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Objective: To investigate the bacterial distribution and antimicrobial resistance profile of clinical isolates from Gram-negative bacteria bloodstream infections (GNBSI) in China.

Methods: The clinical bacterial strains isolated from blood culture were collected during April 2019 to December 2021 in 21 member hospitals of China Bloodstream Gram-negative Pathogens Antimicrobial Resistance and Virulence Surveillance Network (CARVIS-NET). Antibiotic susceptibility test was conducted by broth microdilution method recommended by Clinical and Laboratory Standards Institute (CLSI, United States). WHONET 2021 and SPSS 22.0 were used to analyze data.

Results: During the study period, 1939 Gram-negative bacteria were collected from 21 hospitals, among which 1,724 (88.9%) were Enterobacteriaceae, 207 (10.7%) were non-fermenting Gram-negative bacteria and 8 (0.4%) were others. The top five bacterial species were Escherichia coli (46.2%), Klebsiella pneumoniae (31.6%), Pseudomonas aeruginosa (4.9%), Acinetobacter baumannii (4.2%) and Enterobacter cloacae (3.0%). For K. pneumoniae, antibiotic resistance was mainly prevalent in hospital-associated bloodstream infections, while for A. baumannii, antibiotic resistance was mainly prevalent in community-associated bloodstream infections. It is worth mentioning that 94.1% of the 1939 Gram-negative isolates were susceptible to polymyxin B. The sensitivity of the strains involved in our investigation to polymyxin B is highly correlated with their sensitivity to colistin.

Conclusion: The surveillance results in CARVIS-NET-2021 showed that the main pathogens of GNBSI in China were Enterobacteriaceae, while E. coli was the most common pathogen. The resistance rates of K. pneumonia, P. aeruginosa, A. baumannii, and E. cloacae to multiple antibiotics kept on a high level. In many cases, polymyxin B and colistin has become the last-resort agents to combat bloodstream infections caused by multidrug-resistant (MDR) Gram-negative bacteria.
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Introduction

Good surveillance programs are the key to combat antibiotic resistance, including preservation and transportation of strains, determination of antibiotic susceptibility rates and detection of the expression of resistance genes that spread through different populations(Critchley and Karlowsky, 2004). Many current surveillance programs have problems to be solved such as obvious duplicate clones, lacking of clinical information or incorrect identification of colonizing and infecting strains. Therefore, in order to ensure the quality of monitoring, it is necessary to designate a center laboratory for quality confirmation, and to analyze the collected data after making sure the collected pathogens are reliable (Critchley and Karlowsky, 2004; Johnson, 2015).

Gram-negative bacteria bloodstream infection (GNBSI) has been a global public health problem (Huh et al., 2020; Nutman et al., 2021). Drug resistance in Gram-negative bacteria, including those that cause bloodstream infections, has increased dramatically over the past 20 years (Ergonul et al., 2016; Huh et al., 2020). Currently, the pathogenic spectrum and the resistance characteristics of bloodstream infection in China are changing, and they are not consistent in different regions. Therefore, this topic deserves further study (Liu et al., 2018; Liang et al., 2021).

Gram-negative pathogens that produce extended-spectrum β-lactamases (ESBLs) are now common and are highly associated with nonstandard drug administration and high mortality. In addition, carbapenem resistance is also becoming increasingly severe (Rodriguez-Bano et al., 2018; Tamma et al., 2021). These objective conditions have limited clinical medication decision, so a better understanding of local epidemiology might be helpful to optimize the therapeutic regimen (Critchley and Karlowsky, 2004). It is a pity that the development of antimicrobials has not kept pace with the increasing spread of resistance genes, especially for Gram-negative bacteria. Therefore, it is critical to make better use of existing antibiotics and strict infection control scheme to prevent these life-threatening infections (Collignon and McEwen, 2019).

Polymyxins are a group of polycationic antimicrobial lipopeptides biosynthesized by bacteria belonging to the Genus Bacillus. Polymyxin B and polymyxin E (also known as colistin) are the major representatives of polymyxins which have been used in clinical practice since the 1950s (El-Sayed Ahmed et al., 2020). Subsequently, the emergence of significant side-effects such as neurotoxicity, nephrotoxicity and anaphylactoid reaction limited their use (Zhan et al., 2019). Nevertheless, the increase of infections caused by MDR bacteria has led to a renewed clinical emphasis on polymyxins. Polymyxins have strong antibacterial activity and are considered to be the last therapeutic agent for infections caused by a variety of multidrug-resistant Gram-negative bacteria (Nang et al., 2021).

In view of the above, we designed this study to investigate the bacterial distribution and drug resistance of clinical isolates from GNBSI in China by implementing a well-designed surveillance plan, with a view to providing factual evidence for more rational use of antibiotics in clinic.



Materials and methods


Bacterial strains

Gram-negative bacteria were consecutively and non-repetitively collected from patients with clinical- and laboratory-confirmed bloodstream infection between 2019 and 2021 in 21 centers located in 20 Chinese cities. All organisms were considered clinically significant by local hospital criteria and were isolated from high-quality specimens of each patient’s first positive blood culture. In this study, community-associated bloodstream infection was defined as bloodstream infection that occurred in the community (e.g., outpatient, emergency-patient blood culture-positive cases) or within 48 h of hospitalization (positive blood culture reported within 48 h of hospitalization). While nosocomial-associated bloodstream infection was defined as bloodstream infection after 48 h of hospitalization (positive blood cultures sent after 48 h of hospitalization). All isolates were sent to the central clinical microbiology laboratory of Peking Union Medical College Hospital (PUMCH) for identification confirmation by MALDI-TOF MS (Vitek MS, biomérieux, France). The Human Research Ethics Committee of PUMCH approved this study (Ethics Approval Number: HS2755).



Antimicrobial susceptibility testing

Antimicrobial susceptibility testing was conducted by broth microdilution method as per the CLSI recommendations. MICs were interpreted following the CLSI M100-S32 guidelines (CLSI, 2022) or European Committee on Antimicrobial Susceptibility Testing (EUCAST) (2022) Breakpoint tables for interpretation of MICs and zone diameters Version 12.0. The breakpoint for E. coli, K. pneumoniae and E. cloacae of aztreonam/avibactam and sitafloxacin refers to the breakpoint of aztreonam and moxifloxacin, respectively. For P. aeruginosa, the breakpoint of aztreonam/avibactam, sitafloxacin and cefoperazone/sulbactam refers to the breakpoint of aztreonam, levofloxacin and cefoperazone, respectively. For A. baumannii, the breakpoint of ceftazidime/avibactam and sitafloxacin refers to the breakpoint of ceftazidime and levofloxacin, respectively. E. coli ATCC 25922, P. aeruginosa ATCC 27853 and K. pneumoniae ATCC 700603 were used as quality controls.



Statistical analyses

Statistical analysis was performed with WHONET 2021 and SPSS 22.0. MIC50 and MIC90 refer to the minimum inhibitory concentration required to inhibit the growth of 50 and 90% of the tested bacteria. The 95% confidence intervals were calculated using the adjusted Wald method. Comparison of rates was assessed using a chi-squared test. Binary logistic analysis was used for independent risk factor analysis. A value of p < 0.05 was considered statistically significant, and p < 0.001 was extremely significant.




Results


Demographic information and pathogen distribution of patients with Gram-negative bacteria bloodstream infection

A total of 1939 Gram-negative bacteria isolated from 1939 patients with clinical- and laboratory-confirmed bloodstream infection were involved in this study. 1,102 (56.8%) were males and 837 (43.2%) were females. Enterobacteriaceae was the main family of pathogens isolated (1724, 88.9%), with E. coli (896, 46.2%) and K. pneumoniae (612, 31.6%) being the top two most commonly isolated species. Non-fermenting Gram-negative bacteria comprised 10.7% of the observed pathogens, of which P. aeruginosa (94, 4.9%) and A. baumannii (82, 4.2%) were the most common (Supplementary Table S1). When the infected population was divided into three groups with the boundaries of 18 and 65 years old, it was found that E. coli and K. pneumoniae were the top two Gram-negative bacteria in all the three age groups. Meanwhile, the proportion of E. coli appeared to increase with age (Supplementary Table S1).



Age characteristics of patients with Gram-negative bacteria bloodstream infection

Analysis of the source of bloodstream infection showed that in the juveniles’ population, Gram-negative bacteria infection from respiratory tract contributed the most to bloodstream infection, accounting for 24.7% of all juveniles with bloodstream infection, followed by gastrointestinal infection (10.1%) and urinary tract infections (4.5%). For adults aged 19 to 65, respiratory tract infection (17.2%), urinary tract infections (12.9%) and abdominal infection of organs except for liver and gallbladder (9.5%) were the top three sources of bloodstream infections, respectively. Yet for the elderly over 65 years old, they are urinary tract infection (16.8%), respiratory tract infection (16.3%) and biliary tract infection (15.2%) in order (Figure 1). With increasing age, the proportion of primary and bloodstream Gram-negative bacteria infections that came from the community rather than the hospital increased, and so did the mortality rate (p < 0.001; Supplementary Table S2).
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FIGURE 1
 Difference infection sources of different age groups. (A) Composition of sources of infection among children under 18. (B) Composition of sources of infection among adults aged 19–65. (C) The composition of the source of infection in the elderly over 65 years old.




Susceptibility of Gram-negative bacteria to antibiotics and their clinical features


Escherichia coli

As is shown in Supplementary Table S3, majority of the 896 strains of E. coli had high susceptibility to polymyxin B, colistin, ceftazidime/avibactam, aztreonam/avibactam, amikacin, meropenem, imipenem, piperacillin/tazobactam, ertapenem, cefoxitin and cefoperazone/sulbactam. Nevertheless, ceftazidime, cefepime, sitafloxacin, levofloxacin, ceftriaxone and trimethoprim/sulfamethoxazole showed poor performance in anti-E. coli in bloodstream infection, with resistance rates of 23.2, 32.5, 50.9, 52.1, 57.8 and 65.3%, respectively.

Further analysis indicated that E. coli isolated from patients over 65 years old were more susceptible to trimethoprim/sulfamethoxazole (p = 0.003). Patients whose primary or bloodstream infection associated with medical institutions had lower frequency of susceptibility to trimethoprim/sulfamethoxazole (p < 0.01), while patients whose bloodstream infection occurred after 48 h of hospitalization had lower frequency of susceptibility to ceftazidime as well (p = 0.046). Among patients admitted to intensive care unit (ICU), the frequency of drug resistance to ertapenem, ceftriaxone, cefepime and ceftazidime was significantly higher than that of other patients. Curiously, patients who were more susceptible to trimethoprim/sulfamethoxazole appeared to have a higher mortality rate (p = 0.047; Table 1). Further binary logistic analysis found that age greater than 65 years, ICU admission, and agranulosis were independent risk factors for death in patients with E. coli bloodstream infection (Figure 2A).



TABLE 1 Comparison of the antimicrobial susceptibility rates of Escherichia coli isolates in clinical features.
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FIGURE 2
 Analysis of independent risk factors for death in patients with Gram-negative bacteria bloodstream infection. (A) Independent risk factors for death in patients with bloodstream infection with E. coli. (B) Independent risk factors for death in patients with bloodstream infection with K. pneumoniae. (C) Independent risk factors for death in patients with bloodstream infection with P. aeruginosa.




Klebsiella pneumoniae

In the cases of K. pneumoniae, only polymyxin B, colistin, aztreonam/avibactam and ceftazidime/avibactam had sensitivity rates greater than 80%. Conversely, amikacin, meropenem, imipenem, ertapenem, piperacillin/tazobactam, cefoperazone/sulbactam, cefoxitin, sitafloxacin, ceftazidime, levofloxacin, cefepime, ceftriaxone and trimethoprim/sulfamethoxazole showed poor performance in anti-K. pneumoniae bloodstream infection (Supplementary Table S4).

Further analysis indicated that K. pneumoniae isolated from patients over 65 years old were more susceptible to meropenem (p = 0.039) and imipenem (p = 0.022). For antibiotics except for aztreonam/avibactam, ceftazidime/avibactam, polymyxin B and colistin, isolates derived from patients whose infection occurred after 48 h of hospitalization had lower frequency of susceptibility to the antibiotics with poor performance (p < 0.05). Among patients admitted to ICU, the frequency of drug resistance to sitafloxacin, amikacin, ertapenem, meropenem, piperacillin/tazobactam, cefepime, cefoperazone/sulbactam, ceftriaxone, ceftazidime, cefoxitin, imipenem and levofloxacin was significantly higher than that of other patients (p < 0.05). The mortality of these patients was higher than others as well (p < 0.001; Table 2). Binary logistic analysis found that age greater than 65 years and ICU admission were independent risk factors for death in patients with K. pneumoniae bloodstream infection (Figure 2B).



TABLE 2 Comparison of the antimicrobial susceptibility rates of K. pneumoniae isolates in clinical features.
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Pseudomonas aeruginosa

Toward P. aeruginosa, polymyxin B, colistin, aztreonam/avibactam, ceftazidime/avibactam, sitafloxacin and amikacin performed well. All of the other antibiotics involved in this investigation had poor sensitivities, among which there were naturally resistant ones (Supplementary Table S5). Patients primary infected in community had significantly higher frequency of susceptibility to Sitafloxacin (p = 0.022). Among patients admitted to ICU, the frequency of drug resistance to Levofloxacin was significantly higher than that of other patients (p = 0.024; Table 3). Binary logistic analysis found that agranulosis and ICU admission were independent risk factors for death in patients with P. aeruginosa bloodstream infection (Figure 2C).



TABLE 3 Comparison of the antimicrobial susceptibility rates of P. aeruginosa isolates in clinical features.
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Acinetobacter baumannii

For A. baumannii, only polymyxin B and colistin had susceptibility greater than 90%, whose susceptibility were both 96.3%. Ceftazidime/avibactam and sitafloxacin performed fairly well with susceptibility of 84.1 and 85.4%, respectively. Except for antibiotics which had no breakpoints to be referred yet, the drug resistance rate of all other antibiotics reached 60.0% and above (Supplementary Table S6). Different from E. coli and K. pneumoniae, patients infected with A. baumannii in the community had higher frequency of resistance to cefepime, imipenem and levofloxacin. For ICU patients, the frequency of drug resistance to amikacin, trimethoprim/sulfamethoxazole, meropenem, piperacillin/tazobactam, cefepime, ceftriaxone and levofloxacin was significantly higher than that of other patients (p < 0.05). Patients infected with strains resistant to trimethoprim/sulfamethoxazole and amikacin had higher mortality (p < 0.05; Table 4).



TABLE 4 Comparison of the antimicrobial susceptibility rates of A. baumannii isolates in clinical features.
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Enterobacter cloacae

Enterobacter cloacae isolated in this study were highly susceptible to ceftazidime/avibactam, aztreonam/avibactam, amikacin and meropenem, while their susceptibility to ertapenem, piperacillin/tazobactam and cefoperazone/sulbactam also exceeded 80%. However, for other antibiotics involved in this study, the drug resistance of E. cloacae in bloodstream infection could not be underestimated (Supplementary Table S7). It was found that patients over 65 years old were more susceptible to trimethoprim/sulfamethoxazole (p = 0.035) and cefepime (p = 0.036; Table 5). Notably, patients who were resistant to cefoperazone/sulbactam had a higher mortality rate (p = 0.027; Table 5).



TABLE 5 Comparison of the antimicrobial susceptibility rates of E. cloacae isolates in clinical features.
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Correlation between susceptibility of polymyxin B/colistin and clinical background of patients

Since both polymyxin B and colistin belonged to polypeptide antibiotics, it was wondered whether there was a correlation between the susceptibility of different pathogens towards polymyxin B and colistin. Scatterplot analyses and Fisher’s exact test revealed that when polymyxin B and colistin were used on Gram-negative bacteria causing bloodstream infection, their minimum inhibitory concentrations(mics) were significantly correlated (Pearson’s r = 0.948, p < 0.001). This conclusion was also valid when E. coli (Pearson’s r = 0.830; p < 0.001), K. (Pearson’s r = 1.000, p < 0.001), P. aeruginosa (Pearson’s r = 1.000; p < 0.001), A. baumannii (Pearson’s r = 1.000; p < 0.001) and E. cloacae (Pearson’s r = 0.947; p < 0.001) were analyzed separately (Figure 3).
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FIGURE 3
 Scatterplot of MIC (mg/l) of colistin versus polymyxin B against (A) 1,939 Gram-negative bacteria (B) 896 E. coli (C) 612 K. pneumoniae (D) 95 P. aeruginosa (E) 82 A. baumannii (F) 58 E. cloacae which caused bloodstream infection in China.


Comparing the clinical background of different isolates, it was found that the susceptibility of these Gram-negative bacteria to polymyxin B and colistin did not vary significantly depending on whether the patients were suffering from pulmonary diseases, hepatobiliary diseases, digestive system diseases, cardiovascular system diseases, nervous system diseases, urinary system diseases, diabetes, agranulosis or any form of tumors. The smoking or splenectomy history did not affect the response of Gram-negative pathogens to polymyxin B or colistin either. Strangely, among strains involved in this study, which were isolated from patients with hypoproteinemia seemed to be more susceptible to polymyxin B, while those isolated from patients with history of alcohol intake were more susceptible to colistin (Supplementary Table S8). These associations needed to be further analyzed and confirmed. When it comes to recent medical operation, it was revealed that most common medical procedures occurred in recent 3 months did not seem to affect the efficacy of polymyxin B and colistin, including medical institution admission, surgery, hormone usage, immunosuppressor usage, indwelling catheter usage and antibiotics usage history. Similarly, whether the patient’s fever exceeds 39°C at this visit has no effect yet (Supplementary Table S8).

When it comes to the issue of the difference in susceptibility of Gram-negative bacteria from different infection sources to polymyxin B and colistin, it was implied that the bloodstream infection isolates from catheter-related bloodstream infections had the lowest susceptibility to polymyxin B (90.4%; Supplementary Table S9). And isolates from abdominal infection of other organs except for liver and biliary tract infection had the lowest susceptibility to colistin (90.0%; Supplementary Table S9). For alimentary tract infection and cardiovascular system infection derived Gram-negative bacterial bloodstream infection, the susceptibility of polymyxin B reached 100.0% (Supplementary Table S9).

The general geographical differences in polymyxin B and colistin susceptibilities were presented in Supplementary Table S10; Supplementary Figure S1. It was shown that Gram-negative strains from East China had the highest resistance rate to polymyxin B and colistin, which were 9.3 and 10.1% respectively, while in South China, their resistance rates were both 3.1%. To our relief, Gram-negative bacteria prevalent in most regions of China were still highly susceptible to polymyxin B (3.1% ~ 9.3%) and colistin (3.1% ~ 10.1%). The results of deep analysis showed that for E. coli, K. pneumoniae, P. aeruginosa, and A. baumannii, the susceptibility of polymyxin B in different regions of China were between 92.3 and 100.0%. While for E. cloacae, its sensitivities in North, East, Central, South and Northeast China were 87.5, 82.4, 71.4, 33.3 and 75.0%, separately (Supplementary Table S11).




Discussion

According to the data collected by CARVIS-NET, in China, the pathogenic spectrum and infection source distribution of Gram-negative bacteria bloodstream infection patients of different age groups had different characteristics. And different age groups responded differently to different antibiotics. Levofloxacin has been used in China as early as 1990s, which might be the reason why the susceptibility rate of adult and elderly patients to it and its similar antibiotic amikacin was lower. Similarly, for several newer antibiotics, the susceptibility rate in the minor patient group was relatively low. Perhaps due to the poor immune function of the elderly, the proportion of patients with primary and bloodstream infections from the community and the mortality rate gradually increased with age. Whether there is a deeper reason for this remains to be further investigated.

From the drug resistance monitoring data, it could be seen that drug resistance of Gram-negative bacteria to antibiotics is still a serious problem in China. For the 2nd generation cephalosporins represented by cefoxitin, only E. coli had a relative low resistance rate of 9.1%, and all the other species had a resistance rate higher than 30%, or MIC50 reached 128 μg/ml. For the 3rd generation cephalosporins represented by ceftriaxone and ceftazidime, among the five common gram-negative bacteria involved in in this study, except for P. aeruginosa, whose resistance rate to ceftazidime was 13.7%, the resistance rates of the other four bacteria were all higher than 20%. Similarly, for cefepime, a 4th generation cephalosporin, the resistance rates of E. coli, K. pneumoniae and A. baumannii all exceeded 30%. It should be emphasized that the drug resistance rates of A. baumannii to almost all the cephalosporins involved were more than 74.0%. Based on these facts, it could be inferred that the effective rates of monotherapy with cephalosporins to treat gram-negative bacterial bloodstream infection was not satisfactory. Further investigation on susceptibility of ceftazidime combined with avibactam, a novel β-lactamase inhibitor, pointed that this combination could significantly improve the efficiency of ceftazidime. Resistance to ceftazidime for 99.1% of E. coli, 98.5% of K. pneumoniae, 100.0% of A. baumannii, and 100.0% of E. cloacae were offset by the use of Avibactam. Yet for 16.9% of ceftazidime-resistant P. aeruginosa strains, drug resistance was still not improved. Therefore, the presence of β-lactamase was still a great challenge for the usage of β-lactam antibiotics.

Early studies had found that many bacteria could not directly use the folic acid from environment, which was necessary for the synthesis of purine and pyrimidine(Gleckman et al., 1981). Trimethoprim/sulfamethoxazole(SXT) was designed to target on the first two steps of folic acid anabolism, respectively, so that the synthesis of folic acid could be fundamentally blocked(Smilack, 1999). At first, the effect of SXT was satisfactory. However, with its rapid promotion clinically, Gram-negative bacteria had gradually optimized their metabolic pathways under the strong evolutionary pressure. Therefore, the current situation of resistance to sulfonamides was also not optimistic.

For Gram-negative bacteria, quinolones mainly target bacterial DNA gyrase(Hooper, 1998; Hooper and Jacoby, 2015). The application of quinolones began in the 1980s. With the extensive application in the past 40 years, the response rate of quinolones in Gram-negative bacteria was getting lower and lower, and the problem of drug resistance could not be ignored either.

In addition to the antibiotics with common drug resistance problem above, different bacteria have their own characteristics in response to other antibiotics. For E. coli, glycylcyclones/halotetracyclines, carbapenems, penicillins or cephalosporins combined with β-lactamase inhibitors performed well. For K. pneumoniae, whose problem of drug resistance was getting increasingly serious, β-lactams or the third-generation cephalosporins acted only when β-lactamase inhibitor avibactam was combined. P. aeruginosa was naturally resistant to ertapenem and ceftriaxone involved in this investigation. When ceftazidime was combined with avibactam, its inhibitory effect was also remarkable. When it comes to E. cloacae, the sensitivity rate when ceftazidime was used for single drug treatment was only 65.5%, yet when combined with avibactam, the sensitivity rate was greatly improved to 100%. The underlying mechanism was that in recent years, the prevalence of ESBL among Gram-negative bacteria has shown an upward trend, and many bacteria have acquired β-lactamases, which could lead β-lactam antibiotics (including ceftazidime) to be hydrolyzed, thus losing the inhibitory effect on the strain. Avibactam belongs to β-lactamase inhibitor. When ceftazidime and avibactam are applied simultaneously, the β-lactamases will be inhibited so that they no longer have the ability to degrade ceftazidime, thus they are still sensitive to ceftazidime (Castanheira et al., 2021; Yahav et al., 2021). Besides, amikacin, an aminoglycoside, performed well against P. aeruginosa and E. cloacae in bloodstream infections as well.

Polymyxins were important antibiotics for the treatment of Gram-negative bacteria, especially MDR Gram-negative bacteria(Nang et al., 2021). In the past, colistin have been widely used in animal husbandry. The long-term irregular application has led to the gradual development of resistance of gram-negative bacteria from animals to colistin. In 2015, MCR-1, the first plasmid mediated colistin resistance gene in enterobacteriaceae in china, was detected. Some researchers found that the detection rates of MCR-1 in samples of raw meat, animals and infected inpatients were 15, 21 and 1%, respectively. The difference was because that colistin have large side effects on humans, especially for kidney, so their use in humans was limited. Recently, due to the increase of infections caused by multidrug-resistant Gram-negative bacteria, colistin and polymyxin have been reapplied globally as “the last antibiotic,” but it is far less than its early application in animal husbandry in terms of frequency and dosage. Therefore, although the resistance rate of bacteria from animals is high at present, it still maintains high sensitivity rate in humans (Pitt et al., 2003; Landman et al., 2005; Keen 3rd et al., 2010; Gales et al., 2011; Quan et al., 2017). However, its high drug resistance in animal husbandry was a potentially hidden danger thence monitoring the susceptibility of them also had important academic and clinical value (Rhouma et al., 2016). It is worth emphasizing that in this research, polymyxins represented by polymyxin B and colistin had outstanding performance against Gram-negative bacteria represented by E. coli, K. pneumoniae, P. aeruginosa and A. baumannii. When used to resist the bloodstream infection of these four bacteria, the susceptibility rates reached 95% unexceptionally. In this cohort, polymyxin B showed relatively poor performance in anti-E. cloacae. Considering the limited sample size, large sample studies were still necessary.

In conclusion, the surveillance results in CARVIS-NET showed that the main pathogens of Gram-negative bacteria bloodstream infection in China were Enterobacteriaceae, while E. coli accounted for the vast majority. The resistance rate of K. pneumoniae, P. aeruginosa, A. baumannii and E. cloacae to multiple antibiotics kept on a high level. In many cases, polymyxin B and colistin has become the last-resort agents to combat bloodstream infections caused by MDR Gram-negative bacteria.
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