46.6 9 19.9 14
289 12 222 "
6.5 14 219 12
6.5 15 204 13

Overall rank®

Adverse events Mortality

SUCRA Rank SUCRA Rank
66 3 409 11
458 8 7.4 1
185 11 756 2
- - 39.9 12
284 10 60.0 5
439 9 61.7 4
16.2 12 - -
439 9 439 8
- - 457 7
503 5 59.7 6
82 1 375 13
608 4 638 3
675 2 4238 9
479 6 41.0 10
476 7 10.1 14

SUCRA, the surtace under the cumulative ranking curve. The orders of clinical success and microbiological success were from best to worst, while the adverse events and mortality were

from lowest to highest.

Sackding the order of clinical success and microbiological success together (Inferventions with the same ranking would be re-ranked basad on the sum of thei- SUCRA probabiliies).





OPS/images/fphar-12-656790-g003.gif
o e
E It
5w e B

o P
Fearty T« 000,004 620482 0%.
oo et 220405+ 05

Comotzots S0 s on e
Maanzots @ o w o n
Hnqnaors e am o G s
Srun s cn w s
Taars w o

g T 000, Ot 3050 375036, 3%,
e ot et 22705204

Ty e
To o " s

ooty T 000,Chs 20043 (P01 PG
e ot ot 2207004

Tutcontstntzeonnesisn. o

owrpa 100
Tospis 151
1m0ms. 135
assioss 153

sy
owrpe o
1mpsi 108
aswioss saa)

osstesn 1121

Lo

Faoors cAR] P oAl





OPS/images/fphar-12-656790-g004.gif
Comaizots Ho oW s moes e
et ' %% e amenae
Voo M % w6 47 v imonig
o) Ed So WS duneniz

To s w o
Feaaty T 001 Cots 407,23 7013, #2518
o o s 22193005

Comarzots 20 6w oam

Siots BRI

K anzors @ w oW ue

S5 00 E4 Siwr oy
Tuears o “

gty T 000 o 195437036, 0%.
e o ot 2212702020

Ty s v weos  sstoss 1
Taneans P I
g T 001 Co e 1087 .= 000 P T5%

Test o et 22111021

Teitwovntsbatzarrigety






OPS/images/fphar-12-656790-t002.jpg
Treatment strategy Total cost (US$) Incremental cost QALY QALY gained ICER per

(uss) QALY gained
Imipenemycilastatin 9,150 - 4500 - -
Meropenem 9,209 59° 4.602 0.102° 579
Ceftezidime/avibactam 12,909 375" 4653 0.153" 24,569
Ceftolozane/tazobactam 12,025 2875° 4599 0.099" 29,040

QALY, quality-adjusted iife years; ICER, incremental cost-effectiveness ratio.
aloulated as the average cost per patient and the average QALY gained per patient in this strategy minus those of the treatment of imipenem/cilastatin.
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