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a b s t r a c t 

Objectives: This study aims to compare the efficacy and safety of antimicrobial regimens for multidrug- 

resistant Acinetobacter baumannii (MDR A. baumannii ) infections using a Bayesian network meta-analysis 

(NMA). 

Methods: The PubMed, Embase, Web of Science, Scopus, and Cochrane Library databases were searched 

from inception through 6th January 2025, for randomized controlled trials (RCTs) and cohort studies. The 

primary outcome was all-cause mortality; secondary outcomes included clinical improvement, microbi- 

ological cure, and nephrotoxicity. A random-effects NMA estimated odds ratios (ORs) with 95% credible 

intervals (CrIs) and ranked regimens using the surface under the cumulative ranking curve (SUCRA). 

Results: The Bayesian NMA included 10 RCTs and 38 cohort studies (14 regimens; 7 300 patients), with 

cohorts contributing 80.6% of the data. Compared with tigecycline, cefiderocol-based therapies (combi- 

nation: OR = 0.41, 95% CrI: 0.22–0.77; monotherapy: OR = 0.44, 95% CrI: 0.27–0.76) and sulbactam–

durlobactam (OR = 0.42, 95% CrI: 0.15–1.20) were associated with reduced mortality (very low certainty). 

Sulbactam–durlobactam also ranked highest for clinical improvement (OR = 5.79, 95% CrI: 1.62–21.46, SU- 

CRA 91.0%) and microbiological cure (OR = 8.66, 95% CrI: 1.92–41.01, SUCRA 98.2%; very low certainty). 

Colistin-based regimens had the highest nephrotoxicity (combination: OR = 8.21, 95% CrI: 1.41–59.35; 

monotherapy: OR = 7.75, 95% CrI = 1.81–40.82; very low certainty). 

Conclusions: Sulbactam–durlobactam ranked highest for clinical improvement and microbiological cure, 

while cefiderocol-based therapies scored highest for mortality reduction in our NMA. However, the ev- 

idence was largely derived from observational studies with very low certainty. Further A. baumannii - 

specific RCTs are needed to confirm these findings. 

© 2026 The Author(s). Published by Elsevier Ltd on behalf of International Society for Antimicrobial 

Chemotherapy. This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Abbreviations: A. baumannii , Acinetobacter baumannii ; APACHE II, Acute Physio- 

ogical Assessment and Chronic Health Evaluation II; BGR, Brooks–Gelman–Rubin; 

LSI, Clinical and Laboratory Standards Institute; CR, Carbapenem-resistant; CrI, 

redible interval; DIC, Deviance information criterion; ESCMID, European Society 

f Clinical Microbiology and Infectious Diseases; EUCAST, European Committee on 

ntimicrobial Susceptibility Testing; FDA, U.S. Food and Drug Administration; GNB, 

ram-negative bacteria; GRADE, Grading of Recommendations Assessment, Devel- 

pment and Evaluation; HAP, Hospital-acquired pneumonia; IDSA, Infectious Dis- 

ases Society of America; KDIGO, Kidney Disease: Improving Global Outcomes; 

CMC, Markov Chain Monte Carlo; MDR, Multidrug-resistant; MIC, Minimum in- 

ibitory concentration; MIU, Million international units; NMA, Network metaanal- 

sis; OR, Odds ratio; PBP, Penicillin-binding protein; PICOS, Population, interven- 

ion, comparison, outcomes and study design; PRISMA, Preferred Reporting Items 
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. Introduction 

Multidrug-resistant Acinetobacter baumannii (MDR A. bauman- 

ii ) is a challenging pathogen responsible for over 250 0 0 0 deaths 
or Systematic Reviews and Meta-Analyses; RCT, Randomized controlled trial; RI- 

LE, Risk, injury, failure, loss, end-stage kidney disease; RoB, Risk of bias; ROBIN- 

, Risk of bias in non-randomized studies of interventions; SUCRA, Surface under 

he cumulative ranking curve; TDM, Therapeutic drug monitoring; VAP, Ventilator- 

ssociated pneumonia; wj , Weighting parameter; XDR, Extensively drug-resistant. 
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nnually, with mortality rates among critically ill patients of- 

en exceeding 40% worldwide [ 1 , 2 ]. Based on their patterns of

ntimicrobial nonsusceptibility, A. baumannii isolates are classi- 

ed as multidrug-resistant, extensively drug-resistant (XDR), or 

andrug-resistant (PDR) [ 3 ]. Among these, carbapenem-resistant 

CR) A. baumannii strains typically exhibit minimum inhibitory 

oncentrations (MICs) for meropenem > 8 μg/mL [ 3 , 4 ]. The World

ealth Organization emphasizes CR A. baumannii as a critical- 

riority pathogen (“ESKAPE” pathogen) due to its capacity to cause 

evere infections, particularly hospital-acquired pneumonia and 

loodstream infections [ 5 ]. Its persistence and extensive resistance 

echanisms, including carbapenemase production, porin loss, ef- 

ux pump activity, and lipopolysaccharide modification, render 

DR A. baumannii infections exceptionally difficult to treat [ 6 ]. 

Over the past two decades, conventional antibiotics such as car- 

apenems, tigecycline, amikacin, and fosfomycin have been widely 

sed, yet their therapeutic windows have increasingly narrowed 

 7 ]. This phenomenon, characterized by increasing MIC, results in 

ffective doses that progressively approach toxic thresholds [ 8 ]. Al- 

hough colistin remains a vital agent in the treatment of CR A. 

aumannii , its clinical applicability is significantly limited due to 

ephrotoxicity, poor tissue penetration, and emerging resistance 

 9 ]. Achieving a plasma concentration of 2 mg/L often requires a 

aily dose of 9 MIU of colistin, which increases the risk of nephro- 

oxicity and appears insufficient for lower respiratory tract infec- 

ions [ 10 , 11 ]. Sulbactam, a β-lactamase inhibitor with intrinsic an- 

ibacterial activity, has shown favorable outcomes at high doses 

 ≥6 g/day) [ 12 , 13 ]. For severe CR A. baumannii infections, ampi-

illin/sulbactam (total daily dose of 27 g) is recommended as a 

omponent of combination therapy with colistin and carbapenems 

 14 ]. Nevertheless, the nephrotoxic and neurotoxic risks of com- 

ining high-dose sulbactam with colistin and carbapenems have 

ot been clearly evaluated [ 15 ]. Consequently, therapeutic drug 

onitoring (TDM) has become increasingly challenging, requiring 

reater precision in the selection of administration routes, dosing 

evels, and infusion strategies [ 16 ]. 

Advancements in genomic technologies have accelerated the 

iscovery of novel resistance mechanisms [ 17 ]. Since around 2010, 

everal novel antimicrobial agents have been approved by the U.S. 

ood and Drug Administration (FDA) and the European Medicines 

gency (EMA) based on resistant phenotypes, accompanied by 

lobal effort s to strengthen antibiotic stewardship [ 18 ]. Cefidero- 

ol, a siderophore cephalosporin, was approved by the FDA in 2019 

ollowing clinical trials involving patients with infections caused by 

DR Gram-negative bacteria (MDR GNB) [ 19 ]. In 2023, the ATTACK 

rial demonstrated that the sulbactam–durlobactam combination 

as noninferior to colistin while exhibiting reduced nephrotoxic- 

ty [ 20 ]. Accordingly, the 2024 Infectious Diseases Society of Amer- 

ca (IDSA) guidelines recommend sulbactam–durlobactam as a pre- 

erred treatment option for CR A. baumannii infections, although 

he most recent European Society of Clinical Microbiology and In- 

ectious Diseases (ESCMID) guidelines have yet to incorporate this 

egimen [ 14 , 21 ]. Despite these advances, the overall evidence sup- 

orting novel antibiotics and comprehensive comparisons among 

urrently available regimens remains limited, resulting in inconsis- 

encies across contemporary guideline recommendations. 

Unlike traditional meta-analyses that restrict comparisons to 

nly two treatments, network meta-analysis (NMA) permits the 

imultaneous assessment of multiple interventions by integrating 

oth direct and indirect evidence [ 22 ]. The Bayesian method en- 

ances NMA by providing precise rankings and robust estimates 

f relative treatment effects [ 23 ]. Accordingly, the current Bayesian 

MA aimed to evaluate the comparative efficacy and safety of 

vailable antimicrobial regimens for the treatment of MDR A. bau- 

annii infections, seeking to determine the most effective thera- 

eutic option. 
118
. Material and methods 

This study conducted a systematic review with a Bayesian NMA, 

ollowing the Preferred Reporting Items for Systematic Reviews 

nd Meta-Analyses (PRISMA) guidelines [ 24 ]. The protocol was 

rospectively registered in PROSPERO (CRD420251009925). 

.1. Database search 

Two authors independently searched the Cochrane Library, 

ubMed, Embase, Web of Science, Scopus from database inception 

o 6th January 2025. The search utilized Medical Subject Headings 

MeSH) terms and keywords related to A. baumannii or GNB, in- 

ection types, and antibiotic agents (Table S2). Studies reporting 

ortality in adult MDR A. baumannii patients, published in English, 

ere included. All records were imported into EndNote, where du- 

licates were removed, and titles and abstracts were independently 

creened by two reviewers. Subsequently, full texts of potentially 

ligible studies were then assessed in accordance with the PRISMA 

020 guidelines, with any disagreements resolved by a third au- 

hor. 

.2. Study selection 

The inclusion and exclusion criteria were developed follow- 

ng the PICOS (population, intervention, comparison, outcome, and 

tudy design) framework [ 25 ] (Table S3). The definition of MDR 

. baumannii followed the clinical breakpoints established by the 

linical and Laboratory Standards Institute (CLSI) and the Euro- 

ean Committee on Antimicrobial Susceptibility Testing (EUCAST) 

 3 ]. Accordingly, studies reporting MDR GNB with subgroups for 

DR A. baumannii and pathogen-specific trials examining MDR, 

DR, and CR A. baumannii were included. 

.3. Definition of outcomes 

The primary outcome of interest was all-cause mortality, par- 

icularly 28-day mortality. If unavailable, 14-day, 30-day, or in- 

ospital mortality was used instead. Secondary outcomes included 

linical improvement, microbiological cure, and nephrotoxicity. 

linical improvement was defined as the resolution of or sub- 

tantial recovery from infection signs, symptoms, or radiographic 

ndings at the end of therapy. Microbiological cure was defined 

s the eradication or presumed eradication of MDR A. baumannii 

rom culture specimens. Nephrotoxicity was characterized as acute 

idney injury according to the RIFLE or KDIGO criteria [ 26 , 27 ].

he definitions of the outcomes varied slightly across the included 

tudies (Table S4). 

.4. Data extraction 

We abbreviated antibiotic names and classified the regimens as 

ither monotherapy or combination therapy (Table S5). The details 

f the antibiotic regimens, including dosage, duration, and number 

f patients, were collected. We also extracted data on study loca- 

ion, research design, infection site, resistance type, patient demo- 

raphics, and APACHE II score [ 28 ]. Mortality, clinical improvement, 

nd microbiological cure rates were extracted for each antimicro- 

ial treatment arm. 

.5. Quality assessment 

Two investigators independently assessed the risk of bias using 

he Cochrane risk of bias (RoB 2) tool for RCTs, and the risk of bias

n nonrandomized studies of interventions (ROBINS-I) tool for co- 

ort studies, with findings visualized using the robvis package [ 29–

1 ]. The overall quality rating was determined by the highest risk 
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f bias in any single domain. Disagreements were resolved through 

onsensus. 

.6. Statistical analysis 

The Bayesian NMA was conducted using a random-effects 

odel to assess the relative effects of different interventions, in- 

orporating both direct and indirect evidence [ 32 ]. The initial data 

ere integrated into a network setup, and the plot function was 

sed to create a visual representation of the network, presenting 

irect comparisons between the antibiotic regimens. For each out- 

ome, we ran Markov chain Monte Carlo (MCMC) simulations with 

our parallel chains. Following 50 0 0 0 burn-in iterations per chain, 

0 0 0 0 iterations were retained with a thinning interval of 5, re-

ulting in 4 0 0 0 posterior samples per chain and 16 0 0 0 sam-

les overall. Convergence was assessed using trace plots and the 

rooks–Gelman–Rubin (BGR) diagnostic test [ 33 ]. Treatment effects 

ere estimated from the posterior distributions and expressed as 

dds ratios (ORs) with 95% credible intervals (CrIs) [ 34 ]. Forest 

lots and league tables were employed to present effect sizes and 

ll pairwise comparisons, respectively. Ranking probabilities were 

stimated using the surface under the cumulative ranking curve 

SUCRA) values [ 35 ]. 

Model fit and complexity were evaluated using the deviance in- 

ormation criterion (DIC), lower DIC values indicate better model 

t after accounting for complexity. The difference in DIC val- 

es between the inconsistency and consistency models was also 

alculated, with higher values denoting greater model differ- 

nces [ 32 ]. Inconsistency was further assessed using the node- 

plitting method, with comparisons considered inconsistent when 

irect and indirect estimates differed significantly ( P < 0.05) 

 33 ]. 

Sensitivity analyses were conducted to assess the robustness 

f the Bayesian NMA results. Given the inherent differences in 

tudy design, risk of bias, and effect estimate heterogeneity be- 

ween RCTs and cohort studies, a separate analysis including only 

CTs was performed to determine whether the overall findings 

ere influenced by observational data. To synthesize the evi- 

ence from RCTs and cohort studies in a single NMA, we used 

he design-adjusted method proposed by Efthimiou et al. [ 36 ]. 

he level of confidence in cohort evidence was downrated by 

he weighting parameter ( wj ). Setting larger wj values places 

ore confidence in cohort estimates. Additional analyses were re- 

tricted to (1) CR A. baumannii phenotypes, (2) respiratory in- 

ections (VAP/HAP), (3) studies reporting 28-day mortality, (4) 

tudies without critical risk of bias according to the ROBINS- 

 tool, and (5) meta-regression using the APACHE II score as a 

ovariate. 

Analyses were performed in R (v4.4.2) with the “gemtc” and 

rjags” packages [ 37 ]. The “coda” package was used to assess con- 

ergence and generate BGR plots, and the “netmeta” and “ggplot2”

ackages were applied to create network and forest plots. 

.7. Certainty of evidence 

Certainty of evidence for key findings was rated using the 

rading of Recommendations Assessment, Development, and Eval- 

ation (GRADE) approach [ 38 ], following guidance from the 

ochrane Handbook for Systematic Reviews of Interventions [ 39 ]. 

or indirect comparisons, the certainty of evidence was as- 

essed using the method proposed by Puhan et al. [ 40 ]. This 

pproach assesses the most influential loop connecting two in- 

erventions via a single common comparator, with the indi- 

ect estimate rated according to the lower of the two direct 

omparisons. 
119
. Results 

.1. Characteristics of included trials 

The literature search identified 5 227 records, of which 4 580 

ere screened at the title and abstract level. Full texts of 391 ar- 

icles were assessed for eligibility, the excluded studies and the 

easons for their exclusion are summarized (Table S6). Ultimately, 

8 studies met the inclusion criteria, involving 7 300 patients 

ith MDR A. baumannii infections. The studies included 10 RCTs, 

 prospective cohort studies, and 34 retrospective cohort studies. 

he study selection process is illustrated in the PRISMA diagram 

 Fig. 1 ). A PRISMA extension checklist for reporting systematic re- 

iews comparing multiple treatments involving NMA was provided 

Table S1). 

Across the included studies, the mean age of participants was 

4.3 years, and 48.8% were male. APACHE II scores were recorded 

or 4 770 patients, with a mean of 19.97. Infection sites were re- 

orted as ventilator-associated pneumonia (VAP)/hospital-acquired 

neumonia (HAP) (22 studies), mixed sites (19 studies), and pri- 

ary bloodstream infections (7 studies). CR A. baumannii was the 

ost common resistant isolate (31 studies), followed by MDR A. 

aumannii (10 studies) and XDR A. baumannii (7 studies). Antibi- 

tic dosages and treatment durations varied across studies (Table 

7). Clinical improvement was assessed in 29 studies including a 

otal of 4 514 patients (61.8%), microbiological cure in 27 studies 

ith 3 840 patients (52.6%), and nephrotoxicity in 27 studies com- 

rising 4 265 patients (58.4%) (Table S8). 

.2. Assessment of risk of bias 

Ten RCTs were evaluated using the Cochrane RoB 2 tool. 

ive RCTs reported methods for randomization, two were single- 

linded, and three were open-label. One RCT was rated as having 

 high risk of bias for outcome measurement. Overall, four RCTs 

40%) were assessed as having a low risk of bias, five RCTs (50%) as 

aving moderate risk, and one RCT (10%) as having high risk (Fig. 

1). A total of 38 cohort studies were assessed using the ROBINS- 

 tool, with detailed risk of bias across domains. In general, the 

verall risk of bias was determined to be moderate in 15 stud- 

es (39.5%), serious in 17 studies (44.7%), and critical in 6 studies 

15.8%) (Fig. S2). 

.3. Network setup 

The mortality network comprised 14 treatment nodes con- 

ected by 63 direct comparisons. Intravenous colistin monother- 

py was the most frequently studied regimen, including 2 098 pa- 

ients ( Fig. 2 A). For secondary outcomes, the networks consisted of 

1 nodes with 35 direct comparisons for clinical improvement, 12 

odes with 33 direct comparisons for microbiological cure, and 11 

odes with 29 direct comparisons for nephrotoxicity ( Fig. 2 B–D). 

.4. Assessment of convergence, model fit, and consistency 

All models demonstrated good convergence, as confirmed by 

race plots and the BGR diagnostic, with all values approach- 

ng 1 (Fig. S3–6). Significant �DIC values for all-cause mortality 

8.22) and microbiological cure (5.39) indicated meaningful dif- 

erences between the consistency and inconsistency models (Ta- 

le S9). Nodesplitting analysis detected no significant inconsistency 

mong the networks for 28-day mortality, microbiological cure, 

nd nephrotoxicity, whereas significant P -values in the clinical im- 

rovement network indicated local inconsistency; however, direct 

nd indirect estimates remained directionally concordant (Table 

10). 
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Fig. 1. PRISMA 2020 flow diagram of the study selection process. 
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.5. Efficacy and safety outcomes 

.5.1. All-cause mortality 

Among the included studies, 28-day, 30-day, in-hospital, and 

4-day mortalities were assessed in 19, 18, 9, and 2 studies, re- 

pectively (Table S4). The overall mortality rate was 44.8% (3 

64/7 300). The NMA showed that cefiderocol combination ther- 

py (OR = 0.41, 95% CrI: 0.22–0.77) and monotherapy (OR = 0.44, 

5% CrI: 0.26–0.76) had the highest probabilities of reducing mor- 

ality, compared with tigecycline monotherapy. These were fol- 

owed by sulbactam–durlobactam (OR = 0.42, 95% CrI: 0.15–1.20), 

ulbactam–intravenous colistin (OR = 0.55, 95% CrI: 0.32–0.95) and 

nother sulbactam combination therapy (OR = 0.56, 95% CrI: 0.38–

.85). Using tigecycline monotherapy as a comparator, the mortal- 

ty rates are illustrated in the forest plot ( Fig. 3 ). 

Direct comparisons and network estimates from the league 

able showed that cefiderocol-based regimens and sulbactam–

ntravenous colistin combination were associated with lower mor- 

ality than intravenous colistin (either as monotherapy or in 

ombination), meropenem combination therapy, and tigecycline 

onotherapy ( Fig. 4 ). Cefiderocol combination therapy ranked 

rst in reducing all-cause mortality, with the highest SUCRA 

88.1%), followed by cefiderocol monotherapy (85.2%), sulbactam–

urlobactam (79.9%), sulbactam–intravenous colistin (72.4%), and 

ulbactam combination therapy (68.3%). In contrast, aerosolized 

olistin combination therapy exhibited a lower probability of re- 

ucing mortality, and tigecycline monotherapy showed the lowest 
120
robability, with SUCRA of 46.8% and 9.8%, respectively (Table S11, 

ig. 5 ). 

Sensitivity analysis including only RCTs, as depicted in the sep- 

rated network plots (Fig. S7) and the league table (Table S12), 

ndicated that sulbactam–durlobactam ranked highest for survival 

robability (SUCRA = 84.9%), whereas colistin monotherapy (SU- 

RA = 37.9%) and combination therapy (SUCRA = 37.7%) ranked 

owest (Table S13). Cohort studies accounted for 5 909 (80.9%) of 

he total 7 300 patients (Fig. S7). When the weighting of cohort ev- 

dence was reduced, its contribution was 80.6% in the naïve anal- 

sis ( wj = 1) and it decreased to 76.9% for wj = 0.8, 67.5% for 

j = 0.5, and 45.4% for wj = 0.2. Across these weights, the treat- 

ent effects and rankings remained largely unchanged (Table S14). 

he incorporation of cohort studies in the network helped corrobo- 

ated the findings based on RCTs alone and improved the precision 

f the estimates (Fig. S8). 

Additionally, sensitivity analyses supported the robustness of 

he primary findings. Analyses restricted to CR A. baumannii phe- 

otypes included 31 studies with 4 568 patients; respiratory in- 

ections included 22 studies with 3 253 patients; 28-day mortality 

as reported in 19 studies with 2 736 patients; and 42 studies 

ith 6 155 patients were included after excluding those with criti- 

al risk of bias (Fig S9–12). Across these analyses, cefiderocol-based 

herapies, sulbactam–durlobactam, and sulbactam-based therapies 

emained among the treatments with the highest probability of 

ortality reduction (Table S15–18). Finally, meta-regression includ- 

ng 29 studies reporting APACHE II scores (4 770 patients) showed 
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Fig. 2. Network plots of antimicrobial regimens for all outcomes. 

Notes: The size of the yellow nodes represents the number of patients who received the corresponding antibiotic regimen. The thickness of the dark bluish-gray edges 

corresponds to the number of trials for each specific comparison. (A) All-cause mortality, (B) Clinical improvement, (C) Microbiological cure, (D) Nephrotoxicity. Abbreviations: 

TGC, tigecycline monotherapy; TGC HD, high-dose tigecycline; IV COL, intravenous colistin; SUL + IV COL, sulbactam–intravenous colistin; CFDC, cefiderocol monotherapy; 

IV COL + OTH, intravenous colistin combination therapy; CFDC + OTH, cefiderocol combination therapy; MEM + IV COL, meropenem–intravenous colistin; SUL + OTH, 

sulbactam combination therapy; AS COL + OTH, aerosolized colistin combination therapy; SUL + DUR, sulbactam–durlobactam; MEM + OTH, meropenem combination 

therapy; IV COL + TGC, intravenous colistin–tigecycline; SUL VHD + IV COL, very high-dose sulbactam–intravenous colistin. 
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o significant association with mortality (OR = 1.02, 95% CrI: 0.43–

.38, per 1-point increase) (Table S19). 

.5.2. Clinical improvement 

Clinical outcome data were reported in 8 RCTs and 21 cohort 

tudies, encompassing 11 antibiotic regimens. The pooled rate of 

linical improvement was 50.1% (2 260 of 4 514 patients). Com- 

ared with tigecycline, sulbactam–durlobactam (OR = 5.79, 95% 

rI: 1.62–21.46, SUCRA = 91.0%), cefiderocol combination therapy 

OR = 4.98, 95% CrI: 1.87–13.33, SUCRA = 88.6%), and cefidero- 

ol monotherapy (OR = 4.90, 95% CrI: 2.08–11.41, SUCRA = 88.4%) 

anked highest for clinical improvement (Table S19). In contrast, 

igecycline monotherapy (SUCRA = 12.5%) was the lowest-ranked 

reatment among the 11 evaluated therapies (Table S11, Fig. 5 ). 

.5.3. Microbiological cure 

The analysis included 27 studies (9 RCTs and 18 cohort stud- 

es) covering 12 antimicrobial regimens. The pooled microbiolog- 

cal cure rate was 58.8% (2 256 of 3 840 patients). According 

o the league table, sulbactam–durlobactam (OR = 8.66, 95% CrI: 

.92–41.01, SUCRA = 98.2%) and sulbactam–intravenous colistin 

OR = 2.39, 95% CrI: 1.01–5.60, SUCRA = 81.7%) ranked highest 

or microbiological cure, whereas tigecycline ranked lowest (SU- 

RA = 23.6%) (Table S20, Fig. 5 ). 
121
.5.4. Nephrotoxicity 

Nephrotoxicity data were reported in 27 studies (9 RCTs and 

8 cohort studies), including 11 antibiotic regimens. The overall 

ooled incidence was 32.9% (1 403 of 4 265 patients). Among 

egimens including intravenous colistin, the nephrotoxicity rate 

as 36.7% (1 205 of 3 287 patients), with all patients receiving 

igh-dose colistin ( ≥9 MIU/day). Compared with tigecycline, intra- 

enous colistin monotherapy (OR = 7.75, 95% CrI: 1.81–40.82, SU- 

RA = 73.9%) and combination therapy (OR = 8.21, 95% CrI: 1.41–

9.35, SUCRA = 79.6%) ranked highest for nephrotoxicity (Table 

21). In contrast, cefiderocol monotherapy (SUCRA = 13.5%) and 

igecycline monotherapy (SUCRA = 15.5%) had the lowest proba- 

ilities of nephrotoxicity (Table S11, Fig. 5 ). Meanwhile, aerosolized 

olistin did not lead to significant differences in nephrotoxicity 

ompared with other regimens, as all 95% CrIs included 1 (Table 

21). Sensitivity analysis restricted to studies using standard crite- 

ia (RIFLE/KDIGO) confirmed that intravenous colistin-based regi- 

ens had the highest nephrotoxicity (Table S22). 

.6. The certainty of evidence 

Using tigecycline as a comparator, comparisons with 

efiderocol-based therapies, sulbactam–durlobactam, sulbactam–

ntravenous colistin, and colistin combination therapy in this 
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Fig. 3. Forest plots for all-cause mortality, using tigecycline as comparator. 

Notes: The vertical dashed black line indicates no effect (OR = 1). Dark bluish-gray squares represent estimated ORs, and yellow lines show 95% credible intervals (CrIs). 

OR (95% CrI) < 1 indicates reduced mortality compared with tigecycline. Abbreviations: TGC, tigecycline monotherapy; TGC HD, high-dose tigecycline; IV COL, intravenous 

colistin; SUL + IV COL, sulbactam–intravenous colistin; CFDC, cefiderocol monotherapy; IV COL + OTH, intravenous colistin combination therapy; CFDC + OTH, cefiderocol 

combination therapy; MEM + IV COL, meropenem–intravenous colistin; SUL + OTH, sulbactam combination therapy; AS COL + OTH, aerosolized colistin combination therapy; 

SUL + DUR, sulbactam–durlobactam; MEM + OTH, meropenem combination therapy; IV COL + TGC, intravenous colistin–tigecycline; SUL VHD + IV COL, very high-dose 

sulbactam–intravenous colistin; OR, odds ratio; CrI, credible interval. 

Fig. 4. League table of all-cause mortality in MDR A. baumannii infections. 

Notes: Direct evidence meta-analysis (upper-right part) and overall NMA estimates (lower-left part). In the upper-right part (yellow), OR (95% CrI) < 1 indicates that the row 

treatment is associated with lower mortality compared with the column treatment. In the lower-left part (light grayish blue), OR (95% CrI) < 1 indicates that the column 

treatment is associated with lower mortality compared with the row treatment. Abbreviations: TGC, tigecycline monotherapy; TGC HD, high-dose tigecycline, IV COL, in- 

travenous colistin; SUL + IV COL, sulbactam–intravenous colistin; CFDC, cefiderocol monotherapy; IV COL + OTH, intravenous colistin combination therapy; CFDC + OTH, 

cefiderocol combination therapy; MEM + IV COL, meropenem–intravenous colistin; SUL + OTH, sulbactam combination therapy; AS COL + OTH, aerosolized colistin com- 

bination therapy; SUL + DUR, sulbactam–durlobactam; MEM + OTH, meropenem combination therapy; IV COL + TGC, intravenous colistin–tigecycline; SUL VHD + IV COL, 

very high-dose sulbactam–intravenous colistin; OR, odds ratio; CrI, credible interval. 
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Fig. 5. Surface under the cumulative ranking curve of antimicrobial regimens. 

Abbreviations: TGC, tigecycline monotherapy; TGC HD, high-dose tigecycline; IV COL, intravenous colistin; SUL + IV COL, sulbactam–intravenous colistin; CFDC, cefiderocol 

monotherapy; IV COL + OTH, intravenous colistin combination therapy; CFDC + OTH, cefiderocol combination therapy; MEM + IV COL, meropenem–intravenous colistin; 

SUL + OTH, sulbactam combination therapy; AS COL + OTH, aerosolized colistin combination therapy; SUL + DUR, sulbactam–durlobactam; MEM + OTH, meropenem 

combination therapy; IV COL + TGC, intravenous colistin–tigecycline; SUL VHD + IV COL, very high-dose sulbactam–intravenous colistin; SUCRA, surface under the cumulative 

ranking curve; higher SUCRA indicates a better ranking. 
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MA were derived from indirect evidence. The certainty of these 

ndirect comparisons was rated as very low, based on the lowest 

ertainty of the direct comparisons forming the most influential 

oop. The comparison between tigecycline and intravenous colistin 

n the nephrotoxicity NMA was informed by direct evidence from 

hree cohort studies with serious risk of bias, resulting in very low 

ertainty of evidence ( Table 1 ). 

. Discussion 

The current NMA showed that sulbactam–durlobactam ranked 

ighest for clinical improvement and microbiological cure, and 

hird for mortality reduction in the treatment of MDR A. baumannii 

nfections. Cefiderocol-based therapies and sulbactam–intravenous 

olistin combinations also scored highest for survival probability. In 

ontrast, intravenous colistin-based therapies were associated with 

ephrotoxicity. The evidence was largely derived from cohort stud- 

es with high risk of bias and low certainty. 

Our findings are supported by studies with heterogeneous ev- 

dence quality. The ATTACK trial demonstrated that sulbactam–

urlobactam was noninferior to colistin for 28-day mortality (19% 

ersus 32%) and showed higher clinical response (62% versus 40%) 

nd microbiological cure (68% versus 42%), with lower nephrotoxi- 

ity (13% versus 38%) [ 20 ]. Integrating these data into our Bayesian 

MA confirmed the greater efficacy of sulbactam–durlobactam 

cross outcomes. The sulbactam–intravenous colistin combination, 

lthough supported primarily by cohort studies, also showed fa- 

orable outcomes, consistent with findings from smaller RCTs and 

revious meta-analyses [ 13 , 41–45 ]. Regarding cefiderocol, the two 

xisting RCTs primarily targeted MDR GNB rather than MDR A. 

aumannii specifically [ 46 , 47 ]. In the APEKS-NP trial, 28-day all- 

ause mortality in patients with CR A. baumannii infection was 

/18 (33%) with cefiderocol and 7/18 (39%) with meropenem [ 47 ]. 

n CREDIBLE-CR, all-cause mortality at the end of the study was 

9/39 (49%) in the cefiderocol group versus 3/17 (18%) in the best 

vailable therapy group; however, baseline severity was higher in 

he cefiderocol group, with ongoing shock in 19% versus 6% of the 

atients [ 46 ]. Due to their small sample sizes ( < 20 patients per

rm), neither of these RCTs was incorporated into the Bayesian 

MA. Consequently, evidence for cefiderocol was derived mainly 
123
rom cohort studies conducted in Italy, all of which reported favor- 

ble outcomes in patients receiving cefiderocol [ 48–55 ]. The bene- 

ts of cefiderocol identified in our NMA were consistent with those 

eported in another meta-analysis [ 56 ]. 

Sulbactam, a classic β-lactamase inhibitor, has intrinsic activ- 

ty against MDR A. baumannii by binding to penicillin-binding pro- 

eins (PBPs), specifically PBP1 and PBP3; at high doses ( > 9 g/day), 

t achieves complete PBP3 saturation [ 12 ]. In addition, durlobactam 

nhibits class A, C, and D beta-lactamases [ 57 ]. In vitro, more than

5% of A. baumannii isolates were susceptible to the sulbactam–

urlobactam combination (MIC ≤4 μg/mL) [ 58 ]. Sulbactam com- 

ined with intravenous colistin has consistently demonstrated syn- 

rgistic activity across multiple studies, particularly in severe MDR 

. baumannii infections [ 59 , 60 ]. Cefiderocol, by exploiting ferric 

ron transport systems to enter GNB, exhibits potent in vitro activ- 

ty against MDR A. baumannii strains producing class A, B, and D 

arbapenemases [ 61 , 62 ]. From a safety perspective, oxidative stress 

nd apoptosis are key mechanisms underlying the nephrotoxicity 

f intravenous colistin regimens [ 63 ]. The incidence of nephrotoxi- 

ity strongly correlated with higher colistin doses, and consistently, 

ll patients involved in the included studies received 9 MIU/day 

 64 ]. Unlike intravenous colistin, aerosolized colistin was not as- 

ociated with increased nephrotoxicity. However, its clinical effi- 

acy remained suboptimal, as its distribution in the lower respira- 

ory tract appears inadequate and it poses a potential risk of bron- 

hospasm [ 11 , 65–67 ]. 

This study provides a comprehensive synthesis by integrating 

vidence from both RCTs and cohort studies. The constructed net- 

ork included multiple treatment arms, reflecting current clini- 

al applications. Combining evidence from RCTs and cohort stud- 

es is essential, considering the limited number of pathogen- 

pecific RCTs examining MDR A. baumannii infections. The Bayesian 

ramework with MCMC simulations provided robust estimates, en- 

bling simultaneous comparisons across multiple regimens, a fea- 

ure lacking in conventional pairwise analyses [ 34 ]. 

This study has several limitations. First, the predominance of 

ohort evidence increased the risk of bias and lowered the cer- 

ainty of these findings. Second, minor inconsistencies were ob- 

erved in the clinical improvement network, but they did not ma- 

erially affect the treatment hierarchy. Third, variations in antibi- 
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Table 1 

Summary of key findings and GRADE certainty of evidence across outcomes. 

Comparison Study design a n b OR c 

[95% CrI] 

Absolute effect d 

(per 1 0 0 0) 

Certainty assessment Overall certainty of 

evidence 

RCT Cohort Risk of bias Inconsistency Indirectness Imprecision Publication 

bias e 

A. All-cause mortality (Treatment versus TGC) 

CFDC f 0 6 258 0.44 

[0.27–0.76] 

187 fewer Very serious Not serious Serious Serious No downgrade ���� 

Very low 

CFDC + OTH 

f 0 4 220 0.41 

[0.22–0.77] 

201 fewer Very serious Not serious Serious Serious No downgrade ���� 

Very low 

SUL + DUR f 1 0 63 0.42 

[0.15–1.20] 

197 fewer Very serious Not serious Serious Serious No downgrade ���� 

Very low 

B. Clinical improvement (Treatment versus TGC) 

SUL + DUR f 1 0 63 5.79 

[1.62–21.5] 

387 more Serious Not serious Not serious Serious No downgrade ���� 

Very low 

CFDC + OTH 

f 0 3 188 4.98 

[1.87–13.3] 

363 more Serious Not serious Not serious Serious No downgrade ���� 

Very low 

CFDC f 0 5 211 4.90 

[2.08–11.4] 

360 more Serious Not serious Not serious Serious No downgrade ���� 

Very low 

C. Microbiological cure (Treatment versus TGC) 

SUL + DUR f 1 0 63 8.66 

[1.92–41.0] 

425 more Serious Not serious Not serious Serious No downgrade ���� 

Very low 

SUL + IV COL f 1 4 260 2.39 

[1.01–5.60] 

211 more Serious Not serious Not serious Serious No downgrade ���� 

Very low 

D. Nephrotoxicity (Treatment versus TGC) 

IV COL 4 14 1 425 7.75 

[1.81–40.8] 

201 more Serious Not serious Not serious Not serious No downgrade ���� 

Very low 

IV COL + OTH 

f 4 4 567 8.21 

[1.41–59.4] 

211 more Very serious Not serious Not serious Not serious No downgrade ���� 

Very low 

Abbreviations: GRADE, Grading of Recommendations Assessment, Development and Evaluation; RCT, randomized controlled trial; OR, odds ratio; CrI, credible interval; TGC, tigecycline monotherapy; CFDC + OTH, cefiderocol 

combination therapy; CFDC, cefiderocol monotherapy; SUL + DUR, sulbactam–durlobactam; SUL + IV COL, sulbactam–intravenous colistin; IV COL, intravenous colistin. 
a Direct evidence contributing to each treatment arm in the network. 
b Number of patients in each treatment arm. 
c Estimated effects are reported as odds ratios with 95% credible intervals derived from the network meta-analysis. 
d Absolute effects (per 1 0 0 0) were calculated by applying the estimated effect to the pooled baseline risk of the comparison group across included trials. 
e Publication bias could not be formally assessed due to the limited number of studies per comparison ( < 10 studies). 
f Indirect comparisons were rated following Puhan et al., using the most influential loop, and confidence was assigned as the lower certainty of the contributing direct comparisons. 
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tic dosage, administration route, or treatment duration, which 

ay influence outcomes, were not considered. In addition, the 

earch was limited to English publications, and trial registries or 

onference abstracts were not included. Finally, the NMA analy- 

is cannot substitute for randomized comparisons, and treatment 

ankings are intended to generate hypotheses rather than guide 

efinitive clinical decisions. 

Given the very low certainty of evidence, these NMA findings 

hould be applied cautiously, recognizing the need for further ro- 

ust studies. Moreover, in the complex clinical context, they should 

ot be used to guide treatment decisions. Notably, in light of the 

TTACK trial, the 2024 IDSA guidelines recommend sulbactam–

urlobactam as first-line therapy for HAP/VAP caused by MDR A. 

aumannii [ 14 ]. Sulbactam–intravenous colistin remains an alterna- 

ive when sulbactam–durlobactam is unavailable [ 14 , 68 ]. However, 

uidance on cefiderocol is inconsistent, being listed as an alterna- 

ive by the IDSA but discouraged by the 2022 ESCMID guidelines 

 14 , 21 ]. These conflicting recommendations reflect the paucity and 

ow quality of the evidence currently available. Therefore, high- 

uality and pathogen-specific RCTs are needed to confirm these 

ndings. Pending additional evidence, conventional strategies in- 

orporate TDM principles to optimize efficacy is preferred. 

. Conclusions 

This Bayesian NMA suggested that sulbactam–durlobactam 

anked third for mortality reduction and scored first for clinical 

mprovement and microbiological cure in the treatment of MDR A. 

aumannii infections. Cefiderocol-based therapies also ranked high- 

st for survival probability, whereas intravenous colistin-based reg- 

mens were associated with the greatest nephrotoxicity. Given very 

ow certainty of evidence, further A. baumannii -specific clinical tri- 

ls are needed to validate these findings. 
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