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Introduction: It is not clear whether polymyxin B/tigecycline (PMB/TGC) combination is better than PMB or TGC alone in the treatment of hospital-acquired pneumonia (HAP) caused by carbapenem-resistant organisms (CROs).

Methods: We conducted a multicenter, retrospective cohort study in patients with HAP caused by CROs. The primary outcome was 28-day mortality, and the secondary outcomes included clinical success and the incidence of acute kidney injury (AKI). Multivariate Cox regression analysis was performed to examine the relationship between antimicrobial treatments and 28-day mortality by adjusting other potential confounding factors.

Results: A total of 364 eligible patients were included in the final analysis, i.e., 99 in the PMB group, 173 in the TGC group, and 92 in the PMB/TGC combination group. The 28-day mortality rate was 28.3% (28/99) in the PMB group, 39.3% (68/173) in the TGC group, and 48.9% (45/92) in the PMB/TGC combination group (p = 0.014). The multivariate Cox regression model showed that there was a statistically significant lower risk of 28-day mortality among participants in the PMB group when compared with the PMB/TGC combination group [hazard ratio (HR) 0.50, 95% confidence interval (CI) 0.31–0.81, p = 0.004] and that participants in the TGC group had a lower risk of 28-day mortality than in the PMB/TGC combination group but without statistical significance. The incidence of AKI in the PMB group (52.5%) and the PMB/TGC combination group (53.3%) was significantly higher than that in the TGC group (33.5%, p = 0.001).

Conclusion: The appropriate PMB/TGC combination was not superior to appropriate PMB therapy in the treatment of HAP caused by carbapenem-resistant Enterobacteriaceae/carbapenem-resistant Acinetobacter baumannii (CRE/CRAB) in terms of 28-day mortality.
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INTRODUCTION

Antimicrobial resistance is one of the most serious public health challenges in the world, especially carbapenem resistance. Carbapenem-resistant organisms (CROs), such as carbapenem-resistant Acinetobacter baumannii (CRAB) and Enterobacteriaceae (CRE), are among the “urgent threats” according to the Centers for Disease Control and Prevention (CDC), which should be addressed appropriately (1–3). The mortality of invasive CRE infections usually exceeds 30% (4). The treatment options are very limited for CROs because they are often resistant not only to carbapenems but also to most other antibiotics available (5, 6).

One of the strategies for managing CRO infections is to use the existing antibiotics wisely and rationally to improve clinical efficacy and meanwhile reduce adverse events. For example, polymyxins are often used in combination with tigecycline (TGC) or carbapenems to treat CRO infections (7–10), even though randomized controlled trials (RCTs) have confirmed that colistin/meropenem or colistin/rifampicin combinations are not superior to colistin alone in the treatment of carbapenem-resistant Gram-negative bacilli or drug-resistant A. baumannii (11, 12). However, only a few clinical studies have been conducted on polymyxin B/TGC (PMB/TGC) combination in treating CRO infections (13, 14). The optional choice against hospital-acquired pneumonia (HAP) caused by CRO is still controversial and whether or not PMB/TGC should be used as monotherapy or combination therapy is also unclear (15).

In this study, we retrospectively identified the patients with HAP caused by CRO who were initially treated with appropriate PMB and/or TGC. We aimed to evaluate the efficacy and safety of appropriate PMB/TGC combination therapy in treating HAP caused by CRO when compared with appropriate PMB or TGC alone.



MATERIALS AND METHODS


Study Design and Setting

This is a multicenter, retrospective cohort study. The patients were enrolled from 14 tertiary general hospitals across China (see Supplementary Table 4). The study protocol was approved by the Ethics Committee of China-Japan Friendship Hospital (no. 2018-146-K103), which was endorsed by a rapid ethic review in each participating center. Researchers waived the need to obtain written informed consent due to its retrospective characteristic.

The patients with HAP due to CRO who were treated with PMB and/or TGC during the period from 1 January 2018 to 31 May 2020 were identified. Relevant data were retrieved from the electronic medical record system. The patients were followed up to document the survival status and safety data until at least day 28 after the onset of infection (day 1).



Study Population

The patients were included in this study only when they were diagnosed with HAP due to CRO and received appropriate PMB and/or TGC therapy (for PMB, intravenous and/or nebulized administration were appropriate). It is reported that the early use of antibiotics in septic patients can reduce the in-hospital mortality (16). This phenomenon suggests that even for the same two antibiotics, the different intervals between the two drugs may lead to different clinical outcomes, so we can justifiably consider them as two different treatment strategies. Therefore, in this study, we included the interval between antibiotic used as one of the criteria to define appropriate therapy. PMB or TGC therapy was considered appropriate when the treatment lasted for ≥5 days in the patients surviving more than 5 days or ≥48 h in the patients surviving ≤5 days (12). Moreover, PMB and/or TGC were administered at recommended dose ranges within 5 days after the onset of infection or within 3 days after knowing the susceptibility testing results; or PMB and/or TGC were used empirically at the recommended doses (17, 18) until 3 days after knowing the susceptibility testing results. We also believe that it was reasonable if clinicians refer to drug instructions for administration. The patients were excluded if they received inappropriate PMB and inappropriate TGC therapies, key missing data prevented study evaluation, or patients died within 48 h after infection. The patients were assigned to PMB group when only PMB was used appropriately, TGC group when only TGC was used appropriately, or PMB/TGC group when both PMB and TGC were used appropriately.



Data Collected

The data downloaded from the electronic medical record system were de-identified and used for further analyses. The database was reviewed to ensure that the inclusion and exclusion criteria were met. The primary outcome was 28-day all-cause mortality since the onset of infection (day 1). The patients or their family members were interviewed by telephone if day 28 follow-up data were missing in the information system. The secondary outcome was the clinical success rate. We also analyzed the incidence of acute kidney injury (AKI) as an adverse event about PMB used. All potential confounding variables were collected, such as demographics, underlying conditions, Charlson Comorbidity Index (CCI) (19), mechanical ventilation, laboratory tests, acute physiology, and chronic health evaluation II (APACHE II) score (20), sequential organ failure assessment (SOFA) score on day 1 (21), microbiological data, antimicrobial treatment, and AKI. The data were clarified via rechecking the source document if there was any discrepancy. The clinical isolates were identified and tested for susceptibility at each participating center. The susceptibility testing results were interpreted according to the 2020 Clinical and Laboratory Standards Institute (CLSI) (22) or Food and Drug Administration (FDA) breakpoints (23) to confirm CRO pathogens. The antimicrobial agent was considered active if the pathogen was “susceptible” or “intermediate” in susceptibility testing.



Definitions

Hospital-acquired pneumonia was defined as pneumonia not incubating at the time of hospital admission and occurring at 48 h or more after admission. The clinical diagnosis of pneumonia was based on new or progressive infiltrates, consolidations, ground-glass opacities on chest X-ray or CT, and 2 or more of the following symptoms: (1) fever, body temperature >38°C; (2) purulent airway secretions; and (3) peripheral blood white blood cell count >10 × 109/L or <4 × 109/L (24). In addition, for the purpose to minimize the possibility of colonization, target pathogens must be those isolated from qualified lower respiratory tract secretions [the number of neutrophils >25 per low-power field (LPF), the number of epithelial cells <10/LPF, or the ratio between neutrophils and epithelial cells >2.5:1], protected specimen brush (PSB), bronchoalveolar lavage fluid (BALF), and lung tissue or sterile body fluids and were consistent with clinical manifestations (25). Clinical success was defined as a composite of patient survival, hemodynamic stability (systolic blood pressure >90 mmHg without vasopressor support), SOFA score improved by at least 30% if baseline SOFA ≥3 or stable if baseline SOFA <3, and oxygenation index stable or improved (12). CRE is defined as a susceptibility test showing resistance to at least one of ertapenem, doripenem, meropenem, or imipenem in the Enterobacteriaceae family. CRAB or carbapenem-resistant Pseudomonas aeruginosa (CRPA) refers to A. baumannii or P. aeruginosa that is intermediate or resistant to at least one of doripenem, meropenem, or imipenem by susceptibility results and if minimum inhibitory concentration (MIC) values were not available, the report of the local laboratory was adopted (26, 27). AKI, sepsis, and septic shock were defined as previously reported (28–30).



Statistical Analysis

SAS software (version 9.4, SAS Institute, Cary, NC, United States) was used for statistical analysis. The baseline characteristics were compared among three groups using a Chi-square or Fisher’s exact test for categorical variables, and analysis of variance (ANOVA) or Kruskal–Wallis H test for continuous variables. The 28-day mortality rate was compared between treatment groups using the Cox proportional hazard model in terms of hazard ratio (HR) and 95% confidence interval (CI). Data were censored at the last contact date for patients who were lost to follow-up. Stratified analysis was performed by sex, comorbidity, vasopressor use, sepsis, mechanical ventilation, and pathogen. Subgroup analyses were based on important demographic characteristics and confounders, such as comorbidities, sepsis, vasoactive drugs, and pathogens, and were decided a priori. A multivariate Cox proportional hazard model was built by adjusting for the known risk factors associated with 28-day mortality or the significant variables identified in univariate analysis. The proportional hazards assumption was tested using Schoenfeld residuals, with p < 0.05 indicating non-proportionality. Kaplan–Meier method was used to estimate the curves of 28-day mortality in each treatment group. All p-values were two-sided and p < 0.05 was considered statistically significant.




RESULTS


Patients and Treatment Details

A total of 445 patients with HAP caused by CRO were initially retrieved from the participating hospitals. Some of the patients were excluded due to inappropriate PMB and inappropriate TGC therapies (n = 23), missing data (n = 11), duplicate cases (n = 6), and unknown survival status (n = 41). Finally, 364 patients were eligible for this study, i.e., 99 in the PMB group, 173 in the TGC group, and 92 in the PMB/TGC combination group (Figure 1). About 1% (1/99) of the patients in the PMB group received PMB by nebulization and 1% (1/99) by intravenous plus nebulized administration; 1.3% (1/78) of the patients in the TGC group received PMB by nebulization and 2.6% (2/78) of patients received PMB by intravenous plus nebulized administration; and 2% (2/92) of the patients in combination therapy group received PMB by nebulization and 1% (1/92) of the patients received PMB by intravenous plus nebulized administration. There was no significant difference between the treatment groups (p = 0.859, data not shown).
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FIGURE 1. Flow chart for patient enrollment. HAP, hospital-acquired pneumonia; CRO, carbapenem-resistant organisms; PMB, polymyxin B; TGC, tigecycline.


Patients were predominantly men (75.3%). Significantly more patients had underlying respiratory diseases in the PMB group (59.6%) than in the TGC group (40.5%) or the PMB/TGC combination group (44.6%; p = 0.009). The baseline SOFA score was significantly higher in the PMB/TGC combination group (p = 0.004). Significantly more patients in the PMB/TGC combination group had septic shock (p = 0.005) and used vasoactive drugs (p = 0.007). Other clinical parameters were comparable between the three treatment groups (Table 1).


TABLE 1. Baseline characteristics of patients in terms of polymyxin B and/or tigecycline treatment.

[image: Table 1]
The most frequently isolated pathogens were CRAB (211/364, 58.0%), followed by carbapenem-resistant Klebsiella pneumoniae (CRKP) (142/364, 39.0%), CRPA (33/364, 9.0%), other CRE (6/364, 1.6%), and carbapenem-resistant Escherichia coli (6/364, 1.6%; Table 2). Due to missing susceptibility testing results in some of the study hospitals, we did not collect this information in its entirety. However, we analyzed the existing susceptibility results and found that both PMB and TGC maintained a high level of antibacterial activity against the target strains (see Supplementary Table 3).


TABLE 2. Antimicrobial therapies, pathogens, and prognosis of patients in terms of polymyxin B and/or tigecycline treatment.
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Patient Outcome

Overall, 92 (25.3%) patients died within 14 days and 141 (38.7%) patients died within 28 days after the onset of infection (day 1). The 28-day mortality rate was 28.3% (28/99) in the PMB group, 39.3% (68/173) in the TGC group, and 48.9% (45/92) in the PMB/TGC combination group (p = 0.014; Table 2). Appropriate PMB therapy was associated with a significant survival advantage (HR 0.50, 95% CI 0.31–0.81, p = 0.004) when compared with PMB/TGC combination therapy, but not in the TGC group (HR 0.77, CI 95% 0.53–1.12, p = 0.169; Supplementary Table 2 and Figure 2). Appropriate PMB therapy resulted in the highest clinical success rate (41.4%) when compared with TGC (34.3%) and PMB/TGC (27.5%; Table 2).
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FIGURE 2. Kaplan–Meier survival estimates of patients with hospital-acquired pneumonia due to carbapenem-resistant organisms in terms of polymyxin B and/or tigecycline treatment.


Univariate analysis showed that chronic cardiovascular diseases (HR 1.69; 95% CI 1.2–2.39; p = 0.003), higher SOFA score on day 1 (HR 1.12; 95% CI 1.07–1.16; p < 0.001), higher APACHE II score on day 1 (HR 1.07; 95% CI 1.05–1.10; p < 0.001), sepsis (HR 1.51; 95% CI 0.99–2.30; p = 0.054), septic shock (HR 2.48; 95% CI 1.60–3.83; p < 0.001), pre-existing AKI before infection (HR 1.52; 95% CI 1.05–2.19; p = 0.027), and incident AKI after infection (HR 1.81; 95% CI 1.30–2.52; p = 0.0005) were risk factors for 28-day mortality (Supplementary Table 2). Clinical treatment success (HR 0.04; 95% CI 0.01–0.11; p < 0.0001), higher platelet count (HR 0.998; 95% CI 0.996–0.999; p = 0.010), and higher PaO2/FiO2 ratio (HR 0.998; 95% CI 0.996–0.999; p = 0.009) were associated with significant lower risk of 28-day mortality (Supplementary Table 2). The 28-day mortality was independent of pathogenic bacterial species and mixed infections caused by multiple pathogens (Supplementary Table 2). Subgroup analysis showed a survival benefit for appropriate PMB therapy over PMB/TGC combination therapy in most of the subgroups analyzed, except the patients with sepsis (or septic shock) or using vasoactive drugs, and the patients with CRBA infection (Table 3).


TABLE 3. Subgroup analyses.
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The incidence of AKI was significantly higher in the PMB group (52.5%) and the PMB/TGC group (53.3%) than in the TGC group (33.5%, p = 0.001; Table 2). PMB-based therapies were associated with a relatively higher proportion of AKI Stage 3 or continuous renal replacement therapy (Table 2).

We built six different models to adjust the possible effects of confounding factors on mortality. The multivariate Cox proportional hazard model demonstrated that appropriate PMB therapy was associated with a significantly lower risk of 28-day mortality when compared with PMB/TGC combination therapy after adjustment for multiple established risk factors, such as age, sex, chronic respiratory disease, chronic cardiovascular disease, sepsis, SOFA score, APACHE II score, vasopressor use, platelet count, and creatinine. Multivariate analysis demonstrated that appropriate PMB therapy had a significant protective effect on mortality (Table 4).


TABLE 4. Model selection for multivariable analysis of 28-day mortality.
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DISCUSSION

This retrospective cohort study found that appropriate PMB therapy resulted in a significantly lower 28-day mortality rate than appropriate TGC therapy or PMB/TGC combination therapy in patients with HAP caused by CRO. After the confounding factors were excluded, the survival advantage of PMB remained.

The findings of this study are consistent with some previous reports. Liang et al. (14) investigated the relationship between antibiotic treatment strategies and clinical outcomes in patients with CRAB-associated pneumonia. They found that TGC-based therapy was associated with higher ICU mortality than TGC-free therapy [adjusted odds ratio (aOR) 2.30, 95% CI 1.19–4.46]. In addition, the investigators found that colistin monotherapy was associated with lower ICU mortality when compared with TGC monotherapy (aOR 0.30, 95% CI 0.10–0.88). A similar trend was shown in treatment failure rates, i.e., TGC-based treatment was associated with a higher failure rate than non-TGC-based treatment (aOR 2.51, 95% CI 1.39–4.54). Kontopidou et al. investigated the relationship between antimicrobial treatment and patient outcomes. They reported that TGC-based therapies showed the highest failure and mortality rates (31). A multicenter prospective observational study found that when the MIC of TGC was greater than 2 mg/L, the colistin-combined TGC regimen was associated with increased 14-day mortality (32). In addition, TGC-based therapy was associated with lower microbial clearance and higher mortality (32). Another in vitro one-compartment dynamic model (IVM) study demonstrated the importance of the TGC dosing for the efficacy of PMB-TGC combination in the treatment of multidrug-resistant A. baumannii. Because the synergistic effect could only be achieved when PMB (1 mg/kg/12 h) was used in combination with a higher dose of TGC (200 mg/12 h instead of 100 mg/12 h) (33).

In fact, it is always a focus of debate among clinicians regarding combination therapy for patients with CRO infections. Other authors analyzed 22 studies comparing polymyxin monotherapy with polymyxin-based combination therapies in adult patients with infections caused by carbapenem-resistant Gram-negative bacteria (15). They found that polymyxin monotherapy was associated with significantly higher mortality than the therapies combined with aminoglycoside, fosfomycin, or TGC (unadjusted OR 1.57, 95% CI 1.06–2.32). However, the authors believed that the observed significant association between polymyxin monotherapy and mortality could not be taken as proof to support the advantages of combination therapy due to very low-quality evidence, such as selection bias and not controlled. The RCTs had shown that rifampicin/colistin (11), colistin/meropenem (12), or fosfomycin/colistin (34) had no effect on the mortality of CRO infections. As a number of patients were complicated with sepsis, we used the time to treatment as one of the criteria to determine the appropriateness of antimicrobial therapy (26). We also strictly limited the duration and timing of antimicrobial treatment, especially the strict definition of combination therapy. Therefore, our findings also supported to some extent the conclusion that combination therapy when compared to monotherapy may not necessarily confer a benefit as it is reliant on multiple factors, such as the choice of the partner antibiotics. We found that patients who received PMB/TGC combination therapy did not achieve mortality benefit, which suggests that TGC might not be suitable for combination with PMB.

Tigecycline has limitations in the treatment of HAP. This may be an important cause of increased mortality of TGC-based regimens. First of all, TGC is a bacteriostatic rather than bactericidal agent (35). Secondly, the concentration of TGC in plasma is low. The steady volume of distribution of TGC is about 7–10 L/kg indicating extensive distribution into body tissues (35). A standard TGC regimen (i.e., 100 mg loading dose followed by 50 mg maintenance dose) results in a maximum plasma concentration of only 0.6 μg/ml at a steady state (36). The low plasma concentration and lack of bactericidal effect may lead to a poor microbial response to TGC treatment. Shen et al. (37) found that the TGC treatment group achieved a lower microbiological success rate than the control group (OR = 0.94, 95% CI = 0.77–1.16, p = 0.56) and lower microbial clearance rate for E. coli and K. pneumoniae. Gardiner et al. (38) also found that the TGC treatment group had a significantly higher prevalence of bacteremia than control group 24 h after the start of treatment (p = 0.02). High-dose TGC might be able to make up the pharmacokinetic-pharmacodynamic disadvantages to some extent. A systematic review analyzed 25 studies regarding the effectiveness and/or safety of TGC-based regimens in the treatment of CRE infections. A subgroup meta-analysis of this review found that intensive care with high-dose TGC was associated with a much lower mortality rate than standard dose of TGC (OR 12.48; 95% CI 2.06–75.43; p = 0.006) (39).

As early as 2010, the United States FDA warned that TGC may cause increased mortality (40), especially when TGC is used to treat HAP (off-label use). Prasad et al. showed that TGC was associated with increased mortality [risk difference (RD) 0.7%; 95% CI 0.1–1.2%; p = 0.01] and increased non-cure rate (RD 2.9%; 95% CI 0.6–5.2%; p = 0.01) (41). This conclusion is independent of infection type, study design, and sample size. This may be due to the fact that TGC is bacteriostatic rather than bactericidal for the pathogens at lower plasma concentrations (41). Paul et al. analyzed 13 TGC clinical trials and found that TGC was associated with higher all-cause mortality rates than in the control group in 12 of the trials, especially for the ventilator-associated pneumonia (VAP) patients with baseline bacteremia (42). In patients with complicated skin/skin-structure infection, complicated intra-abdominal infection, or community-acquired bacterial pneumonia, which are approved indications, TGC is generally safer and well tolerated, with a cure rate similar to standard therapies (38).

The synergistic effect between PMB and TGC is not prominent in vitro, which is another important reason for the higher mortality of PMB/TGC combination. Wentao et al. found that PMB/TGC combination was synergistic in only 9.5% of the cases (95% CI 6.0–14.5%), but polymyxins/rifampicin combination was synergistic in 60.3% of the cases (95% CI 34.4–81.5%) (43). Chaoe et al. also found that the synergistic effect between colistin and TGC was about 20%, and no synergistic effect on the E. coli producing blaNDM–1 and Serratia marcescens (44).

In this study, we concluded that patients in the PMB/TGC combination group did not show a survival advantage as compared to patients in monotherapy groups (PMB group and TGC group). This might be related to the following reasons. In this study, patients in monotherapy groups, which served as the control group, might be concomitantly receiving other antibiotics (for example, carbapenems). Although these antibiotics were defined as inappropriate in this study, they might still have an impact on treatment efficacy, even if it might be mild, resulting in a lower mortality rate in PMB group when compared with that in the PMB/TGC combination group. In addition, the susceptibility test results of some target strains in this study were missing and the difference in the MIC value of the pathogenic strains between the combination group and the control groups was not clear. This could also be a reason why combination therapy did not appear to have a benefit. Finally, the antibacterial activity of TGC was insufficient, low local drug concentration in infection sites, possible direct drug toxicity, and other mechanisms might also contribute to higher mortality with the combination regimen than with the monotherapy (41).

Polymyxin B-based therapies were associated with AKI in this study. This is consistent with the conclusion of a recent study on polymyxin nephrotoxicity (45), which demonstrated that the incidence of nephrotoxicity was about 39.1% in the patients treated with intravenous polymyxin. Higher incidence of AKI may be related to the older age of patients, pre-existing AKI, and combined use of vasopressor. In addition, the patients included in our study were critically ill and usually received multiple drugs, which may be potentially toxic to kidneys.

There are some limitations to this study. First of all, this study is a retrospective observational study with inherent shortcomings, e.g., the investigators have known the specific treatment measures received by the patients before data analysis (classification bias) or investigators may tend to select cases that have an expected effect on the results of the study (selection bias). This study concludes that an appropriate PMB/TGC combination is associated with increased mortality as compared to appropriate PMB alone. However, more data and further studies are required to clarify whether this conclusion is widely applied as the limitation of the difference in the severity of disease among groups in this study. Treatment outcomes are affected not only by antimicrobial therapies but also by host factors (e.g., underlying diseases, disease severity) and pathogen factors (e.g., MIC of the isolates, mixed infection, and presence of heteroresistance). The population in this study was mainly critically ill patients with multiple bacterial infections, and susceptibility testing results were not collected completely. These limitations made it impossible to perform multivariate analysis on specific bacterial species and prevented the analysis to examine MIC effects on mortality. All the P. aeruginosa strains were isolated from mixed infection. Heteroresistance can also lead to the failure of combination therapy (46). Unfortunately, it was impossible to obtain the pathogenic isolates to analyze heteroresistance due to the retrospective nature of this study.

In summary, our findings suggest that the appropriate PMB/TGC combination was not superior to appropriate PMB therapy in the treatment of HAP caused by CRE/CRAB in terms of 28-day mortality. An RCT is urgently needed to confirm this preliminary finding. Renal function should be monitored closely during PMB therapy.
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Characteristic

Demographics

Sex, male

Age, years

Body mass index

Charlson Comorbidity Index
Underlying diseases

Chronic respiratory disease
Chronic cardiovascular disease
Chronic kidney disease

Severity of illness at diagnosis of HAP due to CROs

SOFA score

APACHE Il score
Vasopressor use

White blood cell count (x 10'2/L)
Platelet count (x 10°/L)
Platelet count <15 x109/L
Creatinine (umol/L)
Bilirubin (wmol/L)
Pa0»/FiO, ratio

Sepsis

Septic shock

Clinical details

Non-invasive mechanical ventilation

Invasive mechanical ventilation

Duration of non-invasive mechanical ventilation (day)
Duration of invasive mechanical ventilation (day)
Extracorporeal membrane oxygenation

Length of hospital stay (day)

Length of stay before infection (day)
Peak value of serum creatinine after treatment (wmol/L)

Polymyxin B (N = 99)

74 (74.7)

63.00 = 18.00
22.04 + 4.87
2.00 £ 2.00

59 (59.6)
49 (49.5)
17 (17.2)

5.00 + 5.00
17.00 £ 11.00
23(23.2)
11.70 + 7.91
182.00 + 173.00
3(3.0)
69.20 + 75.35
13.82 + 15.50
22418 + 126.33
41 (41.4)

18 (18.2)

49 (49.5)

83 (83.8)
12.00 + 18.00
18.00 % 24.00

17(17.2)
26.00  27.00
8.00 £ 17.00

149.30 + 154.10

Tigecycline (N = 173)

126 (72.8)

64.00 = 18.00
22.89 + 4.60
1.00 % 2.00

70 (40.5)
103 (59.5)
23 (13.3)

6.00 = 5.00
16.00 + 10.00
43 (24.9)
10.16 + 7.25
136.00 + 119.00
3(1.7)
65.70 = 58.20
15.30 + 14.24
204.44 + 147.23
71 (41.0)

38 (22.0)

71 @)
130 (75.1)
7.00 + 14.00
15.00 + 22.00
22 (12.7)
20.00 + 24.00
6.00 + 14.00
104.20 + 169.00

Polymyxin B/tigecycline (N = 92)

74 (80.4)

58.00 = 20.50
22.09 + 4.56
2.00 £ 2.00

41 (44.6)
42 (45.7)
9(9.8)

7.00 £5.00
18.00 £ 10.00
38 (41.9)
11.32 £8.27
108.00 £ 149.00
5(5.4)
75.10 £ 68.70
16.38 £ 19.37
170.40 £ 157.94
35 (38.0)

36 (39.1)

43 (46.7)
78 (84.9)
14.00 + 24.00
18.50 + 19.00
22 (23.9)
19.00 £ 21.50
5.00 + 14.00
150.00 + 155.20

p-value

0.390¢
0.005*
0.346%
0.739%

0.009¢
0.066°
0.326°

0.004+
0.160*
0.007¢
0.360*
0.002*
0.246°
0.310*
0.978*
0.002%
0.005¢

0.366%
0.092¢
0.196%
0.279%
0.067¢
0.030%
0.618%
0.016*

CRO, carbapenem-resistant organism, HAF, hospital-acquired pneumonia; SOFA, sequential organ failure assessment; APACHE, acute physiology and chronic health
evaluation; PaOo, arterial oxygen partial pressure; FiO», fractional inspired oxygen.

IChi-square test.
*Kruskal-Wallis H test.
¢Fisher’s exact test.

Data are presented as median + interquartile range or N (%).
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Subgroup No. of patients Compared with polymyxin B/tigecycline HR (95% CI) p-Value

Sex

Male 274 Polymyxin B 0.50 (0.30-0.85) 0.010
Tigecycline 0.75 (0.50-1.15) 0.187

Female 90 Polymyxin B 0.55 (0.19-1.65) 0.288
Tigecycline 0.89 (0.37-2.14) 0.793

Underlying diseases

Chronic respiratory disease 170 Polymyxin B 0.47 (0.24-0.91) 0.025
Tigecycline 0.98 (0.56-1.71) 0.930

Chronic cardiovascular disease 194 Polymyxin B 0.46 (0.25-0.84) 0.012
Tigecycline 0.66 (0.41-1.06) 0.085

Chronic kidney disease 49 Polymyxin B 0.53 (0.16-1.74) 0.294
Tigecycline 0.71 (0.24-2.07) 0.529

Acute kidney injury 82 Polymyxin B 0.50 (0.21-1.20) 0.122
Tigecycline 1.01 (0.50-2.05) 0.983

Vasopressor use (day 1)

Yes 104 Polymyxin B 0.92 (0.42-1.98) 0.824
Tigecycline 1.23 (0.66-2.28) 0.514

No 260 Polymyxin B 0.39(0.22-0.72) 0.002
Tigecycline 0.64 (0.39-1.02) 0.063

Sepsis and septic shock

Yes 239 Polymyxin B 0.63 (0.36-1.11) 0.109
Tigecycline 1.05 (0.68-1.61) 0.836

No 125 Polymyxin B 0.33(0.14-0.80) 0.014
Tigecycline 0.37 (0.17-0.80) 0.012

Invasive mechanical ventilation

Yes 291 Polymyxin B 0.51(0.31-0.84) 0.008
Tigecycline 0.87 (0.59-1.30) 0.496

No 73 Polymyxin B 0.39 (0.07-2.14) 0.280
Tigecycline 0.54 (0.16-1.83) 0.321

Pathogen

Carbapenem-resistant K. pneumoniae 217 Polymyxin B 0.47 (0.26-0.86) 0.014
Tigecycline 0.70 (0.42-1.17) 0.171

Carbapenem-resistant A. baumannii 247 Polymyxin B 0.61 (0.34-1.09) 0.093
Tigecycline 0.91 (0.57-1.44) 0.678

HR, hazard ratio; Cl, confidence interval.
All p-values were calculated by Cox proportional hazards regression model.
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Parameter Polymyxin B (N = 99) Tigecycline (N = 173) Polymyxin B/tigecycline (N = 92) p-value
Antibiotics use

Polymyxin B2

Time to treatment (day)? 3.00 + 3.00 1.00 +9.00 3.00 + 4.00 0.269*
Duration of treatment (day) 14.00 + 9.00 7.00 £ 8.00 12.00 + 10.50 <0.0001*
Drug used 99 (100%) 78 (45.1) 92 (100.0)

Tigecycline

Time to treatment (day)? 1.00 + 6.00 1.00 + 3.00 1.50 £ 2.00 0.315%
Duration of treatment (day) 9.00 £+ 15.00 13.00 £ 10.00 13.00 + 10.00 0.005%
Drug used 43 (43.4) 173 (100.0) 92 (100.0)

Pathogens at diagnosis of HAP due to CROs

Carbapenem-resistant K. pneumoniae 43 (43.4) 60 (34.7) 39 (42.4) 0.2707
Carbapenem-resistant E. coli 2.0 1(0.6) 3(3.3) 0.249°
Other CRE 3(3.0) 2(1.2 1(1.1) 0.4497
Carbapenem-resistant A. baumannii 49 (49.5) 114 (65.9) 48 (62.2) 0.013¢
Carbapenems-resistant P aeruginosa 18(18.2) 5(2.9 10 (10.9) 0.0001¢
Number of pathogens >2 17 (17.2) 12(6.9) 13 (14.1) 0.0267
Outcomes

AKI before infection 25 (25.9) 32 (18.5) 25 (27.2) 0.2057
AKI after infection 52 (52.5) 58 (33.5) 49 (63.3) 0.001¢
AKI Stage 1 18 (34.6) 24 (41.4) 17 (34.7) 0.5147
AKI Stage 2 13(25.0) 18 (31.0) 11 (22.4)

AKI Stage 3 21 (40.4) 16 (27.6) 21 (42.9)

Continuous renal replacement therapy 25 (25.3) 27 (15.6) 34 (37.0) 0.0005¢
Clinical success 41 (41.4) 59 (34.3) 25 (27.5) 0.1307
28-day mortality 28 (28.9) 68 (39.3) 45 (48.9) 0.014
14-day mortality 18(18.2) 46 (26.6) 28 (30.4) 0.1297

CRO, carbapenem-resistant organism; HAF, hospital-acquired pneumonia; CRE, carbapenem-resistant Enterobacteriaceae; AKI, acute kidney injury.

Data are presented as median + interquartile range or N (%).

aMajority of patients received intravenous polymyxin B and there were no difference in nebulized polymyxin B used between the three groups.
From day 1 to the start date of polymyxin B and/or tigecycline treatment.

IChi-square test.

*Kruskal-Wallis H test.

¢Fisher’s exact test.
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Model

Crude

Model 1

Model 2

Model 3

Model 4

Model 5

Model 6

Factors

Polymyxin B vs. polymyxin
B/tigecycline
Tigecycline vs. polymyxin
B/tigecycline
Polymyxin B vs. polymyxin
B/tigecycline
Tigecycline vs. polymyxin
B/tigecycline
Polymyxin B vs. polymyxin
B/tigecycline
Tigecycline vs. polymyxin
B/tigecycline
Polymyxin B vs. polymyxin
B/tigecycline
Tigecycline vs. polymyxin
B/tigecycline
Polymyxin B vs. polymyxin
B/tigecycline
Tigecycline vs. polymyxin
B/tigecycline
Polymyxin B vs. polymyxin
B/tigecycline
Tigecycline vs. polymyxin
B/tigecycline
Polymyxin B vs. polymyxin
B/tigecycline
Tigecycline vs. polymyxin
B/tigecycline

HR (95% ClI)

0.50 (0.31-0.81)

0.77 (0.53-1.12)

0.49 (0.30-0.79)

0.74 (0.50-1.09)

0.48 (0.30-0.78)

0.72 (0.49-1.05)

0.58 (0.36-0.94)

0.82 (0.56-1.22)

0.55 (0.34-0.90)

0.87 (0.59-1.29)

0.55 (0.34-0.90)

0.88 (0.60-1.29)

0.58 (0.35-0.96)

0.88 (0.59-1.31)

p-value

0.004

0.169

0.003

0.126

0.003

0.090

0.027

0.328

0.017

0.494

0.018

0.507

0.035

0.520

HR, hazard ratio; Cl, confidence interval.
Model 1: adjusted for age and sex; model 2: adjusted for age, sex, chronic respira-
tory disease, and chronic cardiovascular disease; model 3: adjusted for age, sex,
chronic respiratory disease, chronic cardiovascular disease, and sepsis; model 4:
adjusted for age, sex, chronic respiratory disease, chronic cardiovascular disease,
sepsis, SOFA score, and APACHE Il score; model 5: adjusted for age, sex, chronic
respiratory disease, chronic cardiovascular disease, sepsis, SOFA score, APACHE
Il score, and vasopressor use; and model 6: adjusted for age, sex, chronic respira-
tory disease, chronic cardiovascular disease, sepsis, SOFA score, APACHE Il
score, vasopressor use, platelet count, and creatinine.
All p-values were calculated by Cox proportional hazards regression model.





