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Purpose: To investigate the prevalence, risk factors of intestinal carbapenem-resistant Enterobacteriaceae (CRE) colonization and 
bloodstream infection (BSI) caused by CRE in allogeneic hematopoietic stem cell transplantation (allo-HSCT) recipients.
Methods: We analyzed the clinical data of 185 patients with hematological malignancies who underwent allo-HSCT from May 2019 
to December 2021. All patients received regular CRE monitoring by rectal swab during allo-HSCT, and some CRE strains were further 
identified for carbapenemase phenotypes. The rates, distribution and risk factors of CRE colonization, CRE-induced BSI were 
analyzed.
Results: CRE was detected in 44 of 185 recipients, with colonization rate of 23.8%. A total of 46 strains of CRE were isolated, 
including 22 Escherichia coli, 17 Klebsiella pneumoniae, three Klebsiella oxytoca, two Enterobacter hormaechei, and two other 
Enterobacteriaceae. Among the 19 strains identified with carbapenemase phenotypes, eight strains of E. coli produced metal β- 
lactamase, five K. pneumoniae produced serine carbapenemase, two K. pneumoniae produced metal β-lactamase, two K. oxytoca 
produced metal β-lactamase, a Citrobacter malonic acid-free produced metal β-lactamase and a Citrobacter freundii produced metal β- 
lactamase. In 10 patients developed with CRE-related BSI, the types and combined drug sensitivity of strains detected by rectal swab 
were highly consistent with blood culture. Multivariate analysis revealed that pulmonary infection, perianal infection and carbapenem 
application in the 3 months pre-transplant were independent risk factors for rectal CRE colonization, while rectal colonization with 
carbapenem-resistant K. pneumoniae (CR-KP) was an independent risk factor for CRE-induced BSI. The mortality rate within 30 days 
of CRE-related BSI was 50.0%, and patients receiving multi-drug therapy within 24 hours showed slightly lower mortality than that in 
the single-drug treatment group.
Conclusion: Allo-HSCT patients with CRE-induced BSI have poor prognosis, and CR-KP rectal colonization is an independent risk 
factor for CRE-related BSI. Rectal swab screening during allo-HSCT could provide early warning for later CRE-induced BSI.
Keywords: allogeneic hematopoietic stem cell transplantation, carbapenem-resistant enterobacteriaceae, bloodstream infection, 
intestinal colonization

Introduction
In recent years, due to the progress of HLA matching, GVHD prevention and treatment, and support care, allo-HSCT has 
significantly improved the prognosis of patients with hematological malignancies.1 However, the outcome of infection 
during allo-HSCT is still dismal and their treatment represents an unmet clinical need.2 Based on 2018 US data, infection 
was the third most common cause of death among allo-HSCT recipients who died within 100 days post-transplantation, 
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at 20%, and the second most common cause of death after relapse, after day +100.3 Additionally, the emergence and 
prevalence of drug-resistant bacteria has become a major challenge in the field of global public health, especially the 
infection situation caused by carbapenem-resistant enterobacteriales (CRE). Allo-HSCT patients have extremely parti-
cular immunological deficiency due to combined utilization of radiotherapy, chemotherapy and immunosuppressants 
during the process of transplantation, and are high-risk population of CRE infection.4,5 The drug resistance of 
Enterobacteriaceae to carbapenems is becoming increasingly serious, and the significant impact of CRE on morbidity 
and mortality in allo-HSCT recipients is now widely appreciated.

Bloodstream infection (BSI) is a fatal complication in the early stage of allo-HSCT, with an incidence of 13.6% 
to 38.9% and a mortality rate of 26.9–36.5%.6–11 Nevertheless, the mortality rate of BSI induced by CRE was 
obviously elevated, reaching more than 50%.12 Some studies have indicated that there might exist remarkable 
correlations between CRE colonization and CRE-induced BSI.13–15 Furthermore, Gorrie et al showed that the 
intestinal tract is the reservoir of Enterobacteriaceae bacteria, and intestinal colonization of CRE strains is an 
important risk factor for their migration to other parts of the body and serious secondary infection.16 At present, 
there are few studies regarding the correlation between CRE intestinal colonization and the later occurrence of CRE- 
related BSI in allo-HSCT patients.

To explore the early forecasting effect of intestinal CRE screening for the subsequent occurrence of CRE-induced 
BSI and its guiding value for clinical preemptive anti-infection treatment in allo-HSCT patients, we retrospectively 
investigate the prevalence and epidemiology of CRE intestinal colonization, the carbapenemase phenotypes, prognostic 
factors for the acquisition of CRE colonization and the later occurrence of CRE-induced BSI in these certain 
population.

Materials and Methods
Patients
A total of 185 patients with hematological diseases who received allo-HSCT in the Hematology Department of the First 
Affiliated Hospital of Zhengzhou University from May 2019 to December 2021 were selected. All patients received 
periodical rectal swabs to monitor CRE intestinal colonization. Among them, there were 59 cases of acute myeloid 
leukemia (AML), 63 cases of acute lymphoblastic leukemia (ALL), 30 cases of myelodysplastic syndrome (MDS), 24 
cases of severe aplastic anemia (SAA), three cases of paroxysmal nocturnal hemoglobinuria (PNH), three cases of 
lymphoma, one case of chronic myeloid leukemia (CML) and two cases of mixed acute leukemia (MAL). The study 
protocol was approved by the Institutional Review Board on Medical Ethics at the First Affiliated Hospital of Zhengzhou 
University. Informed consent was obtained from all patients to use their personal information for research purposes in 
accordance with the Declaration of Helsinki and Good Clinical Practice guidelines. The defined endpoint analysis for the 
last follow-up was conducted on May 31, 2022.

Intestinal CRE Screening
Each cohort patient was systematically screened for CRE colonization during allo-HSCT. Generally, we implemen-
ted continuous weekly rectal screening until hematopoietic reconstruction. Rectal swabs were used to detect 
intestinal CRE and its drug sensitivity. A total of 185 rectal swabs were collected from non-repetitive patients. 
After cleaning their hands, the collector wore disposable examination gloves and assisted the patient in the lateral 
decubitus position to expose the haunch. After wetting with saline, the cotton swab was gently inserted into the 
patient’s anus for deeper than 5cm, swiveled for three circles, removed and inserted vertically into the sampling 
tube. Then the collector tightened the caps, cleaned the anus with gauze, and assisted the patient to take 
a comfortable lying position. Specimens were collected and submitted by specially trained clinical staff to ensure 
obtaining and transferring qualified samples timely.
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Blood Culture Collection
If the patient presented chills or early fever during allo-HSCT (oral temperature measured at a single time ≥38.3°C or 
≥38.0°C for more than one hour; axillary temperature ≥38°C or ≥37.7°C for more than one hour), 10mL peripheral blood 
was collected according to the standard protocols. Blood was drawn twice consecutively to culture aerobic bacteria and 
anaerobic bacteria, respectively. CRE-induced BSI was diagnosed with the collection of blood cultures that yielded 
a CRE strain.

Strain Isolation and Antimicrobial Susceptibility Testing
All CRE strains were further isolated from rectal swabs, and positive rectal swab samples from the same patient were 
counted only once. VITEK MS IVD 3.0 mass spectrometer, VITEK2 Compact automatic microbial identification and 
drug sensitivity analysis system were used for bacterial culture, identification and drug sensitivity detection according to 
the relevant protocols in the National Clinical Laboratory Operation Procedures. The targeted bacteria were 
Enterobacteriaceae bacteria, including E. coli, K. pneumoniae, Enterobacter cloacae, Enterobacter huesei and so on, 
and the results were read according to the standards issued by the Committee on Clinical and Laboratory Standardization 
(CLSI).17 All of them were resistant to at least one carbapenem on the basis of antimicrobial susceptibility testing results 
determined by the broth microdilution method, with the criteria of MIC of ≥2 mg/L for ertapenem, ≥4 mg/L for 
imipenem, and ≥4 mg/L for meropenem.

Carbapenemase Laboratory Test
Modified carbapenem inactivation method (mCIM) and modified EDTA-carbapenem inactivation method (eCIM): eCIM 
is used to distinguish serine carbapenemase from metalase on the premise that mCIM results are positive. A positive 
eCIM indicates the production of metalase, while a negative eCIM indicates the production of serine carbapenemase (the 
production of metalase cannot be ruled out, and there is a possibility of the coexistence of serine carbapenemase and 
metalase).18

Risk Factors for CRE Colonization
Colonization was defined as the existence of at least one positive rectal swab sample for CRE.19 We conducted a case- 
control study to explore the risk factors and clinical outcomes of patients colonized with CRE. Patients with CRE 
colonization were included as cases. Patients without CRE colonization were identified as controls. Clinical and 
epidemiological data, including the demographics, underlying diseases, remission status before allo-HSCT, agranulocy-
tosis duration, ATG usage, C-reactive protein (CRP), procalcitonin (PCT), invasive procedures prior to the isolation of 
CRE, previous exposures of antibiotic within 3 months, ICU stay and invasive operation history, history of rectal swab 
screening, history of BSI, diarrhea, oral mucositis, pulmonary disease, perianal infection, and the clinical outcomes, were 
extracted from the patient’s electronic medical records system and clinical microbiology laboratory database.

Statistical Analysis
Patients with and without colonization with CRE were compared for risk factors. We assessed differences in demo-
graphic, clinical, and transplantation parameters using Chi-squared or Fisher’s exact test for categorical variables and 
Mann–Whitney U-test for continuous variables, depending on data distributions. Univariate models were built to 
determine the outcomes of interest based on baseline characteristics, including patient age, gender, primary disease, 
duration of agranulocytosis, carbapenem application in the 3 months prior to transplantation, history of previous rectal 
swab screening, history of previous BSI, ICU admission, diarrhea, oral mucositis, pulmonary disease and perianal 
infection. Variables that were deemed significant (p < 0.05) based on the univariate models were then used to build 
a multivariate (MVA) model. SPSS 22.0 statistical software was used for analysis. All p values are two-sided, and p < 
0.05 was considered statistically significant.
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Results
Patients’ Characteristics
In this study, 185 patients undergoing allo-HSCT were voluntarily screened by rectal swabs for a total of 1009 times. The median 
age was 30 years (13–57 years). There were 114 male (61.6%) and 71 female (38.4%). Fifty-nine patients received donor- 
recipient HLA-related matched HSCT, 95 patients underwent HLA-haploidentical HSCT and 31 patients underwent HLA- 
unrelated HSCT. Among them, 126 cases adopted myeloablative conditioning regimen, 30 utilized intensified conditioning 
regimen and 29 used reduced conditioning regimen. The median numbers of infused total nucleated cell were 11.57×108/kg 
(3.95–20.91), and CD34+ cells were 6.76×106/kg (3.66–14.99), respectively. The flow-chart of the current study is depicted in 
Figure 1. Forty-four patients with positive CRE screening results were included in the CRE group, and 141 patients with negative 
CRE screening results were included in the non-CRE group. Table 1 shows overall characteristics of patients with or without 
colonization of CRE. There were no significant differences in terms of age, gender, disease type, duration of agranulocytosis, 
previous positive history of rectal swab screening, history of previous BSI, ICU admission, invasive procedures, diarrhea, oral 
mucositis, usage of cephalosporins, fluoroquinolones and penicillins antibiotics between CRE group and non-CRE group.

CRE Distribution and Identification of Enzyme Type
Forty-six CRE strains were isolated from 44 patients with positive rectal swab screening, and the carriage rate was 23.8% 
(44/185). Twenty-two strains of E. coli were the most common, followed by 17 strains of K. pneumoniae, three strains of 
K. oxytoca, two strains of E. hormaechei and two strains of other enterobacteriaceae. Specific pathogen distribution is shown in 
Figure 2. We further carried out combined drug susceptibility test for 30 strains of pathogens. Among carbapenems, the resistance 

Figure 1 The flow-chart of the present study.
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Table 1 Baseline Data of Two Groups of Patients

Factors CRE Group  
(n=44)

Non-CRE Group 
(n=141)

P-value

Median age, years 34 (15–57) 29 (13–57) 0.074

Gender, n (%) 0.453

Male 25 (56.8) 89 (63.1)
Female 19 (43.2) 52 (36.9)

Primary Diseases, n (%) 0.470

AML 14 (31.8) 45 (31.9)
ALL 17 (38.6) 46 (32.6)

MDS 7 (15.9) 23 (16.3)

SAA 4 (9.1) 20 (14.3)
PNH 2 (4.6) 1 (0.7)

Lymphoma 0 (0) 3 (2.1)

CML 0 (0) 1 (0.7)
MAL 0 (0) 2 (1.4)

Duration of agranulocytosis, day (range) 18 (7–46) 16 (6–60) 0.230

Carbapenem application in the 3 months prior 

to allo-HSCT, n (%)

0.012

Yes 24 (54.5) 47 (33.3)
No 20 (45.5) 94 (66.7)

History of previous rectal swab screening, n (%) 0.519

Yes 4 (9.1) 7 (5.0)
No 40 (90.9) 134 (95.0)

History of previous BSI, n (%) 0.526

Yes 6 (13.6) 25 (17.7)
No 38 (86.4) 116 (82.3)

ICU admission, n (%) 1.000

Yes 5 (11.4) 14 (9.9)
No 39 (88.6) 127 (90.1)

Invasive procedures, n (%) 0.829

Yes 9 (20.5) 31 (22.0)
No 35 (79.5) 110 (78.0)

Diarrhea, n (%) 0.116

Yes 25 (56.8) 61 (43.3)
No 19 (43.2) 80 (56.7)

Oral mucositis, n (%) 0.859

Yes 36 (81.8) 117 (83.0)
No 8 (18.2) 24 (17.0)

Pulmonary disease, n (%) 0.031

Yes 36 (81.8) 91 (64.5)
No 8 (18.2) 50 (35.5)

(Continued)
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rate of imipenem was higher than that of meropenem (83.3% vs 76.7%). The resistance rate to cephalosporin and enzyme 
inhibitor compound preparations were all higher. Surprisingly, the resistance rate of cefoperazone sulbactam reached 100%; 
meanwhile, the resistance rate to tigecycline was lowest, only 6.7%. Furthermore, 19 strains were identified for carbapenemase 
phenotype. Among them, fourteen isolated strains produced metal β-lactamase (NDM), including eight strains of E. coli, two 
strains of K. pneumoniae, two strains of K. oxytoca, and other two strains. In addition, five isolated strains produced serine 
carbapenemase (KPC), all from K. pneumoniae, as shown in Figure 3.

Risk Factors for the Acquisition of CRE Colonization
The risk factors for the acquisition of rectal CRE colonization in allo-HSCT recipients are shown in Table 2. The 
following factors were significantly associated with CRE colonization in univariate analysis using non-CRE colonization 
as control group: carbapenem use, pulmonary disease, perianal infection, applications of polymyxin, glycopeptides and 
tigecycline antibiotics in prior 3 months. Further multivariate analysis demonstrated that pulmonary disease, perianal 
infection and carbapenem application in prior 3 months were independent risk factors for the acquisition of rectal CRE 
colonization in allo-HSCT patients.

Table 1 (Continued). 

Factors CRE Group  
(n=44)

Non-CRE Group 
(n=141)

P-value

Perianal infections, n (%) 0.008

Yes 10 (22.7) 10 (7.1)
No 34 (77.3) 131 (92.9)

Polymyxin, n (%) 0.002

Yes 6 (13.6) 2 (1.4)
No 38 (86.4) 139 (98.6)

Glycopeptides, n (%) 0.000

Yes 35 (54.5) 42 (29.8)
No 9 (45.5) 99 (70.2)

Tigecycline, n (%) 0.003

Yes 11 (25.0) 10 (7.1)
No 33 (75.0) 131 (92.9)

Cephalosporins, n (%) 0.440

Yes 21 (47.7) 58 (41.1)
No 23 (52.3) 83 (58.9)

Fluoroquinolones, n (%) 0.378

Yes 23 (52.3) 68 (48.2)
No 21 (47.7) 73 (51.8)

Penicillins, n (%) 0.194

Yes 11 (25.0) 23 (16.3)
No 33 (75.0) 118 (83.7)

Abbreviations: BSI, bloodstream infection; CRE, carbapenem-resistant enterobacteriaceae; AML, acute myeloid leukemia; 
ALL, acute lymphoblastic leukemia; MDS, myelodysplastic syndrome; SAA, severe aplastic anemia; PNH, paroxysmal 
nocturnal hemoglobinuria; CML, chronic myeloid leukemia; MAL, mixed acute leukemia; allo-HSCT, allogeneic hemato-
poietic stem cell transplantation.
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Risk Factors of BSI Caused by CRE
Throughout the study period, there were 46 patients with BSI during allo-HSCT, and the incidence of BSI was 24.9%. 
We further divided 46 patients into two groups according to the pathogens isolated from peripheral blood culture. Patients 
with CRE isolated from peripheral blood culture were included in the CRE-induced BSI group, and patients with non- 
CRE pathogens isolated from peripheral blood culture were included in the non-CRE-induced BSI group. The general 
clinical characteristics of the two groups are shown in Table 3. Compared with the non-CRE-induced BSI group, the 

Figure 2 Microbial characteristics of CRE strains isolated from 44 patients with positive CRE colonization screening.

Figure 3 Carbapenemase phenotypes of CRE strains isolated from 44 patients with positive CRE colonization screening.
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Table 2 Multivariate Analysis of Risk Factors Associated with CRE 
Colonization

Variable OR 95% CI P-value

Pulmonary disease 2.587 1.050–6.375 0.039

Perianal infections 3.160 1.105–9.032 0.032

Carbapenems usage 3.111 1.393–6.949 0.006

Polymyxin usage 4.857 0.608–38.803 0.136

Glycopeptides usage 1.063 0.472–2.393 0.883

Tigecycline usage 1.643 0.485–5.571 0.425

Abbreviations: CRE, carbapenem-resistant enterobacteriaceae; OR, odds ratio; CI, 
confidence interval.

Table 3 Baseline Data of Patients with CRE BSI and Non-CRE BSI

Factors CRE BSI  
(n=10)

Non-CRE BSI 
(n=36)

P-value

Median age, years (range) 40 (16–54) 32 (14–57) 0.224

Gender, n (%) 1.000

Male 7 (70.0) 24 (66.7)
Female 3 (30.0) 12 (33.3)

Primary Diseases, n (%) 1.000

AML 4 (40.0) 10 (27.8)
ALL 1 (10.0) 9 (25.0)
MDS 2 (20.0) 5 (13.8)

AA 3 (30.0) 9 (25.0)

PNH 0 (0) 1 (2.8)
Lymphoma 0 (0) 1 (2.8)

MAL 0 (0) 1 (2.8)

Duration of agranulocytosis 22 (15–46) 19 (7–60) 0.377

Type of transplant, n (%) 1.000

Matched related donor 2 (20.0) 12 (33.3)
Mismatched related donor 6 (60.0) 18 (50.0)

Matched unrelated donor 2 (20.0) 5 (13.9)

Mismatched unrelated donor 0 (0) 1 (2.8)

Remission status, n (%) 0.443

CR 5 (50.0) 25 (69.4)
PR 5 (50.0) 11 (30.6)

ATG in regimen, n (%) 0.777

Yes 7 (70.0) 29 (80.6)
No 3 (30.0) 7 (19.4)

CR-KP rectal colonization, n (%) 0.000

Yes 6 (60.0) 2 (5.6)
No 4 (40.0) 34 (94.4)

(Continued)
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proportions of carbapenem-resistant K. pneumoniae (CR-KP) rectal colonization, the history of carbapenem application 
within the previous 3 months, and the history of invasive procedures were significantly higher in the CRE group. 
Multivariate analysis showed that the rectal colonization of CR-KP (OR, 19.783; 95% CI, 1.984 to 197.301; P = 0.011) 
was an independent risk factor for BSI induced by CRE (Table 4).

Table 3 (Continued). 

Factors CRE BSI  
(n=10)

Non-CRE BSI 
(n=36)

P-value

PCT, ng/mL (range) 0.6 (0.2–22.1) 0.8 (0.07–70.9) 0.461

CRP, mg/L (range) 113.6 (66.4–294.6) 90.3 (8.1–318.0) 0.305

Carbapenem application in the 3 months prior to 

transplantation, n (%)

0.009

Yes 8 (80.0) 10 (27.8)
No 2 (20.0) 26 (72.2)

History of previous rectal swab screening, n (%) 0.635

Yes 2 (20.0) 3 (8.3)
No 8 (80.0) 33 (91.7)

History of previous BSI, n (%) 0.624

Yes 3 (30.0) 6 (16.7)
No 7 (70.0) 30 (83.3)

ICU admission, n (%) 1.000

Yes 2 (20.0) 5 (13.9)
No 8 (80.0) 31 (86.1)

Invasive procedures, n (%) 0.009

Yes 5 (50.0) 3 (8.3)
No 5 (50.0) 33 (91.7)

Diarrhea, n (%) 0.840

Yes 4 (40.0) 18 (50.0)
No 6 (60.0) 18 (50.0)

Oral mucositis, n (%) 0.929

Yes 8 (80.0) 26 (72.2)
No 2 (20.0) 10 (27.8)

Pulmonary disease, n (%) 0.243

Yes 10 (100.0) 28 (77.8)
No 0 (0.0) 8 (22.2)

Perianal infections, n (%) 0.049

Yes 4 (40.0) 3 (8.3)
No 6 (60.0) 33 (91.7)

Abbreviations: BSI, bloodstream infection; CRE, carbapenem-resistant enterobacteriaceae; AML, acute myeloid leukemia; ALL, 
acute lymphoblastic leukemia; MDS, myelodysplastic syndrome; SAA, severe aplastic anemia; PNH, paroxysmal nocturnal hemo-
globinuria; CML, chronic myeloid leukemia; MAL, mixed acute leukemia; CR, complete remission; PR, partial remission; ATG, 
antithymocyte globulin; PCT, procalcitonin; CRP, C-reactive protein.
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Correlation Analysis Between CRE Colonization and CRE-Induced BSI
Among 185 patients who underwent regular rectal swab screening for CRE, 46 patients developed BSI, with an 
incidence of 24.9% (46/185), including 45 patients (97.8%) in the granulocytopenia stage. The median time from 
the day of agranulocytosis to BSI was 7 days (0–24 days). Among these patients who experienced BSI, ten patients 
were induced with CRE, with an incidence of 5.4% (10/185). And the median time from the day of agranulocytosis 
to CRE-induced BSI was 5 days (1–17 days). Among the 44 patients with CRE rectal colonization, seven patients 
experienced subsequent CRE-related BSI, with an incidence of 15.9% (7/44). Among the 141 patients without CRE 
rectal colonization in the control group, three patients developed subsequent CRE-induced BSI, with an incidence of 
2.1% (3/141). The incidence of CRE-related BSI in the rectal colonization group was significantly higher than in 
those patients without colonization, and the difference was statistically significant (P = 0.001).

Among the 10 patients with CRE-related BSI during allo-HSCT in the experimental group, seven patients were 
positive for rectal swab screening, and the intestinal colonization rate of CRE was 70.0% (7/10). The results of 
CRE strains screened were consistent with the results of pathogenic bacteria isolated from peripheral blood 
culture, and carbapenem-resistant K. pneumoniae accounted for 85.7% (6/7). Carbapenem-resistant E. coli 
accounted for 14.3% (1/7). Additionally, combining drug susceptibility tests showed that the resistances to 
imipenem, meropenem, amikacin, tigecycline, colistin, levofloxacin, piperacillin-sulbactam, cefoperazone- 
sulbactam and cephalosporins were exactly consistent with the results of CRE strains isolated from blood 
peripheral.

We then compared the efficacy of active empirical antibacterial therapy for patients who experienced CRE-related 
BSI between CRE colonization and non-CRE colonization groups. For the 10 patients with CRE-related BSI during allo- 
HSCT, seven cases were from the colonization group, and three were from non-CRE colonization groups, and they were 
all treated with empirical anti-infective therapy at the time of fever. The specific antimicrobial protocols within 24 hours 
and associated mortality rates are outlined in Table 5. In the colonization group, the mortality of patients receiving multi- 
drug combination therapy within 24 hours was lower than that of patients using single drug treatment group; however, 
the difference was not statistically remarkable.

Table 4 Multivariate Analysis of Risk Factors for CRE BSI

Risk Factors OR 95% CI P-value

CR-KP rectal colonization 19.783 1.984–197.301 0.011

Carbapenem application 4.147 0.524–32.823 0.178

Invasive procedures 7.392 0.767–71.265 0.084

Perianal infections 0.210–24.881 0.497

Abbreviations: CR-KP, carbapenem-resistant K. pneumoniae; OR, odds ratio; CI, confidence interval.

Table 5 Specific Antimicrobial Protocols Within 24 Hours and Associated Mortality 
Rates Between CRE Colonization Group and Control Group

Antimicrobial Protocol CRE Group Non-CRE Group

Alive Dead Alive Dead

Carbapenem 0 1 0 1

Carbapenem+tigecycline/polymyxin 2 1 1 1

Carbapenem+tigecycline+polymyxin 2 1 0 0

Abbreviation: CRE, carbapenem-resistant enterobacteriaceae.
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Discussion
To our knowledge, this is the first reported study to assess the prevalence, independent risk factors, and outcomes for the 
acquisition of CRE colonization, the carbapenemase phenotype, CRE bacteremia in hematological diseases patients 
receiving allo-HSCT. In the current study, the incidence of positive CRE colonization with rectal swab screening was 
23.8% (44/185). Moreover, the incidence of CRE-related BSI in the rectal colonization group was significantly higher 
than in patients without colonization. These reinforcing evidences indicated that in the high-risk allo-HSCT population 
where CRE infections are frequent, active surveillance for detecting CRE colonization might be useful in order to 
administer an effective empirical antimicrobial and prevent transmission to non-colonized patients in the ward.

CRE infections have been emerging rapidly and posing serious challenges to clinical management in the context of 
allo-HSCT. Thus, timely and efficient diagnosis, strict and evidence-based infection control measures, and prompt and 
effective therapy are of paramount importance.20–22 Rectal colonization of CRE is a risk factor for bacterial translocation 
leading to subsequent endogenous CRE infections.23 Therefore, active surveillance in patients who are exposed to CRE- 
infected or -colonized patients is recommended as part of infection control. The overall rate of CRE colonization in 
patients with hematologic and oncologic patients may vary between 3% and 29%.24,25 Nevertheless, studies regarding 
CRE colonization in allo-HSCT patients are rare. In a CRE surveillance study, six of the 46 patients (13%) who received 
reduced-intensity umbilical blood transplantation were colonized with P aeruginosa. Moreover, the BSI rate has been 
reported to be higher in colonized patients than in those without colonization (50% vs 7.5%, respectively).26 Another 
study reported that the rate of P aeruginosa colonization was 7.3% among 794 allo-HSCT patients, but other gram- 
negative bacteria were not screened for colonization in the study.27 In the current study, the incidence of positive CRE 
colonization with rectal swab screening was 23.8% (44/185). Our high prevalence might arise from a relatively stronger 
conditioning regimen, GVHD preventive protocols and a high percentage of carbapenem use in the course of transplan-
tation. For clinical practice and the design of early intervention strategies, assessments of risk factors for CRE are 
particularly relevant. In studies on CRE colonization, the independent risk factors for colonization were found as 
antibiotic usage such as carbapenem and fluoroquinolone in the month before colonization.28 One possibility is that 
inappropriate combined antibiotic usage may disrupt the gastrointestinal microflora and eradicate susceptible competing 
strains, thus elevating the incidence of CRE colonization. Our findings showed that pulmonary disease, perianal infection 
and carbapenem application in prior 3 months were independent risk factors for rectal CRE colonization. Further more 
extensive studies may need to identify risk factors for CRE colonization.

In general, carbapenem resistance for enterobacteriacea arises from two main mechanisms: (i) acquisition of 
carbapenemase genes that encode for enzymes capable of degrading carbapenems, it most frequently occurs via transfer 
of plasmids, which usually co-harbor β-lactamases and other resistance determinants, rendering these carbapenemase- 
producing Enterobacteriaceae (CPE) strains multi-drug resistant (MDR) or extensively drug-resistant (XDR), or (ii) 
a decrease in the uptake of antibiotics by a qualitative or/and quantitative deficiency of porin expression in association 
with overexpression of β-lactamases that possess very weak affinity for carbapenems.29 Therefore, rapid detection and 
characterization of carbapenemase types in colonized CRE strains according to the Ambler classification will lead to 
improved guidance on the implementation of infection control measures. As these deleterious pathogens may spread 
throughout health-care facilities, closer attention to infection control measures and stewardship of the carbapenem- 
containing drugs should be paid in order to control selection of even more detrimental pathogens. In the current study, 19 
strains were identified for carbapenemase phenotype. Among them, sixteen isolated strains produced metal β-lactamase, 
including eight strains of E. coli, two strains of K. pneumoniae, two strains of K. oxytoca, and other two strains. Five 
isolated strains produced serine carbapenemase (KPC), all from K. pneumoniae. Although the dissemination mechanism 
is still unclear, our findings highlighted the importance of the identification of enzyme types for the subsequent anti- 
infective therapy in allo-HSCT recipients.

BSI due to CRE is a fatal complication in patients receiving allo-HSCT and is remarkably associated with dismal 
prognosis.30 Some studies have reported that an active surveillance strategy reduces BSI frequency during the granulo-
cytopenia period.31,32 Moreover, the European Society of Clinical Microbiology and Infectious Diseases guideline 
recommends active screening culture to reduce the spread of MDR pathogens.33 Girmenia et al found that 39.2% of 
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patients with CRE colonization subsequently developed CRE-related BSI, which was significantly more frequent than the 
rate of general hospitalized patients (16.5%).34 In our study, 46 patients developed BSI, with an incidence of 24.9% 
(46/185), including 45 patients (97.8%) in the granulocytopenia stage. The incidence of CRE-related BSI in the rectal 
colonization group was significantly higher than in those patients without colonization. Furthermore, compared with the 
non-CRE-induced BSI group, the proportions of CR-KP rectal colonization, the history of carbapenem application within 
prior 3 months, and the history of invasive procedures were significantly higher in the CRE group. Multivariate analysis 
showed that the rectal colonization of CR-KP was an independent risk factor for BSI induced by CRE. Thus, stricter 
infection control measures such as screening patients for asymptomatic colonization and implementation of contact 
precautions are urgently needed to limit the CRE dissemination, especially in vulnerable patients who were afflicted by 
invasive procedures, have CR-KP rectal colonization, and were previously exposed to carbapenem within prior 3 months.

Due to the lack of effective antibiotic treatment, the mortality of CRE-related BSI after allo-HSCT is high, 
approximately at 51–65%.35–37 An appropriate antimicrobial therapy is crucial for allo-HSCT patients, and it generally 
depends on the patient’s microflora and the antimicrobial susceptibility pattern of bacteria. Increasing studies have 
revealed the importance of preemptive intervention in preventing and treating CRE BSI. The empirical treatment of 
infections might be associated with surveillance and patient’s colonization.38,39 We found that the mortality of patients 
receiving multi-drug combination therapy within 24 hours in the colonization group was lower than that of patients using 
single drug treatment group; however, the difference was not statistically remarkable, probably owing to the small sample 
size. Thus, targeted managements such as multi-drug combination therapy for colonized patients may contribute to 
reduce the incidence and mortality of BSI induced by CRE, therefore improving the prognosis of these immunocom-
promised allo-HSCT patients. Other decolonization protocols using oral gentamicin or fecal microbiota transplant still 
need to be deeply explored for definite effectiveness.

We have to acknowledge several major limitations of this study. First, the design was non-randomized and the sample 
size was small. We reported observations based on historical data and were thus unable to perform a detailed analysis. 
Second, rectal swabs screening alone may have underestimated the CRE detection rate in this study. We did not compare 
the colonized and infected CRE strains using molecular methods because these tests have not been conducted in clinical 
laboratory of our hospital. Third, the analysis did not include the conditioning regimen, graft-versus-host disease 
(GVHD), comorbidities, and treatment for BSI. Therefore, it was difficult to perform a detailed survival analysis 
accurately. A multicenter, prospective study is being carried out in our center to further demonstrate the optimal 
surveillance opportunity for CRE colonization in allo-HSCT patients.

Conclusion
In summary, screening of patients for CRE colonization may have a remarkable role in preventing the occurrence of BSI 
due to CRE. This study also demonstrated that surveillance for intestinal colonization caused by CRE in patients 
receiving allo-HSCT might be useful in guiding to administer appropriate empirical antimicrobial treatment. Strategies 
that help identify allo-HSCT recipients at risk of CRE and reduce inappropriate empiric antibiotic therapy are paramount 
to reduce mortality.
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