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a b s t r a c t 

Objectives: This study aimed to assess the current incidence and risk factors for polymyxin B-associated 

acute kidney injury (AKI) in Chinese hospitals for a more effective clinical use for polymyxin B. 

Methods: This multicenter, retrospective cohort study included patients from 14 Chinese teaching 

hospitals who received polymyxin B therapy. Univariate and multivariate logistic regression models 

were used to determine the factors associated with polymyxin B-associated incident AKI. Further- 

more, a multivariate logistic regression model was used to identify the independent risk factors for 

AKI. 

Results: A total of 251 patients were included in the analysis. The overall incidence of AKI was 33.5%. 

A multivariate logistic regression model identified the loading dose (hazard ratio (HR), 1.84; 95% confi- 

dence interval (CI), 1.01–3.38; P = 0.0491) and the use of two or more nephrotoxic drugs (HR, 3.56; 95% 

CI, 1.55–8.18; P = 0.0029) as independent risk factors for the occurrence of AKI. Meanwhile, the esti- 

mated glomerular filtration rate had a protective effect (HR, 0.99; 95% CI, 0.98–0.99; P = 0.0 0 06) on the 

occurrence of AKI. The daily dose, cumulative dose, and treatment duration of polymyxin B did not affect 

the occurrence of AKI. 
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ntroduction 

Nephrotoxicity is an important factor in evaluating the clinical 

ffectiveness of polymyxins. When polymyxins had just been used 

n the clinics, the incidence of adverse events was very high, espe- 

ially nephrotoxicity and neurotoxicity; although the definition of 

ephrotoxicity is not well established, studies have reported that 

ts incidence was as high as 10%–50% ( Falagas and Kasiakou, 2006 ). 

he high incidence of nephrotoxicity and the emergence of new 

ntibiotics with low toxicity (such as aminoglycosides and second- 

eneration and third-generation cephalosporins) have resulted in 

ewer polymyxins being used in the clinic since the 1970s. 

Currently, many studies are evaluating polymyxin-associated 

ephrotoxicity, and more than 80% of them are specific to col- 

stin. Kvitko et al. (2011) found that 36% (16/45) of patients 

eceiving polymyxin B for treating bacteremia caused by Pseu- 

omonas aeruginosa infection developed nephrotoxicity compared 

ith only 11% (10/88) of patients that developed the same condi- 

ion upon receiving other antibiotics (P = 0.002). In another study, 

aul et al. (2010) compared the incidence of nephrotoxicity af- 

er treatment with colistin or other antibiotics for infections with 

. aeruginosa, Acinetobacter baumannii , or Enterobacteriaceae; they 

ound that when the former was used, nephrotoxicity’s incidence 

as 16% (26/128) compared with only 7% (17/244) in the control 

roup (P = 0.006). However, the incidence of polymyxin B-related 

ephrotoxicity reported in the literature varies widely, ranging 

rom as low as 4% ( Ramasubban et al. 2008 ) to as high as 60%

 Kubin et al. 2012 ). The main reasons for such inconsistent findings 

cross these studies are the differences in the dosage of polymyx- 

ns and disparate definitions of nephrotoxicity. For example, stud- 

es using the RIELF (Risk, Injury, Failure, Loss, and End-stage kid- 

ey disease) nephrotoxicity criteria reported a 39% (122/330) in- 

idence of nephrotoxicity ( Esaian et al. 2012 ; Kubin et al. 2012 ;

kajagbor et al. 2013 ; Phe et al. 2014 ), while those using other

riteria reported a 17% (16/96) incidence ( Ouderkirk et al. 2003 ; 

obieszczyk et al. 2004 ; Oliveira et al. 2009 ). Noteworthy, the most 

ommonly used nephrotoxicity criteria in published clinical studies 

re the RIELF criteria. The Kidney Disease: Improving Global Out- 

omes (KDIGO) criteria for diagnostic were introduced later, and 

ome studies have shown that more patients with AKI can be iden- 

ified using the KDIGO criteria ( Zhou et al. 2016 ). 

Due to the continuous increase in carbapenem-resistant organ- 

sms, polymyxins (including colistin and polymyxin B) were re- 

ntroduced into clinical practice in 1990s. However, the nephro- 

oxicity of polymyxins remained a concern for the clinicians. 

olymyxin B entered the Chinese market at the end of 2017, and 

ince then, its irregular use has become very common (such as 

o loading dose, low maintenance dose, etc.). Therefore, this study 

imed to assess the current incidence and risk factors of polymyxin 

-related nephrotoxicity in Chinese hospitals in order to guide the 

linicians toward a more effective utilization of polymyxin B. 

ethods 

tudy design 

This multicenter, retrospective cohort study was conducted 

rom January 2018 to May 2020 in 14 Chinese teaching hospitals to 
38 
xin B loading doses and the combined use of multiple nephrotoxic drugs

 polymyxin B-associated AKI. The severity of AKI may be higher in patients

e levels. 

 by Elsevier Ltd on behalf of International Society for Infectious Diseases.

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

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

valuate the incidence and risk factors of polymyxin B-associated 

KI. The study protocol was approved by the ethics committee of 

he China-Japan Friendship Hospital (No. 2018-146-K103) without 

he need of written informed consents. The other hospitals ac- 

epted the approval by the ethics committee of the China-Japan 

riendship Hospital. The study was carried out in accordance with 

he Declaration of Helsinki. The manuscript is in line with the Rec- 

mmendations for the Conduct, Reporting, Editing, and Publication 

f Scholarly Work in Medical Journals. 

atient selection criteria 

Adult patients ( ≥18 years) diagnosed with hospital-acquired 

neumonia (HAP) due to carbapenem-resistant A. baumannii 

CRAB) or carbapenem-resistant Enterobacteriaceae who received 

ntravenous polymyxin B were included in this study. The patients 

ere divided into two groups based on the presence and absence 

f AKI: the AKI group and non-AKI group. Patients with AKI at 

he time of HAP diagnosis and those who died within 48 h of 

olymyxin B use were excluded from this study. 

tudy variables definitions 

The primary outcome of this study was the occurrence of AKI 

uring hospitalization. The definition and staging of AKI were 

ased on the KDIGO standards ( Khwaja, 2012 ). All potential con- 

ounding variables were collected, including demographics, under- 

ying conditions, Charlson comorbidity index ( Charlson et al. 1987 ), 

echanical ventilation, laboratory tests, acute physiology and 

hronic health evaluation II score ( Knaus et al. 1985 ), sequential or- 

an failure assessment score ( Vincent et al. 1996 ), microbiological 

ata, characteristics of polymyxin B use, and concomitant nephro- 

oxins. HAP was defined as new pneumonia (a lower respiratory 

ract infection verified by the presence of a new pulmonary infil- 

rate on imaging) that developed more than 48 h after admission 

n nonintubated patients ( Modi and Kovacs, 2020 ). The polymyxin 

 loading dose was defined as the first dose exceeding the main- 

enance dose. The definition of ideal body weight was as previ- 

usly described ( Lee et al. 2015 ). The estimated glomerular filtra- 

ion rate (eGFR) was calculated according to a previous formula 

 Teo et al. 2011 ). 

tatistical analysis 

SAS software (version 9.4, SAS Institute, Cary, NC, United States) 

as used for all statistical analyses. The baseline characteristics 

ere compared between the two groups using chi-square or Fisher 

xact test for categorical variables, and Student t-test or Wilcoxon 

ank sum test for continuous variables, as appropriate. Analysis of 

ariance or Kruskal–Wallis H test was used to compare differences 

mong participants with different severities of AKI. Univariate and 

ultivariate logistic regression models were used to determine the 

actors associated with polymyxin B-associated incident AKI, and 

he association between related factors and incident AKI was pre- 

ented as hazard ratios (HRs) and 95% confidence intervals (CIs). 

ariables that were significant in the univariate analysis were in- 

luded in a stepwise multivariate logistic regression model with an 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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ntry criterion of P < 0.20 and an exit criterion of P > 0.05. All P

alues were two-sided and P < 0.05 was considered statistically 

ignificant. 

esults 

aseline characteristics of patients 

A total of 251 patients were included in this study for anal- 

sis. There were 84 patients in the AKI group and 167 patients 

n the non-AKI group. The demographic and clinical information 

f these patients is summarized in Table 1 . The overall incidence 

f AKI was 33.5% (84/251), and a total of 176 (70.1%) patients 

ere male. The most common bacteria isolated were carbapenem- 

esistant A. baumannii (136/251; 64.9%) and carbapenem-resistant 

lebsiella pneumoniae (153/251; 60.9%). Of all the patients, 67.3% 

169/251) had infection from more than one pathogen, and 27 pa- 

ients had a history of chronic kidney disease (CKD). There was 

o significant difference between the AKI and non-AKI groups in 

erms of baseline serum creatinine levels (66.30 ± 29.70 vs 61.65 

36.60; P = 0.0552). Furthermore, there were no significant dif- 

erences in disease severity between the two groups, namely in 

erms of the SOFA (sequential organ failure assessment) (6.25 ±
.42 vs 5.68 ± 3.18; P = 0.1946) and APACHE II (acute physiology 

nd chronic health evaluation II score) (16.61 ± 6.07 vs 16.98 ±
.00; P = 0.6811) scores. In addition, the sepsis biomarkers procal- 

itonin and C-reactive protein were also not found to differ statis- 

ically between the two groups. However, the AKI group showed 

ower eGFR and higher creatinine levels when HAP was diagnosed, 

espite being within the normal range (94.90 ± 35.19 vs 112.55 ±
9.66; P = 0.0 0 08; 71.50 ± 42.0 0 vs 57.95 ± 40.80; P = 0.0 0 08,

espectively). In the AKI group, the proportion of patients whose 

aily exposure dose exceeded the recommended dose was higher 

han that in the non-AKI group (14.3% vs 4.2%). The drug use rate 

nd number of nephrotoxic drugs in the AKI group were also sig- 

ificantly higher than those in the non-AKI group. 

isk factors related to the occurrence of AKI 

The risk factors associated with the occurrence of AKI are listed 

n Table 2 . In the multivariate analysis, only three variables (eGFR, 

oading dose, and use of two or more nephrotoxic drugs) showed 

n independent correlation with the occurrence of AKI after ad- 

usting for underlying confounders. Among them, eGFR had a pro- 

ective effect (HR, 0.99; 95% CI, 0.98–0.99; P = 0.0 0 06) on the 

ccurrence of AKI. The loading dose (HR, 1.84; 95% CI, 1.01–3.38; 

 = 0.0491) and the use of two or more nephrotoxic drugs (HR, 

.56; 95% CI, 1.55–8.18; P = 0.0029) were independent risk fac- 

ors for AKI. Notably, the analysis results showed that some factors 

f concern such as the daily dose/actual body weight, cumulative 

ose, and treatment duration did not affect the occurrence of AKI. 

isk factors related to the severity of AKI 

The risk factors associated with the severity of AKI are listed 

n Table 3 . We found that patients with higher baseline creatinine 

evels may have more severe AKI. Whether the patient had CKD in 

he past and the severity of the disease were not directly related 

o the severity of AKI. 

iscussion 

This study is the largest clinical study on polymyxin B- 

ssociated AKI since the launch of polymyxin B in China. This study 

etrospectively summarized the association between the use of 

olymyxin B and the incidence of nephrotoxicity after the former 
39 
ntered the Chinese market. We found that the loading dose of 

olymyxin B and the combined use of multiple nephrotoxic drugs 

ere independent risk factors for the occurrence of AKI, and the 

osage and duration of polymyxin B were not significantly corre- 

ated with the occurrence of nephrotoxicity. 

Recent pharmacokinetic data emphasize the importance of the 

oading dose, as it can reach the target serum concentration 

uickly. Some data indicated that a loading dose of 2–2.5 mg/kg 

ould help patients achieve a steady-state serum concentration of 

olymyxin B faster ( Sandri et al. 2013 ). Clinicians are extremely 

oncerned about whether the loading dose may affect kidney func- 

ion. However, to date, studies exploring the safety (and effective- 

ess) of polymyxin loading doses are very limited, and conclusions 

ave been inconsistent. After analyzing 81 patients with colistin, 

igatto found that 17 of 22 patients (77%) who received the load- 

ng dose developed renal failure, whereas only 14 of 59 patients 

24%) who did not receive the loading dose developed renal fail- 

re (P < 0.001) ( Rigatto et al. 2016 ). It is worth mentioning that

here were significant baseline differences between patients receiv- 

ng and patients not receiving a loading dose, including baseline 

enal function and chronic comorbidities. However, when these dif- 

erent variables were controlled and analyzed, it was found that 

olistin loading dose was still associated with an increased risk 

or AKI (HR, 5.2; 95% CI, 2.3–12.0). Nelson found that the inci- 

ence of nephrotoxicity in patients who received a loading dose of 

olymyxin B (defined as the initial dose ≥ 2.5 mg/kg) was not as- 

ociated with an increased risk for AKI ( Nelson et al. 2015 ). In this

tudy, the proportion of patients with AKI who received a loading 

ose was 9/19 (47%), whereas the proportion of patients who did 

ot receive the loading dose was 30/90 (33%) (P = 0.3). Compared 

ith the above studies, the advantage of the present study is that 

he sample size is larger and the loading dose has a clearer defini- 

ion; therefore, the results may have more reference value. 

The results of some in vitro studies also suggest that polymyx- 

ns have a concentration-dependent mechanism of nephrotoxicity. 

n vitro cell culture studies with rat NRK-52E and human HK-2 

idney tubular cells showed that after treatment with polymyxins, 

he cells undergo concentration-dependent and time-dependent 

poptosis ( Azad et al. 2013 ; Azad et al., 2015a ). In NRK-52 cells,

olymyxin B treatment caused concentration-dependent activa- 

ion of caspase-3, caspase-8, and caspase-9, DNA damage, and 

ranslocation of membrane phosphatidylserine ( Azad et al. 2013 ; 

zad et al., 2015b ). In addition, in NRK-52E cells, polymyxin B 

lso caused concentration-dependent and time-dependent mito- 

hondrial damage, including mitochondrial morphology from fila- 

entous to fragmented, loss of mitochondrial membrane potential, 

nd reactive oxygen species production ( Azad et al., 2015b ). We 

peculated that the use of polymyxin B loading doses may cause 

he renal tubular cells of patients to reabsorb a great amount of 

rugs in a short period of time and then induce renal tubular 

ell death through various mechanisms such as metabolism and 

nflammation perturbations, oxidative stress, cell cycle arrest, and 

poptosis, which increases the patient’s risk for AKI. 

This study found that the combination of two or more nephro- 

oxic drugs is an independent risk factor related to the occur- 

ence of AKI during the use of polymyxin B. However, multi- 

ariate analysis did not find that a specific drug would have 

n independent effect on the occurrence of AKI. Several studies 

eached similar conclusions. Pogue et al. found that combining 

hree or more nephrotoxic drugs was an independent risk fac- 

or for colistin-related nephrotoxicity (odds ratio (OR), 6.80; 95% 

I, 1.42–32.49) ( Pogue et al. 2011 ). Mendes et al. found that the 

ombined use of vasopressors was an independent risk factor for 

olymyxin B-related AKI (OR, 3.03; 95% CI, 1.02–9.04; P = 0.047) 

 Mendes et al. 2009 ). It reminds us that when polymyxin B is used

linically, caution should be exercised when using other drugs that 
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Table 1 

Baseline characteristics based on the development of nephrotoxicity during polymyxin B therapy 

AKI group (N = 84) Non-AKI group (N = 167) P value 

Demographics 

Sex, male 61 (72.6) 115 (68.9) 0.5395 

Age, years 61.40 ± 16.71 54.98 ± 18.20 0.0071 

Actual body weight, kg 65.69 ± 16.72 61.17 ± 11.34 0.0531 

Ideal body weight, kg 50.31 ± 2.05 50.07 ± 2.16 0.4623 

Body mass index, kg/m 

2 22.89 ± 5.04 21.74 ± 3.50 0.1085 

Charlson comorbidity index 1.89 ± 2.05 2.13 ± 1.81 0.3586 

Concomitant diseases and background 

Chronic respiratory diseases a 40 (47.6) 92 (55.1) 0.2633 

Chronic cardiovascular diseases b 41 (48.8) 69 (41.3) 0.2590 

Diabetes 17 (20.2) 30 (18) 0.6630 

Chronic kidney diseases c 9 (10.7) 19 (11.4) 0.8749 

Base creatinine, μ mol/L e 66.30 ± 29.70 61.65 ± 36.60 0.0552 

Severity at CRE/CRAB HAP diagnosis 

SOFA score 6.25 ± 3.42 5.68 ± 3.18 0.1946 

APACHE II score 16.61 ± 6.07 16.98 ± 7.00 0.6811 

Estimated glomerular filtration rate, mL/min/1.73 m 

2 94.90 ± 35.19 112.55 ± 39.66 0.0008 

Serum creatinine, μ mol/L e 71.50 ± 42.00 57.95 ± 40.80 0.0008 

Bilirubin, μ mol/L 29.12 ± 55.21 26.35 ± 40.73 0.6886 

Albumin, g/L 33.67 ± 6.64 32.13 ± 6.68 0.0955 

Procalcitonin, μg/L e 0.85 ± 1.86 0.66 ± 2.72 0.7648 

C-reactive protein, mg/L e 46.20 ± 94.30 75.00 ± 128.40 0.1862 

Neutrophil count, 10 9 /L 11.10 ± 9.73 9.64 ± 5.54 0.2105 

Erythrocyte sedimentation rate, mm/h 39.89 ± 29.41 49.12 ± 33.23 0.2890 

PaO 2 /FiO 2 ratio 221.97 ± 115.87 226.26 ± 143.27 0.8341 

Mechanical ventilation 45 (68.2) 88 (73.9) 0.4031 

ICU admission 80 (95.2) 140 (83.8) 0.0083 

Sepsis 19 (22.6) 32 (19.2) 0.7931 

Sepsis shock 30 (35.7) 60 (35.9) 

Pathogens at CRE/CRAB HAP diagnosis 

Carbapenem-resistant Klebsiella pneumoniae 56 (66.7) 97 (58.1) 0.1884 

Carbapenem-resistant Escherichia coli 3 (3.6) 9 (5.4) 0.7557 

Other CRE 13 (15.5) 19 (11.4) 0.3582 

CRAB 57 (67.9) 106 (63.5) 0.4922 

Carbapenem-resistant Pseudomonas aeruginosa 31 (36.9) 47 (28.1) 0.1570 

Number of pathogens ≥ 2 61 (72.6) 108 (64.7) 0.2052 

Use characteristics of polymyxin B 

Loading dose 30 (35.7) 42 (25.1) 0.0808 

Cumulative dose, mg 1427.44 ± 985.05 1419.49 ± 1064.42 0.9544 

Daily dose/actual body weight, mg/kg/d 1.98 ± 1.12 1.89 ± 0.52 0.5159 

Daily dose/ideal body weight, mg/kg/d 2.45 ± 1.21 2.22 ± 0.51 0.1299 

Daily dose/actual body weight < 2.5 mg/kg/d 72 (85.7) 151 (90.4) 0.0537 

Daily dose/actual body weight > 3 mg/kg/d 7 (8.3) 3 (1.8) 

Daily dose/ideal body weight < 2.5 mg/kg/d 65 (77.4) 148 (88.6) 0.0179 

Daily dose/ideal body weight > 3 mg/kg/d 12 (14.3) 7 (4.2) 

Frequency twice a day 75 (89.3) 148 (88.6) 0.5215 

Frequency three times a day 4 (4.8) 13 (7.8) 

Treatment duration, d 13.20 ± 10.81 13.14 ± 9.87 0.9622 

Highest serum creatinine concentration during hospitalization 225.76 ± 125.32 107.81 ± 97.44 < .0001 

Concomitant nephrotoxins 

Vancomycin 34 (40.5) 35 (21.0) 0.0011 

Aminoglycosides d 2 (2.4) 0 (0.0) 0.1111 

Amphotericin B 15 (17.9) 15 (9.0) 0.0408 

Acyclovir 0 (0.0) 0 (0.0) —

Vasopressor 32 (38.1) 43 (25.7) 0.0437 

Methotrexate 0 (0.0) 0 (0.0) —

Cis-platinum 0 (0.0) 0 (0.0) —

Meropenem 44 (52.4) 92 (55.1) 0.6844 

One nephrotoxic drug 34 (40.5) 63 (37.7) 0.0166 

Receipt of ≥2 nephrotoxic drugs 38 (45.2) 54 (32.3) 

APACHE, acute physiology and chronic health evaluation; CRAB, carbapenem-resistant Acinetobacter baumannii ; CRE, carbapenem- 

resistant Enterobacteriaceae; FiO 2 , fractional inspired oxygen; HAP, hospital-acquired pneumonia; ICU, intensive care unit; PaO 2 , 

arterial oxygen partial pressure; SOFA, sequential organ failure assessment. 

Data are presented as mean ± standard deviation or N (%), unless otherwise indicated. 
a Chronic respiratory diseases included emphysema, chronic obstructive pulmonary disease, asthma, bronchiectasis, interstitial 

lung disease, chronic pulmonary hypertension, and pulmonary fibrosis. 
b Chronic cardiovascular diseases included hypertension, coronary atherosclerotic heart disease, and congestive heart failure. 
c Chronic kidney diseases included glomerulonephritis and nephrotic syndrome. 
d Aminoglycosides included gentamicin, tobramycin, and amikacin. 
e Data are presented as median ± interquartile range. 

40 
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Table 2 

Univariable and multivariable logistic regression analysis for independent risk factors for polymyxin B-associated nephrotoxicity in patients 

Univariate analysis Multivariate analysis 

Unadjusted HR (95% CI) P value Adjusted HR (95% CI) P value 

Demographics 

Sex, male 1.20 (0.67–2.14) 0.5398 

Age, years 1.02 (1.01–1.04) 0.0082 

Actual body weight, kg 1.03 (1.00–1.05) 0.0415 

Ideal body weight, kg 1.06 (0.91–1.22) 0.4600 

Body mass index, kg/m 

2 1.07 (0.99–1.16) 0.0901 

Charlson comorbidity index 0.93 (0.81–1.08) 0.3585 

Concomitant diseases and background 

Chronic respiratory diseases a 0.74 (0.44–1.25) 0.2639 

Chronic cardiovascular diseases b 1.35 (0.80–2.29) 0.2596 

Diabetes 1.16 (0.60–2.25) 0.6632 

Chronic kidney diseases c 0.94 (0.40–2.17) 0.8749 

Base creatinine, μ mol/L 1.00 (1.00–1.01) 0.088 

Severity at CRE/CRAB HAP diagnosis 

SOFA score 1.06 (0.97–1.14) 0.1946 

APACHE II score 0.99 (0.95–1.03) 0.6797 

Mechanical ventilation 0.76 (0.39–1.46) 0.4038 

ICU admission 3.86 (1.30–11.42) 0.0148 

Estimated glomerular filtration rate, mL/min/1.73 m 

2 0.99 (0.98–1.00) 0.001 0.99 (0.98–0.99) 0.0006 

Serum creatinine, μ mol/L 1.01 (1.00–1.01) 0.0642 

Bilirubin, μ mol/L 1.00 (1.00–1.01) 0.6583 

Albumin, g/L 1.03 (0.99–1.08) 0.0976 

Procalcitonin, μg/L 0.98 (0.94–1.01) 0.2016 

C-reactive protein, mg/L 1.00 (0.99–1.00) 0.2097 

Neutrophil count, 10 9 /L 1.03 (0.99–1.07) 0.1625 

Prothrombin time, s 0.95 (0.87–1.04) 0.2886 

Activated partial thromboplastin time, s 1.00 (0.98–1.02) 0.7664 

Erythrocyte sedimentation rate, mm/h 0.99 (0.97–1.01) 0.2835 

PaO 2 /FiO 2 ratio 1.00 (1.00–1.00) 0.8335 

Sepsis 1.27 (0.64–2.55) 0.4971 

Sepsis shock 1.07 (0.59–1.94) 0.8200 

Pathogens at CRE/CRAB HAP diagnosis 

Carbapenem-resistant Klebsiella pneumoniae 1.44 (0.83–2.50) 0.1894 

Carbapenem-resistant Escherichia coli 0.65 (0.17–2.47) 0.5272 

Other CRE 1.43 (0.67–3.05) 0.3599 

CRAB 1.22 (0.70–2.12) 0.4924 

Carbapenem-resistant Pseudomonas aeruginosa 1.49 (0.86–2.61) 0.1581 

Number of pathogens ≥ 2 1.45 (0.82–2.58) 0.2063 

Use characteristics of polymyxin B 

Loading dose (%) 1.65 (0.94–2.92) 0.0821 1.84 (1.01–3.38) 0.0491 

Cumulative dose, mg 1.00 (1.00–1.00) 0.9541 

Daily dose/actual body weight, mg/kg/d 1.16 (0.79–1.69) 0.4539 

Daily dose/ideal body weight, mg/kg/d 1.44 (0.92–2.26) 0.1095 

Daily dose/actual body weight < 2.5 mg/kg/d (%) Reference group: 2.5–3 mg 1.24 (0.43–3.61) 0.6936 

Daily dose/actual body weight > 3 mg/kg/d (%) Reference group: 2.5–3 mg 6.07 (1.11–33.24) 0.0378 

Daily dose/ideal body weight < 2.5 mg/kg/d (%) Reference group: 2.5–3 mg 0.75 (0.28–2.00) 0.569 

Daily dose/ideal body weight > 3 mg/kg/d (%) Reference group: 2.5–3 mg 2.94 (0.79–10.98) 0.109 

Treatment duration, d 1.00 (0.98–1.03) 0.9619 

Frequency twice a day (%) Reference: QD 0.61 (0.18–2.06) 0.4238 

Frequency three times a day (%) Reference: QD 0.37 (0.07–1.89) 0.2318 

Highest serum creatinine concentration during hospitalization 1.01 (1.01–1.02) < .0001 

Concomitant drugs 

Vancomycin 2.56 (1.45–4.55) 0.0013 

Aminoglycosides d > 999.9 ( < 0.001–> 999.9) 0.9876 

Amphotericin B 2.20 (1.02–4.76) 0.0445 

Acyclovir — —

Vasopressor 1.78 (1.01–3.11) 0.0449 

Methotrexate — —

Cis-platinum — —

Meropenem 0.90 (0.53–1.52) 0.6845 

One nephrotoxic drug 2.25 (1.06–4.79) 0.0356 2.17 (0.95–4.99) 0.0674 

Receipt of ≥2 nephrotoxic drugs 2.93 (1.38–6.24) 0.0052 3.56 (1.55–8.18) 0.0029 

APACHE, acute physiology and chronic health evaluation; CI, confidence interval; CRAB, carbapenem-resistant Acinetobacter baumannii ; CRE, carbapenem- 

resistant Enterobacteriaceae; FiO 2 , fractional inspired oxygen; HAP, hospital-acquired pneumonia; HR, hazard ratio; ICU, intensive care unit; PaO 2 , arterial oxygen 

partial pressure; QD, once a day; SOFA, sequential organ failure assessment. 
a Chronic respiratory diseases included emphysema, chronic obstructive pulmonary disease, asthma, bronchiectasis, interstitial lung disease, chronic pul- 

monary hypertension, and pulmonary fibrosis. 
b Chronic cardiovascular diseases included hypertension, coronary atherosclerotic heart disease, and congestive heart failure. 
c Chronic kidney diseases included glomerulonephritis and nephrotic syndrome. 
d Aminoglycosides included gentamicin, tobramycin, and amikacin. 
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Table 3 

Clinical characteristics of patients with different AKI stages 

AKI 1 stage group (N = 43) AKI 2 stage group (N = 22) AKI 3 stage group (N = 19) P value 

Demographics 

Sex, male 31 (72.1) 15 (68.2) 15 (78.9) 0.7384 

Age, years 57.95 ± 16.4 64.09 ± 17.76 66.11 ± 15.2 0.1418 

Actual body weight, kg 64.53 ± 12.47 66.97 ± 24.43 67.17 ± 14.02 0.8312 

Ideal body weight, kg 50.23 ± 2.1 50.01 ± 2.22 50.9 ± 1.69 0.4584 

Body mass index, kg/m 

2 22.44 ± 4.02 23.53 ± 7.3 23.28 ± 3.88 0.7298 

Charlson comorbidity index 1.49 ± 1.76 1.86 ± 2.01 2.84 ± 2.48 0.0551 

Concomitant diseases and background 

Chronic respiratory diseases a 21 (48.8) 9 (40.9) 10 (52.6) 0.7384 

Chronic cardiovascular diseases b 17 (39.5) 12 (54.5) 12 (63.2) 0.7356 

Diabetes 7 (16.3) 5 (22.7) 5 (26.3) 0.1887 

Chronic kidney diseases c 5 (11.6) 1 (4.5) 3 (15.8) 0.6260 

Base creatinine, μ mol/L e 63.40 ± 22.00 79.90 ± 40.40 88.00 ± 226.00 0.0016 

Severity at CRE/CRAB HAP diagnosis 

SOFA score 6.07 ± 3.83 6.45 ± 2.84 6.42 ± 3.2 0.8870 

APACHE II score 16.47 ± 6.42 17.45 ± 6.69 15.95 ± 4.53 0.7181 

Estimated glomerular filtration rate, mL/min/1.73 m 

2 109.45 ± 27.36 83.97 ± 37.39 74.32 ± 35.23 0.0002 

Serum creatinine, μ mol/L e 65.50 ± 32.40 78.00 ± 56.70 97.30 ± 52.00 0.0022 

Bilirubin, μ mol/L 28.27 ± 39.96 12.77 ± 7.1 51.1 ± 98.75 0.0899 

Albumin, g/L 35.06 ± 7.18 32.69 ± 4.65 31.58 ± 6.8 0.1335 

Procalcitonin, μg/L e 0.90 ± 1.17 0.68 ± 2.34 1.25 ± 3.22 0.9951 

C-reactive protein, mg/L e 43.10 ± 107.75 45.70 ± 97.32 63.90 ± 80.96 0.9744 

Neutrophil count, 10 9 /L 11.02 ± 5.15 8.28 ± 5.20 14.60 ± 18.20 0.1290 

Erythrocyte sedimentation rate, mm/h 37.20 ± 30.50 48.89 ± 28.43 26.33 ± 28.36 0.4653 

PaO 2 /FiO 2 ratio 212.65 ± 113.24 194.8 ± 111.94 278.67 ± 115.06 0.0732 

Mechanical ventilation 24 (72.7) 14 (70) 7 (53.8) 0.4547 

ICU admission 41 (95.3) 20 (90.9) 19 (100) 0.5421 

Sepsis 9 (20.9) 6 (27.3) 4 (21.1) 0.6774 

Sepsis shock 17 (39.5) 5 (22.7) 8 (42.1) 

Pathogens at CRE/CRAB HAP diagnosis 

Carbapenem-resistant Klebsiella pneumoniae 25 (58.1) 14 (63.6) 17 (89.5) 0.0512 

Carbapenem-resistant Escherichia coli 3 (7) 0 (0) 0 (0) 0.4228 

Other CRE 7 (16.3) 3 (13.6) 3 (15.8) 1.0000 

CRAB 28 (65.1) 14 (63.6) 15 (78.9) 0.4968 

Carbapenems-resistant Pseudomonas aeruginosa 16 (37.2) 5 (22.7) 10 (52.6) 0.1409 

Number of pathogens ≥ 2 31 (72.1) 15 (68.2) 15 (78.9) 0.7384 

Use characteristics of polymyxin B 

Loading dose 19 (44.2) 7 (31.8) 4 (21.1) 0.1951 

Cumulative dose, mg 1421.05 ± 856.93 1600 ± 1321.71 1242.11 ± 806.27 0.5148 

Daily dose/actual body weight, mg/kg/d 1.92 ± 0.64 1.83 ± 0.6 2.42 ± 2.33 0.3235 

Daily dose/ideal body weight, mg/kg/d 2.37 ± 0.68 2.33 ± 0.61 2.85 ± 2.39 0.3916 

Daily dose/actual body weight < 2.5 mg/kg/d 36 (83.7) 20 (90.9) 16 (84.2) 0.5389 

Daily dose/actual body weight > 3 mg/kg/d 3 (7.0) 1 (4.5) 3 (15.8) 

Daily dose/ideal body weight < 2.5 mg/kg/d 32 (74.4) 17 (77.3) 16 (84.2) 0.5846 

Daily dose/ideal body weight > 3 mg/kg/d 7 (16.3) 2 (9.1) 3 (15.8) 

Frequency twice a day 41 (95.3) 19 (86.4) 15 (78.9) 0.2366 

Frequency three times a day 1 (2.3) 1 (4.5) 2 (10.5) 

Treatment duration, d 13.05 ± 9.86 14.77 ± 12.97 11.74 ± 10.52 0.6682 

Highest serum creatinine concentration during hospitalization 145.77 ± 33.4 220.64 ± 31 412.72 ± 128.39 < .0001 

Concomitant nephrotoxins 

Vancomycin 20 (46.5) 8 (36.4) 6 (31.6) 0.5398 

Aminoglycosides d 0 (0) 1 (4.5) 1 (5.3) 0.2352 

Amphotericin B 8 (18.6) 4 (18.2) 3 (15.8) 1.0000 

Acyclovir 0 (0) 0 (0) 0 (0) 

Vasopressor 16 (37.2) 9 (40.9) 7 (36.8) 0.9508 

Methotrexate 0 (0) 0 (0) 0 (0) 

Cis-platinum 0 (0) 0 (0) 0 (0) 

Meropenem 21 (48.8) 12 (54.5) 11 (57.9) 0.7829 

One nephrotoxic drug 20 (46.5) 9 (40.9) 5 (26.3) 0.4279 

Receipt of ≥2 nephrotoxic drugs 18 (41.9) 11 (50) 9 (47.4) 

Data are presented as mean ± standard deviation or N (%), unless otherwise indicated. 

APACHE, acute physiology and chronic health evaluation; CRAB, carbapenem-resistant Acinetobacter baumannii ; CRE, carbapenem-resistant Enterobacteriaceae; FiO 2 , fractional 

inspired oxygen; HAP, hospital-acquired pneumonia; ICU, intensive care unit; SOFA, sequential organ failure assessment; PaO 2 , arterial oxygen partial pressure. 
a Chronic respiratory diseases included emphysema, chronic obstructive pulmonary disease, asthma, bronchiectasis, interstitial lung disease, chronic pulmonary hyperten- 

sion, and pulmonary fibrosis. 
b Chronic cardiovascular diseases included hypertension, coronary atherosclerotic heart disease, and congestive heart failure. 
c Chronic kidney diseases included glomerulonephritis and nephrotic syndrome. 
d Aminoglycosides included gentamicin, tobramycin, and amikacin. 
e Data are presented as median ± interquartile range. 
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ffect renal function because this behavior is likely to increase the 

robability of AKI in patients. 

This study did not find that daily dose, cumulative dose, and 

he duration of polymyxin B to be independent factors related 

o the occurrence of AKI. Interestingly, multiple studies have 

hown that polymyxin B has dose-dependent nephrotoxicity. Elias 

t al. analyzed the predictors of nephrotoxicity in 235 patients 

 Elias et al. 2010 ). Patients receiving ≥200 mg of polymyxin B per

ay had an adjusted OR of 4.5 (1.6–12.9 for the development of 

evere renal impairment). Nelson et al. evaluated the safety and 

fficacy of polymyxin B in 109 patients ( Nelson et al. 2015 ). In this

nalysis, a dose of ≥250 mg per day was associated with a higher 

ncidence of AKI (8/12, 67%), whereas the rate of AKI in patients 

eceiving lower doses was 31/97 ((32%), P = 0.03). In the present 

tudy’s multivariate analysis, a daily dose of 250 mg or more was 

n independent predictor of AKI (OR, 4.32; 95% CI, 1.15–16.25). 

imilarly, Rigatto et al. assessed the risk factors for AKI in patients 

eceiving polymyxin B treatment ( Rigatto et al. 2015 ). The results 

howed that the proportion of AKI was 33/103 (32%), 109/202 

54%), and 47/105 (44%) among patients who received < 150 mg, 

50–199 mg, and ≥200 mg per day, respectively, P = 0.001. In 

he multivariate analysis, a polymyxin B dose ≥ 150 mg per day 

as highly correlated with the occurrence of AKI (HR, 9.81; 95% 

I, 2.37–40.62), whereas a polymyxin B dose ≥ 200 mg per day 

as not associated with an additional risk. In this study, the ho- 

ogenization of the dose of polymyxin B among patients might 

e the main reason for the failure to find a relationship between 

KI and the dose of polymyxin B. The drug had been in China 

or a short time, and its clinical application was not widespread. 

he dosage used by clinicians was relatively single (the dosage 

ot adjusted according to the weight of the patient), and the phe- 

omenon of homogeneity accounted for a larger proportion. Our 

ata also showed that nearly 90% of patients had a maintenance 

ose lower than the recommended dose ( Tsuji et al. 2019 ). Despite 

his, the impact of the loading dose of polymyxin B on AKI still 

uggests that the dosage of polymyxin B might be a key factor in 

he occurrence of AKI. 

This study did not exclude patients with a history of CKD. 

hawla et al. (2014) have suggested that AKI and CKD are not two 

ndependent events but are closely interconnected; CKD is a high- 

isk factor for AKI, and the latter is a high-risk factor for the ag- 

ravation of the former ( Chawla et al. 2014 ). Some studies have 

eported that persistent CKD increases the risk for AKI by as much 

s 10 times ( Xue et al. 2006 ; Ishani et al. 2009 ). AKI itself may

rogress to CKD or exacerbate pre-existing CKD ( Ishani et al. 2009 ; 

oca et al. 2012 ). In addition, after taking into account the risk 

actors of CKD, such as diabetes and hypertension, AKI was inde- 

endently associated with the prognosis of CKD, further support- 

ng that the two are correlated ( Xue et al. 2006 ; Wald et al. 2009 ;

shani et al. 2009 , 2011 ). Noteworthy, the progression mechanism 

f renal insufficiency in CKD and AKI may not be similar. Indeed, 

aldwin (1977) proposed for the first time that the progression 

echanism of CKD may be independent of acute pathological dis- 

rder or injury. Moreover, there is evidence that a small increase 

n serum creatinine concentration is a nonlinear risk factor as- 

ociated with short-term or long-term adverse outcomes regard- 

ess whether the patient has CKD or not ( Chertow et al. 2005 ;

oca et al. 2007 ). In this study, we did not find that previous CKD

as an independent risk factor for the occurrence of AKI. One pos- 

ible explanation is the small number of patients included in this 

tudy. 

This study has several limitations. The first limitation occurs 

uring patient screening. Multidrug-resistant pathogens are often 

econdary to nosocomial infections, and many times, this event oc- 

urs in the middle and late stages of the disease. Severe conditions 

ften increase the risk for AKI, which may occur before medication. 
43 
t is not enough to simply exclude patients with AKI at the time of 

dmission, as they may develop AKI after admission due to other 

actors (such as serious illness or drug factors). Before evaluating 

he relationship between polymyxin B and AKI, the ideal state was 

o exclude patients with AKI before medication. However, due to 

he limitations of retrospective studies and the complexity of the 

ctual clinical situation (many patients do not specifically test re- 

al function before medication), it is impossible to accurately ex- 

lude patients who are determined to have no AKI before medica- 

ion. However, we excluded patients who had AKI at the time of 

iagnosis of HAP to analyze the relationship between polymyxin 

 and AKI more accurately. We believe that this time point is 

he closest to the use of polymyxin B. Second, it was difficult for 

s to choose other drugs for comparison. Clinicians often choose 

 variety of antibiotics for the infection of carbapenem-resistant 

athogens, such as carbapenems or tigecycline, which greatly in- 

reases the difficulty of choosing a control group. In addition, since 

his is a multicenter clinical study, there may be differences in the 

nfusion time, nursing methods, and patient groups of each hospi- 

al. Finally, the study did not follow up on the long-term prognosis 

f patients with AKI, so the effect of AKI on the long-term cardiac 

nd renal function of patients could not be analyzed. Some studies 

ave shown that AKI may cause CKD regardless of the cause of AKI 

 Pogue and Tam, 2019 ). 

onclusions 

The use of polymyxin B loading doses and the combined use 

f multiple nephrotoxic drugs are independent risk factors for 

olymyxin B-related AKI. The severity of AKI may be higher in 

atients with elevated baseline creatinine levels. A well-designed 

rospective study is needed for further research. 
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