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Background: Carbapenem-resistant Gram-negative bacteria (CRGNB) bloodstream infection (BSI) pose a significant threat to the
prognosis of hematologic malignancies (HM) patients. Understanding the distribution of pathogenic bacteria, changes in carbapenem-
resistant trends, risk factors for CRGNB infections, and exploring the early detection measures can help reduce mortality.
Methods: We conducted a multicenter retrospective study of Gram-negative bacteria (GNB) BSI in patients with HM in three
university-affiliated hospitals in Hunan Province, China, from January 2010 to December 2020. Demographic and clinical data were
collected from the hospital electronic medical records system.
Results: CRGNB caused 138 (15.3%) of 902 GNB BSI. The detection rate of CRGNB increased from 6.4% in 2010–2012 to 35.4%
in 2019–2020. The 7-day mortality rate was significantly higher in patients with CRGNB BSI than in patients with carbapenem-
susceptible Gram-negative bacteria (CSGNB) BSI [31.9% (44/138) vs 9.7% (74/764), P < 0.001], and the mortality rate in patients
with carbapenem-resistant non-fermenting bacteria (CRNFB) bloodstream infections was generally higher than that of carbapenem-
resistant Enterobacteriaceae (CRE). Urinary catheter (OR, 2.814; CI=1.395–5.680; P=0.004) and prior exposure to carbapenem (OR,
4.372; CI=2.881–6.635; P<0.001) were independent risk factors for CRGNB BSI. Analysis of co-infections showed that 50%–85% of
patients with CRGNB BSI had pulmonary infections, sputum culture results suggested that sputum culture positivity rate was as high
as 57.1%–66.7% in patients with carbapenem-resistant Acinetobacter baumannii (CRAB) and Stenotrophomonas maltophilia BSI, and
the results of antimicrobial susceptibility testing of sputum cultures were consistent with the blood cultures.
Conclusion: Carbapenem resistance has dramatically increased in HM patients with GNB BSI in recent years and is associated with
a worse outcome, especially for non-fermenting bacteria. In high-risk patients, early screening of the respiratory tract specimens may
help to detect CRNFB colonization and protect patients from breakthrough BSI.
Keywords: hematological malignancies, carbapenem-resistant, gram-negative bacteria, bloodstream infections, non-fermentative
bacteria

Introduction
The prevalence of CRGNB infections has been increasing worldwide in recent years. Patients with HMs are at high risk
for development of CRGNB infection due to the chemotherapy-induced gastrointestinal mucositis, primary immunode-
ficiency, and frequent exposure to broad-spectrum antimicrobial therapy.1–3 With an elevated prevalence reported,
CRGNB BSI is a serious threat to patients, and particularly in developing countries.4–6 For example, the prevalence of
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CRE BSI in China increased from 12.5%5 in 2014 to 26.8% in 2019 (According to the China Antimicrobial Surveillance
Network). Meanwhile, a previous study had reported the rate of carbapenem resistance in Acinetobacter baumannii was
18% in 2012, but sharply raised to 60% in 2019.7 Moreover, it has been demonstrated that the mortality rate of BSI
caused by carbapenem-resistant bacteria in HM patients is significantly higher compared with non-resistant bacteria, up
to 45%-80%.3,8,9 To couple with the rapidly increasing antimicrobial resistance, the World Health Organization (WHO)
ranked CRGNB, which mainly includes CRE, CRAB, and carbapenem-resistant Pseudomonas aeruginosa (CRPA), as
the most threatening bacteria in 2017.10 Generally, Enterobacteriaceae (EB) and non-fermentative bacteria (NFB) are the
major pathogens that result in the GNB BSI in patients with HM.11,12 However, these patients with GNB BSI had
different clinical characteristics due to the considerable heterogeneity among the two types of bacteria. Local knowledge
of the epidemiology and resistance patterns of isolates could help improve the prognosis of patients.

Currently, there are a series of studies focusing on the clinical characteristics and prognosis of CRE BSI in HM
patients, and most results show that the incidence of CRE BSI exhibits an increased tendency.4,6,11 Actively surveillance
and infection control measures dramatically decreased CRE colonization thereby reducing mortality.13–15 Importantly,
BSI caused by CRNFB should be a matter of great concern, since limited data suggested that NFB displayed a greater
carbapenem resistance rate as well as a higher mortality rate than CRE,16,17 30-day mortality rate up to 45%–100%.18–20

Our previous data also demonstrated a higher mortality rate of CRNFB BSI in HM patients compared to CRE (44.7% vs
36.0%, respectively).11 However, the studies concerning the early detection and constrain the spread of CRNFB among
haematological patients are scarce. Limited researches have shown that respiratory tract infections were significantly
associated with CRNFB bacteremia,19,21,22 while other studies supported that catheter-related infection was the most
common primary source of bacteremia.23

Given the substantial mortality related to CRGNB BSI, elucidating the clinical characteristics of patients will enhance
our understanding of how the carbapenem-resistant (CR) strains impact the outcome of HMs patients. Therefore, to
address this knowledge gap, our present study aims to summarize the epidemiological characteristics of HMs patients
with CRE and CRNFB BSI, and further identify the association between subtypes of CR bacteria and mortality of
patients. Moreover, exploring the early detection measures will help optimize antimicrobial therapy, rapid diagnostic tests
may lower mortality, hospitalization, and costs.

Methods
Patients and Study Design
A retrospective study of GNB BSI in patients with HMs who were hospitalized between January 2010 to December 2020
was performed in three university-affiliated hospitals in Hunan Province, China. Only patients ≥ 16 years of age were
included in this study. For patients who had more than one positive culture with the same speciation and sensitivity, only
the first one was counted. Patients with non-malignant diseases, bacteremia without GNB or polymicrobial bacteria were
excluded. We collected the following clinical data on each individual case: demographics, malignancy diagnosis and
status, comorbidities, prior healthcare exposures within 30 days of BSI onset, co-infections, microbiological, and imaging
findings. Considering that differences in treatment protocols can also have an impact on treatment outcomes, all patients
received empiric anti-infective therapy immediately after blood culture samples were collected and the use of anti-
microbials was according to the related clinical guidelines.24,25 After obtaining blood culture results, antibiotic treatment
regimen can be selected according to the identified bacteria and drug sensitivity results. If the detected bacteria belong to
carbapenem resistant bacteria, targeted antibacterial drugs will be administrated according to the pathogen and its MIC.
The primary outcome was all-cause mortality within 7 days after the onset of BSI. Since HM patients with BSI have
more serious symptoms, usually concomitant with infections of other systems or organs, we also summarized the multi-
organ co-infections in patients before and during each episode of bloodstream infection. Carbapenem resistance was
defined as resistant to any carbapenem antimicrobial (ie, minimum inhibitory concentrations of ≥4 mcg/mL for
meropenem, imipenem, or doripenem, or ≥2 mcg/mL for ertapenem) or produce carbapenemase. For bacteria that
have intrinsic imipenem nonsusceptibility, resistance to carbapenems other than imipenem is required.26
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Ethics
This retrospective study was approved by the Ethics Committee of the Central South University with exemption from
a formal review as no personally identifiable information would be collected. The requirement for informed consent from
patients was also waived. This study complies with the Declaration of Helsinki.

Definitions
The date of BSI onset was defined as the first time of positive blood culture collection. BSI was defined by the isolation
of bacteria from any blood culture in the context of fever or other clinical signs consistent with infection.27 Disease status
was assessed by the most recently available bone marrow biopsy and categorized as remission, relapsed, or uncontrolled
malignancy, as previously defined.28 Neutropenia was defined as an absolute neutrophil count (ANC) of <500 cells/mm3
or an ANC that is expected to decrease to <500 cells/mm3 during the next 48 hours.29 The use of any antibiotic for >48
hours within the last 30 days before the onset of BSI was regarded as prior antimicrobial exposure.30 Nosocomial
acquisition of BSI was defined as the onset of BSI > 48h after admission to hospital.25 Pulmonary infection was
diagnosed when patients had an acute respiratory disorder and the new onset of lung infiltration findings on chest
computed tomography.31 Perianal infection was diagnosed when patients had local pain and local infections characterized
by the presence of an anal abscess.31 Skin and soft-tissue infections (SSTIs) encompass a variety of pathological
conditions that involve the skin and underlying subcutaneous tissue, fascia, or muscle, ranging from simple superficial
infections to severe necrotizing infections.32

Microbiologic Methods
All isolates identification and antibiotic susceptibility tests were performed on VITEK 2 Compact (bioMe´rieux SA,
Marcy l’Etoile, France). Carbapenem resistance was verified by the determination of minimum inhibitory concentrations
(MICs) using E-test (AB Biodisk, Solna, Sweden) strips. Carbapenem resistance was defined as an ertapenem MIC ≥2
µg/mL and meropenem and/or imipenem MIC ≥4 µg/mL.33

Statistical Analysis
SPSS (26.0) and R (4.0.2) were used for statistical analysis. Continuous variables were expressed as medians and ranges
and categorical variables using numbers and percent, Categorical variables were compared using chi-square tests.
Variables with P≤0.05 (two-tailed) in the bivariate analysis were taken as candidates for multivariate analysis.
Pearson’s coefficient was used for checking correlations between test parameters. Logistic regression was used for
multivariate analysis to identify independent risk factors for CRGNB BSI. The log-rank method was used for survival
analysis and hazard ratio (HR) estimated. P values < 0.05 (two-tailed) were considered statistically significant.

Results
Epidemiology—The Detection Rate of CRGNB Showed an Increasing Trend Over the
Years, Especially for CRNFB
A total of 1452 strains were cultured and identified in the blood samples, including 902 GNB strains, of which 138 (15.3%)
were CRGNBs (Figure 1). CRNFBs were the most common strains among all CRGNBs, accounting for 57.2% (79/138),
followed by CRE with 40.6% (56/138) (Table 1). Among all the CRGNB isolates, Klebsiella pneumonia (K. pneumonia)
was the most common species (n=33; 23.9%), followed by Stenotrophomonas maltophilia (S. maltophilia) (n=23; 16.7%),
Pseudomonas aeruginosa (P. aeruginosa) (n=22; 15.9%), Acinetobacter baumannii (A. baumannii) (n=20; 14.5%) and
Escherichia coli (E. coli) (n=13; 9.4%). As expected, the detection rate of CRNFB was higher compared with CRE.

We next set out to investigate the antibiotic resistance of strains. As shown in Figure 2, our findings demonstrated that the
overall rates of CR increased from 6.4% to 35.4% in the past decade, with the noted that this upward tendency existed in all
identified strains. Additionally, the detected proportion of CRE and CRNFB was 0.9% and 23.3% during 2010–2012, but raised
to 22.2% and 83.3% during 2019–2020, respectively. In terms of each strain, the rate of CR in A. baumanniiwas quite fluctuated
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and high during the course of the monitor (50%–80%). However, it is alarming that P. aeruginosa had a more sharply increased
CR rate, from 9.1% soared to 88.9% during the same monitored period.

Outcome—Carbapenem Resistance Significantly Increases Mortality
To interrogate the roles of CR strains in the outcome of patients with HMs, we further explored the effect of CR
on the prognosis of patients with different types of bacteremia. Not unexpectedly, our findings showed that CR led
to increased early mortality in almost all strains of bacteria. As shown in Table 2, the 7-day mortality rate was
significantly higher for patients with CRGNB BSI compared with CSGNB BSI [31.9% (44/138) vs 9.7% (74/764),
P<0.001, OR=4.365 (2.837–6.715)]. Similarly, in the Enterobacteriaceae, CRE BSI also drives increased early
mortality of patients with HMs compared to carbapenem-susceptible Enterobacteria (CSE) [28.6% (16/56) vs
8.5% (54/633), P<0.001, OR=4.289 (2.254–8.161)]. Notably, carbapenem-resistant Klebsiella pneumonia (CRKP)
showed the most significant increase in mortality compared to carbapenem-susceptible Klebsiella pneumonia
(CSKP) [39.4% (13/33) vs 7.3% (14/191), P<0.001, OR=8.218 (3.391–19.917)]. Besides, among NFBs, there
were also evidently greater 7-day mortality of patients with BSI caused by CRNFB than carbapenem-susceptible
non-fermentative bacteria (CSNFB) [35.4% (28/79) vs 11.8% (13/110), P<0.001, OR=4.097 (1.954–8.586)]. Even
though the general high mortality caused by CRNFB BSI compared to CSNFB was identified, under subgroup

Figure 1 Flow chart of patient selection.
Abbreviations: HMs, hematologic Malignancies; GP, Gram-positive bacteria; GNB, Gram-negative bacteria; CRGNB, carbapenem-resistant Gram-negative bacteria;
CSGNB, carbapenem-susceptible Gram-negative bacteria; CRE, carbapenem-resistant Enterobacteria; CRNFB, carbapenem-resistant non-fermenting bacteria.
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analysis between different subtypes of NFB, there were no statistical differences. For example, the mortality of
patients with CRPA BSI was higher than carbapenem-susceptible Pseudomonas aeruginosa (CSPA) [27.3% (6/22)
vs 11.7% (11/94)], but the difference did not meet the cut-off for statistical significance (P=0.063), similar result
was obtained in A. baumannii [65.0% (13/20) vs 33.3% (2/6), P=0.169].

Considering the high early mortality of patients with CRGNB BSI, we next analyzed the survival time of patients
(Figure 3). As anticipated, the results showed that the most majority of death cases occurred in the first week, and the median
time from blood culture specimen collection to death in CRGNB BSI patients was only three days, generally shorter than in
CSGNB BSI patients (6 days). Clearly, CR was a significantly unfavorable factor for the outcomes of patients with BSI (HR =
1.755, 95% CI = 1.168–2.637, p = 0.006).

Table 1 The Distributions of the Microorganisms Causing BSI and CR Rates

Microorganisms* Total (%)
N=902

CR (%)
N=138

Enterobacteriaceae 689(76.4) 56(40.6)

E. coli 359(39.8) 13(9.4)

K. pneumoniae 224(24.8) 33(23.9)

E. cloacae 37(4.1) 2(1.5)

Others Enterobacteriaceae 69(7.7) 8(5.8)

Non-fermentative bacteria 189(20.9) 79(57.2)

P. aeruginosa 116(12.8) 22(15.9)

A. baumannii 26(2.9) 20(14.5)

S. maltophilia 23(2.5) 23(16.7)

Others non-fermentative bacteria 24(2.7) 14(10.1)

Others GNBs 24(2.7) 3(2.2)

Note: *Strains with less than 10 cases were not listed separately.
Abbreviations: BSI, bloodstream infection; CR, carbapenem resistance; GNB, Gram-negative bacteria; E. coli,
Escherichia coli; K. pneumonia, Klebsiella pneumonia; E. cloacae, Enterobacter cloacae; P. aeruginosa, Pseudomonas
aeruginosa; A. baumannii, Acinetobacter baumannii; S. maltophilia, Stenotrophomonas maltophilia.

Figure 2 The change of detection rates of carbapenem-resistant bacteria in patients with BSI during the study period.
Abbreviations: CR, carbapenem-resistant; EB, Enterobacteria bacteria; NFB, non-fermenting bacteria; GNB, Gram-negative bacteria; E. coli, Escherichia coli; K. pneumonia,
Klebsiella pneumonia; P. aeruginosa, Pseudomonas aeruginosa; A. baumannii, Acinetobacter baumannii.
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Independent Risk Factors for CRGNB BSI—Urinary Catheter and Prior Exposure to
Carbapenem
In further analysis, we attempted to identify related risk factors in CRGNB BSI. According to our results (as shown in
Figure 4), the following factors were associated with CRGNB BSI by univariate analysis: central venous catheter(CVC),
urinary catheter, prior antimicrobial exposures, prior exposure to carbapenem, pulmonary infection, perianal infection; In

Table 2 The 7-Day Mortality Rates of BSI with Different Pathogenic Bacteria of CR or CS

Microorganisms* Total 7-Day Mortality Rates OR (95% CI) p-value

CR CS

Enterobacteriaceae 689 28.6(16/56) 8.5(54/633) 4.289(2.254–8.161) <0.001

E. coli 359 23.1(3/13) 11.0(38/346) 2.432(0.641–9.226) 0.178

K. pneumoniae 224 39.4(13/33) 7.3(14/191) 8.218(3.391–19.917) <0.001

E. cloacae 37 0.0(0/2) 2.9(1/35) - 0.809

Others Enterobacteriaceae 69 0.0(0/8) 1.6(1/61) - 0.715

Non-fermentative bacteria 189 35.4(28/79) 11.8 (13/110) 4.097(1.954–8.586) <0.001

P. aeruginosa 116 27.3(6/22) 11.7(11/94) 2.830(0.914–8.755) 0.063

A. baumannii 26 65.0(13/20) 33.3 (2/6) 3.714(0.539–25.593) 0.169

S. maltophilia 23 34.8(8/23) - - -

Others NFBs 24 7.1(1/14) 0.0(0/10) - 0.388

Others GNBs 24 0.0(0/3) 33.3 (7/21) - 0.235

Total 902 31.9(44/138) 9.7(74/764) 4.365(2.837–6.715) <0.001

Note: *Strains with less than 10 cases were not listed separately.
Abbreviations: CR, carbapenem-resistant; CS, carbapenem-susceptible; NFBs, Non-fermenting bacteria, GNBs, Gram-negative bacteria. E. coli, Escherichia coli;
K. pneumonia, Klebsiella pneumonia; E. cloacae, Enterobacter cloacae; P. aeruginosa, Pseudomonas aeruginosa; A. baumannii, Acinetobacter baumannii; S. maltophilia,
Stenotrophomonas maltophilia.

Figure 3 Survival in HMs patients with BSI caused by carbapenem-resistant bacteria and carbapenem-susceptible bacteria.
Abbreviations: HR, hazard ratio; CI, confidence interval.
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multivariable analysis, the urinary catheter (OR, 2.814; CI=1.395–5.680; P=0.004) and prior exposure to carbapenem
(OR, 4.372; CI=2.881–6.635; P<0.001) were independently associated with CRGNB BSI.

Co-Infections—The Highest Incidence of Pulmonary Infection
Generally, the HM patients with BSI have more serious symptoms, usually concomitant with infections of other systems or
organs. Here, we retrospectively analyzed the association between identified strains and multi-organ combined infections.
Based on our findings, pulmonary involvement was the most predominant event in patients with BSI (49.9%,450/902). More
importantly, there was an obviously higher incidence of patients with CRGNB BSI than CSGNB will concomitant with
pulmonary infection, and the former types commonly included A. baumannii (85.0%),K. pneumoniae (78.8%), S. maltophilia
(69.6%) and E. coil (69.2%). Combined intestinal infections occurred mainly in patients with CSGNB BSI (8.4% [64/764]),
for CRGNB BSI was relatively low (6.5% [9/138]), whereas combined skin soft tissue or perianal infections most commonly
happened in patients with BSI caused by the E. coli and K. pneumonia (N=30 and N=10, respectively) (Table 3).

Figure 4 The risk factors for CRGNB BSI.
Notes: The black square in the forest plot stands for univariate analysis of variables, and the blue one is for multivariable analysis. *** p < 0.001, * p < 0.05.
Abbreviations: OR, odds ratio; CRGNB, carbapenem-resistant Gram-negative bacteria; CSGNB, carbapenem-susceptible Gram-negative bacteria; AML, acute myeloid
leukemia; ALL, acute lymphoblastic leukemia; MM, multiple myeloma; MDS, myelodysplastic syndrome; CLL/CML, chronic lymphocytic leukemia/chronic myeloid leukemia;
CVC, central venous catheter.
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Considering the highest incidence of combined pulmonary infection in patients with BSI, we further analyzed the screening
data of respiratory specimens in patients with CRGNBBSI. The results indicated that patients with CRABBSI and S. maltophilia
BSI had the most frequent detected rates of sputum culture, up to 66.7% and 57.1%, respectively. Besides, the results of
antimicrobial susceptibility testing of sputum cultures were consistent with the blood cultures (Supplementary Table 1).

Antimicrobial Susceptibility Test of CRGNB Isolates
According to the results of antimicrobial susceptibility testing for CRGNB,most CRE isolates demonstrated less sensitivity to the
typical antibiotics such as cephalosporins, β-lactam/β-lactamase inhibitors and carbapenems (<50%). In K. pneumoniae, E. coli,
P. aeruginosa and A. baumannii isolates, more than 85% were sensitive to polymyxin B. In Enterobacteria, 91.7% of
K. pneumoniae and 100% E. coli were sensitive to tigecycline. The sensitivity of P. aeruginosa for piperacillin-tazobactam,
cefperazone-sulbactam, ciprofloxacin and levofloxacin were 76.2%, 81.8%, 95.2% and 100%, respectively. Additionally, more
than 90% of S. maltophilia were sensitive to ceftazidime, levofloxacin. A. baumannii was only sensitive to polymyxin
B (Table 4).

Table 3 | Co-Infections in Patients with BSI in HMs

Microorganisms Patterns Total Involved Systems/Organs

Pulmonary
N (%)

Intestinal
N (%)

Perianal/ SSTI
N (%)

E. coli CR 13 9(69.2) 0(0.0) 3(23.1)

CS 346 152(43.9) 32(9.2) 27(7.8)

K. pneumoniae CR 33 26(78.8) 1(3.0) 2(6.1)

CS 191 101(52.9) 11(5.8) 8(4.2)

P. aeruginosa CR 22 11(50.0) 2(9.1) 3(13.6)

CS 94 46(48.9) 15(16.0) 5(5.3)

A. baumannii CR 20 17(85.0) 3(15.0) 1(5.0)

CS 6 4(66.7) 0(0.0) 0(0.0)

S. maltophilia CR 23 16(69.6) 2(8.7) 5(21.7)

GNBs CR 138 88(63.8) 9(6.5) 14(10.1)

CS 764 362(47.4) 64(8.4) 42(5.5)

Abbreviations: BSI, bloodstream infection; HMs, hematologic malignancies; CR, carbapenem-resistant; CS, carbapenem-susceptible; GNBs,
Gram-negative bacteria; SSTI, skin and soft-tissue; E. coli, Escherichia coli; K. pneumonia, Klebsiella pneumonia; P. aeruginosa, Pseudomonas aeruginosa;
A. baumannii, Acinetobacter baumannii; S. maltophilia, Stenotrophomonas maltophilia.

Table 4 | Antimicrobial Susceptibility of CRGNB Isolates (N=111)

Antimicrobial Agent K. pneumonia
N=33

E. coli
N=13

P. aeruginosa
N=22

A. baumannii
N=20

S. maltophilia
N=23

Cephalosporins

Cefazolin 0(0.0) 0(0.0) 0(0.0) 1(10.0) 0(0.0)

Ceftriaxone 1(5.9) 1(12.5) 0(0.0) 1(7.7) 1(50.0)

Ceftazidime 0(0.0) 1(12.5) 14(73.7) 3(17.6) 12(92.3)

Cefepime 3(10.3) 3(27.3) 14(70.0) 3(16.7) 1(33.3)

(Continued)
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Discussion
This study suggests that carbapenem-resistant non-fermentative bacteria deserve attention, and specific measures are
proposed for the early diagnosis and treatment of bloodstream infections with such bacteria that seriously affect the
prognosis of patients. The awareness of hematologists about CRE bloodstream infection in HM patients has been
gradually improved, but much less about CRNFB bloodstream infection. Our study revealed the annually increasing
incidence of CRE bloodstream infections in HM patients, as well as the great threat that CRE poses to the prognosis of
patients, and provided a systematical analysis for CRNFB. The results showed that the incidence of CRNFB bloodstream
infections and the resulting mortality are higher than those of CRE, so clinicians also need to be more alert to CRNFB
infections. Our results also showed that patients with CRNFB bloodstream infections were prone to lung co-infections,
and had a higher rate of positive sputum cultures of which the sputum culture drug sensitivity results were consistent with
those of blood cultures, indicating that there may be a close association between CRNFB respiratory tract infections and
bloodstream infections. These results preliminarily support that early respiratory specimen screening for CRNFB in high-
risk patients may help to detect pathogenic bacteria.

In broad outline, CRGNB mainly includes CRE and CRNFB, and a previous study showed that in HM patients with
CRGNB BSI, CRE and CRNFB accounted for 61.2% and 35.9%, respectively,3 in this study, among the different
CRGNBs strains, the most common was CRKP (44.7%). However, our study data indicated that CRNFB accounted for
the main proportion (57.2%), with an overall detection rate of 31.2% for CRAB and S. maltophilia, probably due to the

Table 4 (Continued).

Antimicrobial Agent K. pneumonia
N=33

E. coli
N=13

P. aeruginosa
N=22

A. baumannii
N=20

S. maltophilia
N=23

β-lactam/β-lactamase inhibitor

Piperacillin-tazobactam 3(9.4) 4(30.8) 16(76.2) 3(16.7) 1(14.3)

Cefoperazone-
sulbactam

2(12.5) 0(0.0) 9(81.8) 2(16.7) -

Aztreonam 4(13.8) 2(15.4) 5(50.0) 1(7.1) 1(14.3)

Carbapenem

Imipenem 1(3.0) 1(7.7) 6(30.0) 2(10.5) -

Meropenem 3(13.0) 2(28.6) 10(58.8) 2(20.0) -

Ertapenem 1(6.3) 1(33.3) 0(0.0) 1(20.0) -

Aminoglycosides

Amikacin 15(51.7) 13(100.0) 19(95.0) 3(25.0) 1(10.0)

Gentamicin 12(46.2) 7(58.3) 12(80.0) 2(12.5) 1(10.0)

Tobramycin 6(27.3) 4(44.4) 16(94.1) 6(37.5) 1(50.0)

Quinolones

Levofloxacin 8(25.8) 6(46.2) 21(100.0) 5(25.0) 18(94.7)

Ciprofloxacin 7(24.1) 6(46.2) 20(95.2) 4(20.0) 2(66.7)

Tigecycline 11(91.7) 6(100.0) 0(0.0) 6(75.0) -

Polymyxin B 6(85.7) 4(100.0) 12(100.0) 6(100.0) 0(0.0)

Abbreviations: CRGNB, carbapenem-resistant Gram-negative bacteria; E. coli, Escherichia coli; K. pneumonia, Klebsiella pneumonia; P. aeruginosa, Pseudomonas aeruginosa;
A. baumannii, Acinetobacter baumannii; S. maltophilia, Stenotrophomonas maltophilia.
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regular rectal screening of hospitalized patients for CRE in our study center from 2018 and the implementation of contact
isolation and infection control measures for CRE carriers, which resulted in a lower incidence of CRE bloodstream
infections. Recently, several studies have consistently proved an increasing trend of CR rates among these two major
groups of bacteria in HMs patients with BSI.4,6,11 Similarly, in line with the results of a European study,4 our findings
revealed that CR was undetectable among Enterobacteriaceae in 2010–2012, but upgraded to 14.8% in E. coli and 32% in
K. pneumoniae during 2019–2020. Additionally, CR is more commonly observed in non-fermenting bacteria compare to
Enterobacteriaceae, especially in A. baumannii and P. aeruginosa. Most studies reported a varied detection rate of
CRAB, ranging from 60% to 80%,4,5,7 which was consistent with our data. Notably, the detection rate of CRPA displayed
a worrisome trend, increasing significantly from 9.1% in 2010–2012 to 88.9% in 2019–2020, which may result from
antibiotic exposure and regional differences.1,20

CRGNB BSI poses a significant threat to the prognosis of HM patients, overall mortality rates of CRGNB BSI in HM
patients ranging from 45% to 80% were reported across different studies.3,6,8,9 Nizar Andria et al reported that the 14-day
mortality rate was higher in patients with CRGNB BSI compared to CSGNB [45.6% (47/103) versus 15% (48/320),
respectively (P < 0.001)].3 In our study, a significantly higher 7-day mortality was also observed in patients with CRGNB
BSI compared to patients with CSGNB BSI (31.9% vs 9.7%, P < 0.001), but it was still lower than other studies. The
possible reason for this discrepancy was that adequate supportive treatment was administered based on the prognostic
high-risk factors of HM patients with BSI, like blood transfusion, albumin supplementation, and reduction of inappropri-
ate initial antimicrobial therapy (IIAT).28,30 Moreover, we identified that CR as an unfavorable factor of which drives
increased early mortality in patients with BSI. A multicenter prospective survey reported that patients with CRKP BSI
had a significantly higher mortality rate than those with BSI caused by CSKP (52.2% vs 14.5%; P < 0.001).34 In our
study, compared to CSKP, there was also obviously higher early mortality observed in patients with CRKP-caused BSI
(39.4% vs 7.3%, P < 0.001), which was in agreement with the previously published studies.11,34,35 It is well documented
that the type of pathogenic bacteria can affect the prognosis of patients with HM BSIs, of which A. baumannii BSI causes
the highest mortality11 and CRAB BSI leads to a worse prognosis.11,36 Our study also reached the same conclusion.
Taken together, CR significantly impacts the prognosis of patients. To make matters worse, according to our results, the
median survival time of patients with CRGNB BSI was only 3 days, which means that the results of blood culture were
usually not obtained. Therefore, it is urgently needed to reduce the emergence of drug resistance and conduct early
screening, thereby timely performing an intervention for high-risk patients.

Patients with HMs are more susceptible to developing CRGNB-related BSI than patients with other malignancies.6

In our study, prior exposure history to carbapenem and the presence of urinary catheters were independent risk factors
for CRGNB-caused BSI in patients with HM. In addition, studies from others also suggest that patients with
colonization or infection history of CRGNB were also at high risk of CRGNB BSI.2,9,34,37 In HM patients, we
suggest to minimize possible invasive procedures. If such events cannot be avoided due to the illness itself, reducing
antibiotic exposure and early screening for resistant bacteria colonization are required. In terms of antibiotic exposure,
previous studies have shown that prophylactic use of antibiotics does not improve the prognosis of bloodstream
infections in patients with HM, while avoiding the overuse of antibiotics, especially carbapenems, significantly
reduces the incidence of CRGNB infections.31,38 Current studies have confirmed that chemotherapy-induced mucosal
destruction is a risk factor favoring CRE colonization and BSIs in patients with hematologic malignancies.2,34

Asymptomatic colonized patients may serve as potential sources of infection, but cultures of clinical samples from
patients can only identify a small proportion of CRE infections. Therefore, it is indispensable to conduct active
surveillance for identifying the CRE carriers in high-risk patients, perform a timely intervention, reduce the incidence
of breakthrough BSI, and further decrease the risk of infection-related mortality. An Italian retrospective study
confirmed that the implementation of control measures, particularly regular rectal screening of hospitalized patients
for CRKP and contact precautions for CRKP carriers and new admissions, significantly reduce the transmission of
CRKP, the rate of CRKP colonization infection also decreased from 10.7% to 2.1% (P=0.001).39 In this regard,
various national guidance documents recommend CRE anal swab screening for colonized bacteria in high-risk patients
to control infection.40,41
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In HM patients with GNB BSI, several studies have confirmed that NFB is an independent risk factor related to
patient prognosis, while CRNFB has a greater impact on the prognosis and account for 45%-100% mortality,18–20 our
study also showed that the incidence of CRNFB bloodstream infection and mortality are significantly higher than
CRE in HM patients. Although intense studies have revealed strong evidence on the role of active surveillance for the
prevention and treatment of CRE BSI, more understanding about early screening and infection control measures for
CRNFB is still needed. In our study, the most common CRNFB isolates were S. maltophilia (29.1%), CRPA (27.8%)
and CRAB (25.3%). Coupled with several previous studies, which suggested that respiratory tract infections are the
principal source of CRNFB bacteremia,21,22 our data also supported the evidence that pulmonary involvement was the
most common event in patients with CRNFB BSI. The results of a study by Marya D. Zilberberg et al also showed
that CRNFB were isolated in more than 90% of patients with CRGNB respiratory infections, the most common of
which were CRPA, CRAB and S. maltophilia.42 In different NFBs, Pseudomonas aeruginosa is one of the leading
causes of the hospital-acquired pneumonia (HAP), which has the ability to disrupt the lung barrier and leading to the
P. aeruginosa bacteremia.43 Also, it has been confirmed that the genome of bloodstream isolates was highly
homologous to that of respiratory isolates, suggesting that A. baumannii BSI may originate from the respiratory
tract.44 At present, specimens for non-fermentative bacterial screening mainly include sputum, pharyngeal swabs,
alveolar lavage fluid. Under the premise of ensuring the positive rate of bacterial screening, non-invasive methods
were priority for specimen collection. Therefore, sputum specimens may be more suitable for respiratory screening.
In addition, by further analysis of sputum culture results from patients with CRNFB bloodstream infection in our
study. We found 8 patients had positive sputum cultures, and 4 of them (50%) developed bloodstream infection within
one week after sputum culture specimen collection, the results of antimicrobial susceptibility testing of sputum
cultures were consistent with the blood cultures, suggesting the importance of early respiratory screening in high-risk
patients.

CRGNB BSI has become a rapidly growing global threat with limited antibiotic options and significant mortality,3,6,9

therefore, early identification of CRGNB colonization and rapid initiation of targeted therapy once concomitant with
febrile neutropenia or signs of infection is essential to control CRGNB infections. Generally, the treatment of CRE BSI is
based on polymyxins, tigecycline, aminoglycosides, and their combinations.2,8,13 Our data also showed that polymyxins
are the essential treatment for infections caused by CRKP and carbapenem-resistant Escherichia coli (CREC). In
contrast, for CRNFB, the therapy schemes should be administered according to the subtypes of bacterial species. For
example, levofloxacin, cefoperazone sulbactam, and ceftazidime are recommended for patients with S. maltophilia BSI,
which was in concordance with that obtained from other studies.18,45 Given that current concerns regarding the efficacy
of CRAB, regimens containing polymyxins are the only feasible initial treatment for patients suspected of having CRAB
BSI.19,23 However, several studies have shown that the therapeutic dose of polymyxin, polymyxin monotherapy or
combination regimens can also have an impact on the prognosis of patients with CRAB infection.46–48 Fortunately, there
has a relatively more choice of available antimicrobial regimens for patients with CRPA associated BSI, such as enzyme
inhibitors, quinolones, and some cephalosporins.

Strengths and Limitations
This is a large sample multicenter study. It provides preliminary evidence of a possible close association between
CRNFB respiratory tract infections and bloodstream infections, and that screening of respiratory specimens may help to
reduce the morbidity and mortality of CRNFB bloodstream infections in patients with HM. Our study has several
limitations. First, as a retrospective study, we could not obtain bacterial samples to prove the homology of the infection
pathogens in bloodstream infection and pulmonary infection. Second, our study relied on hospitalization records, and we
could only analyze objective and easily measured outcomes, such as patients’ 7-day all-cause mortality. Therefore,
a large-scale, multicenter, prospective evaluation would help to optimize the conclusion.

Conclusions
Collectively, in the present study, we identified that CRNFB was the predominant pathogen among HM patients with
CRGNB caused BSI. Moreover, the detective rates of CRGNBs had a rising tendency in recent years, which could
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increase the early mortality of patients with BSI, especially in CRNFB. It was noteworthy that HM patients with BSI had
a high probability of concomitant with pulmonary infection. Therefore, conducting the early screening of the respiratory
tract specimens may help to detect CRNFBs colonization and protect patients from breakthrough BSI. However, the
screening population, screening methods and their frequency need to be further investigated.
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resistant non-fermenting bacteria; CRE, carbapenem-resistant Enterobacteriaceae; CRAB, carbapenem-resistant
Acinetobacter baumannii; WHO, World Health Organization; CRPA, carbapenem-resistant Pseudomonas aeruginosa;
EB, Enterobacteriaceae; NFB, non-fermentative bacteria; CR, carbapenem-resistant; MICs, minimum inhibitory
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