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Background: Carbapenem-resistant Enterobacterales (CRE) bloodstream infections (BSIs) are a major threat to 
patients. To date, data on risk factors have been limited, with low internal and external validity. In this multicentre 
study, risk factors for CRE BSI were determined by comparison with two control groups: patients with carbapenem- 
susceptible Enterobacterales (CSE) BSI, and patients without Enterobacterales infection (uninfected patients). 

Methods: A multicentre, case-control-control study was nested in a European prospective cohort study on CRE 
(EURECA). CRE BSI:CSE BSI matching was 1:1, CRE BSI:Uninfected patients matching was 1:3, based on hospital, 
ward and length of stay. Conditional logistic regression was applied. 

Results: From March 2016 to November 2018, 73 CRE BSIs, 73 CSE BSIs and 219 uninfected patients were included 
from 18 European hospitals. For CRE versus CSE BSI, previous CRE colonization/infection [incidence rate ratio (IRR) 
7.32; 95% CI 1.65–32.38) increased the risk. For CRE versus uninfected controls, independent risk factors included: 
older age (IRR 1.03; 95% CI 1.01–1.06), patient referral (long-term care facility: IRR 7.19; 95% CI 1.51–34.24; acute 
care hospital: IRR 5.26; 95% CI 1.61–17.11), previous colonization/infection with other MDR organisms (MDROs) 
(IRR 9.71; 95% CI 2.33–40.56), haemodialysis (IRR 8.59; 95% CI 1.82–40.53), invasive procedures (IRR 5.66; 
95% CI 2.11–15.16), and β-lactam/β-lactamase inhibitor combinations (IRR 3.92; 95% CI 1.68–9.13) or third/fourth 
generation cephalosporin (IRR 2.75; 95% CI 1.06–7.11) exposure within 3 months before enrolment. 
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This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/ 
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Conclusions: Evidence of previous CRE colonization/infection was a major risk factor for carbapenem resistance 
among Enterobacterales BSI. Compared with uninfected patients, evidence of previous MDRO colonization/in-
fection and healthcare exposure were important risk factors for CRE BSI. Targeted screening, infection preven-
tion and antimicrobial stewardship should focus on these high-risk patients.

Introduction
Bloodstream infections (BSIs) are among the most severe 
hospital-acquired infections, with Enterobacterales being the 
most frequently identified causative pathogens. Increases in resist-
ance rates of Enterobacterales, especially to carbapenems, pro-
gressively complicate treatment strategies of infected patients.1

In Europe, in 2015, it was estimated that more than 2000 patients 
died because of carbapenem-resistant Enterobacterales (CRE) 
infections, mostly BSIs, and the number of attributable deaths in-
creased more than six times from 2007 to 2015.2

Effective strategies to prevent or reduce the number of CRE BSIs 
are essential; however, to date, no harmonized strategy for CRE 
BSI prevention is available and data on modifiable risk factors 
are scarce.3 Most risk factor studies have been small, single-centre 
studies with a retrospective design.4–7 Moreover, these studies of-
ten selected patients with BSIs due to carbapenem-susceptible 
Enterobacterales (CSE) as controls. However, directly comparing 
CRE versus CSE can introduce selection bias, resulting in falsely 
identifying antibiotics as risk factor, or overestimating the OR of 
the resistance-defining antibiotic.8–10 The best way to overcome 
this bias is to include two control groups: patients with CSE, and pa-
tients without Enterobacterales infection (uninfected patients).

This study was part of the EUropean prospective cohort study 
on Enterobacteriaceae showing REsistance to CArbapenems 
(EURECA).11 Through a nested, matched case-control-control study, 
we determined risk factors for (i) carbapenem resistance among 
hospitalized patients with Enterobacterales BSI, and (ii) CRE BSI 
among uninfected, hospitalized patients in six European countries.

Methods
Ethics
The study was approved by the Ethics Committee of the Hospital 
Universitario Virgen Macarena (FIS-ATB-2015-01). The need to obtain 
written informed consent was waived due to the observational and epi-
demiological nature of the study. Approval was also gained at the partici-
pating centres according to local requirements. The study was conducted 
according to the principles of the Declaration of Helsinki and in accord-
ance with the Medical Research Involving Human Subjects Act (WMO) 
and local guidelines in the participating countries.

Study design
EURECA (trial registration number: NCT02709408) is a prospective, multi-
national, multicentre study that aims to characterize hospitalized pa-
tients with CRE infections in Europe.11,12 From March 2016 to November 
2018, a cohort of 732 adult patients with CRE infections were enrolled. 
For a nested case-control-control study, additional CSE-infected patients 
and uninfected patients were recruited, for a randomly selected subset of 
235 patients, matched 1:1 to CSE-infected, and 1:3 to uninfected pa-
tients, to be able to assess at least 20 risk factors (Figure 1). Our study fo-
cused on the subpopulation of 73 adult hospitalized patients with CRE 

BSI, and their matched controls (73 CSE BSI and 219 uninfected controls) 
(Figure 1), which provided a large enough sample size to simultaneously 
include around seven risk factors. Matching variables were hospital, type 
of hospital service and length of stay (LOS) before CRE BSI of the case 
(minus 0–3 days, or minus 0–7 days if LOS of CRE >14 days, or LOS of min-
imum 30 days if LOS of CRE >30 days). For matching of CRE:CSE, type of 
acquisition (community or nosocomial) and source of bacteraemia 
were considered as well. All patients were followed for a period of 
30 days after inclusion.

Setting
Fifty hospitals participated in EURECA from 10 countries across Europe. 
Sites were selected based on rates of infection due to CRE, clinical and la-
boratory capacity, and experience in clinical studies. Patients selected for 
the current study were enrolled from 18 hospitals, in Italy (n = 5), Spain 
(n = 4), Serbia (n = 4), Greece (n = 3), Romania (n = 1) and Turkey (n = 1).

Inclusion and exclusion criteria
Patients were included if they met the following criteria: (i)  ≥ 18 years; 
(ii) signed informed consent form if requested by the local Institutional 
Review Board. Additionally, for patients with Enterobacterales BSI: (iii) pa-
tients had an Enterobacterales BSI, defined as a positive blood culture with 
isolation of CRE or CSE in patients fulfilling systemic inflammatory response 
syndrome criteria13 of sepsis, and for uninfected patients: (iv) patients 
without Enterobacterales infection during the selected hospitalization.

Exclusion criteria included: (i) patients with do-not-resuscitate orders or 
with a life expectancy of <30 days. Additional exclusion criteria for patients 
with Enterobacterales BSI: (ii) the infection was considered to be polymicro-
bial according to standard microbiological interpretations of culture 
results; (iii) participation in a trial that included active treatment for 
Enterobacterales BSI; and (iv) previously included in the EURECA CRE cohort.

Data collection
Data were collected by dedicated onsite investigators in each of the sites, 
through a standardized, electronic case report form, with internal validity 
checks to improve data quality. Data consistency and completeness were 
checked regularly and issues were resolved through integrated patient- 
specific queries. Data included demographics, hospital admission charac-
teristics, clinical characteristics, antimicrobial exposure, colonization 
status [MDR organisms (MDROs)] and microbiological characteristics. 
Possible CRE exposure risk was also recorded, and included travel, contact 
with animals, hospital contact, contact with CRE-colonized people, and 
evidence of previous infection/colonization by CRE. The latter is defined 
as confirmed CRE infection/colonization documented in the patient’s 
microbiological records (no time limit); if no previous CRE culture was re-
corded, it was considered as no evidence. For definitions see Table S1
(available as Supplementary data at JAC Online). Antimicrobial suscepti-
bility was phenotypically and genotypically confirmed at a central labora-
tory in Antwerp, Belgium. STROBE recommendations for reporting results 
of observational studies were followed.

Statistical analysis
Descriptive statistics are displayed separately for matched CRE BSI, CSE 
BSI and uninfected patients, summarized by median and IQR, or absolute 
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numbers and proportions as appropriate. P values are based on condi-
tional logistic regression to consider matching.

Analyses compared CRE BSI versus CSE BSI, and CRE BSI versus unin-
fected controls. All clinically relevant variables were analysed with uni-
variable conditional logistic regression to determine their association 
with CRE BSI. For continuous variables, linearity was checked using likeli-
hood ratio tests comparing models applying natural cubic splines versus a 
linear relationship; cut-offs were based on the lowest Akaike information 
criteria (AIC) values. All variables with P < 0.10 in the univariable analysis 
were considered for the conditional multivariable logistic regression. 
Collinearity was checked by the variance inflation factor; if needed, the 
clinically most relevant variable was selected. The final model was se-
lected using the best subset method based on AIC values. Because miss-
ing data were sparse, complete case analysis was applied, the impact of 
which was assessed in sensitivity analyses. The coefficients from the con-
ditional logistic regression are interpreted as incidence rate ratios (IRRs), 
due to the specific study design—a case-control study nested in an open 
cohort, where controls were matched on LOS before enrolment of the 
case.14

Sensitivity analyses were performed to check stability of results: (i) we 
examined the impact of complete case analysis, applying worst-case (all 
patients with missing data were positive) and best-case scenarios (all pa-
tients with missing data were negative) for two variables with missing 
data ‘evidence of previous colonization/infection with CRE’ and ‘evidence 
of previous colonization/infection with other MDROs’; (ii) we determined 
risk factors specifically for hospital-associated CRE BSI.

A two-sided P < 0.05 was considered statistically significant; 95% CIs 
are reported. The analyses were performed using R software, version 
4.1.0.

Results
Overall, 73 case patients with CRE BSIs could be selected from the 
EURECA dataset, matched to 73 control patients with CSE BSI 

(CSE group) and 219 uninfected patients (Figure 1). All matches 
fulfilled the preset matching criteria, with seven minor exceptions 
for LOS before enrolment. For 6/292 (2%) controls LOS before en-
rolment was 1–2 days compared with CRE BSI on admission, 
whereas 1/73 (1.4%) CSE BSI controls had 11 days of stay before 
infection compared with a CRE case with 21 days (max. 7 days 
difference). As such, this variable was considered for multivari-
able analysis.

Patients infected by CRE BSI versus CSE BSI
Patient characteristics

Most CRE and CSE BSI patients came from Spain (56/146), Greece 
(32/146) and Serbia (31/146); had a similar median age, 69.0 
(IQR 59.5–77.0) years and 70.0 (IQR 59.0–80.0), respectively; 
were male [CRE: 40/73 (54.8%) and CSE: 38/73 (52.1%)], were 
overweight or obese [CRE: 38/69 (55.1%) and CSE: 41/72 
(57.0%)], and were admitted from home [CRE: 50/73 (68.5%) 
and CSE: 60/73 (82.2%)]. Evidence of previous colonization/infec-
tion with CRE was significantly different between CRE and CSE pa-
tients [26.5% (18/68) versus 4.2% (3/72), respectively, P = 0.004). 
Exposures to carbapenems (28.8% versus 11.0%, P = 0.011) and 
antimicrobials only active against Gram-positive pathogens 
(30.1% versus 16.4%, P = 0.004) were significantly higher for 
CRE compared with CSE BSI as well (Table 1). Infection sources 
and microbiological characteristics are described in Table 2.

Risk factor analysis

A total of 140/146 (95.9%) patients could be included in risk 
factor analysis. Patient referral, moderate or severe kidney dis-
ease, evidence of previous colonization/infection with CRE, and 

Random selection for nested 
case-control-control studies   

732 adult patients with CRE infections 
prospectively enrolled 

235 Matched patients with CSE infection 
(1:1) 

705 Matched uninfected patients 
 (1:3) 

Control 1: 73 Matched CSE BSI  
(1:1) 

Control 2: 219 Matched uninfected 
patients (1:3) 73 CRE BSI 

235 patients with CRE infection 

162 patients without BSI were excluded: 
l 18 intra-abdominal infections 
l 38 pneumonia  
l 106 complicated urinary tract 

infections 

Figure 1. Flow chart for patient enrolment in EURECA between March 2016 and November 2018, including the final selection for the nested 
case-control-control study focusing on risk factors for carbapenem-resistant Enterobacterales (CRE) bloodstream infections (BSIs). CSE, carbapenem- 
susceptible Enterobacterales.
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Table 1. Baseline characteristics of adult hospitalized patients with carbapenem-resistant bloodstream infections and matched controls with 
carbapenem-susceptible bloodstream infection, or without Enterobacterales infection, admitted to 18 European hospitals between March 2016 
and November 2018

Variables
Patients with  

CRE BSI (N = 73)

Matched  
patients with  

CSE BSI (N = 73)

Matched  
patients without 
Enterobacterales  

infection (N = 219)

Comparison  
between CRE  
and CSE BSI  

patients 
P valuea

Comparison  
between CRE  

and uninfected  
patients 
P valuea

Demographic information
Age, y, median (IQR) 69.0 (59.5–77.0) 70.0 (59.0–80.0) 64.0 (51.0–75.0) 0.639 0.009
Male sex, n (%) 40 (54.8) 38 (52.1) 131 (59.8) 0.732 0.447
BMI, kg/m2, median (IQR)b 25.5 (23.7–29.2) 25.4 (21.8–27.9) 25.1 (22.9–28.7) 0.182 0.977

BMI <25 kg/m2, n (%) 31 (44.9) 31 (43.1) 104 (48.1) 0.931 0.806
BMI 25–29 kg/m2, n (%) 27 (39.1) 31 (43.1) 73 (33.8)
BMI ≥ 30 kg/m2, n (%) 11 (15.9) 10 (13.9) 39 (18.1)

Country of origin, n (%)
Spain 27 (37.0) 29 (39.7) 88 (40.2) 0.503 0.155
Greece 16 (21.9) 16 (21.9) 44 (20.1)
Serbia 16 (21.9) 15 (20.5) 44 (20.1)
Italy 7 (9.6) 7 (9.6) 15 (6.8)
Turkey 3 (4.1) 2 (2.7) 9 (4.1)
Romania 2 (2.7) 1 (1.4) 5 (2.3)
Other 2 (2.7) 3 (4.1) 14 (6.4)

Hospital admission characteristics, n (%)
Patient referral

Home 50 (68.5) 60 (82.2) 191 (87.2) 0.071 <0.001
Long-term care facility 9 (12.3) 4 (5.5) 11 (5.0)
Another acute care hospital 14 (19.2) 9 (12.3) 17 (7.8)

Emergency admission 2 (2.7) 3 (4.1) 13 (5.9) 0.657 0.206
Hospital service on enrollmentc

Medical 46 (63.0) 46 (63.0) 138 (63.0) 1.000 1.000
Surgical 13 (17.8) 13 (17.8) 39 (17.8)
ICU 14 (19.2) 14 (19.2) 42 (19.2)

Length of hospital stay before enrolment ≥1 d 51 (69.9) 48 (65.8) 141 (64.4) 0.327 0.023
Clinical characteristics

Comorbidities
Charlson comorbidity index, median (IQR) 2.0 (1.0–3.0) 2.0 (1.0–4.0) 2.0 (1.0–3.0) 0.683 0.203
Myocardial infarction, n (%) 9 (12.3) 9 (12.3) 17 (7.8) 1.000 0.230
Congestive heart failure: NYHA grade ≥2, n (%) 10 (13.7) 8 (11.0) 31 (14.2) 0.618 0.909
Peripheral artery disease, n (%) 14 (19.2) 12 (16.4) 46 (21.0) 0.618 0.713
Cerebrovascular disease, n (%) 5 (6.8) 5 (6.8) 10 (4.8) 1.000 0.402
Dementia, n (%) 6 (8.2) 7 (9.6) 7 (3.2) 0.763 0.090
Chronic pulmonary disease, n (%) 6 (8.2) 11 (15.1) 30 (13.7) 0.206 0.206
Connective tissue disease, n (%) 4 (5.5) 2 (2.7) 10 (4.6) 0.423 0.752
Ulcerative disease, n (%) 2 (2.7) 3 (4.1) 9 (4.1) 0.571 0.580
Mild liver disease, n (%) 5 (6.8) 2 (2.7) 9 (4.1) 0.215 0.336
Severe liver disease, n (%) 1 (1.4) 1 (1.4) 8 (3.7) 1.000 0.318
Diabetes mellitus without organ damage, n (%) 17 (23.3) 18 (24.7) 40 (18.3) 0.827 0.334
Diabetes with target organ damage, n (%) 5 (6.8) 10 (13.7) 15 (6.8) 0.206 1.000
Hemiplegia, n (%) 4 (5.5) 3 (4.1) 4 (1.8) 0.706 0.120
Moderate or severe kidney disease, n (%) 15 (20.5) 8 (11.0) 31 (14.2) 0.083 0.108
Metastatic solid tumour, n (%) 3 (4.1) 5 (6.8) 8 (3.7) 0.484 0.847
Any tumour, not metastasic, n (%) 14 (19.2) 13 (17.8) 30 (13.7) 0.827 0.214
Leukaemia, n (%) 4 (5.5) 5 (6.8) 11 (5.0) 0.706 0.842
Lymphoma, n (%) 4 (5.5) 4 (5.5) 12 (5.5) 1.000 1.000

Continued 

Risk factors for CRE bloodstream infections                                                                                                     

2135



Table 1. Continued  

Variables
Patients with  

CRE BSI (N = 73)

Matched  
patients with  

CSE BSI (N = 73)

Matched  
patients without 
Enterobacterales  

infection (N = 219)

Comparison  
between CRE  
and CSE BSI  

patients 
P valuea

Comparison  
between CRE  

and uninfected  
patients 
P valuea

AIDS, n (%) 0 (0.0) 1 (1.4) 3 (1.4) 0.998 0.998
HIV infection with <200 CD4/mm3, n (%) 0/72 (0.0) 1/71 (1.4) 4/218 (1.8) 0.998 0.998

Immunosuppressiond, n (%) 20 (27.4) 23 (31.5) 54 (24.7) 0.514 0.549
Invasive procedures within 3 mo before 
enrolment, n (%)

51 (69.9) 46 (63.0) 96 (43.8) 0.321 <0.001

Surgery during the previous month, n (%) 22 (30.1) 23 (31.5) 53 (24.2) 0.796 0.176
Endoscopic procedure in the week before 
enrolment, n (%)

5 (6.8) 8 (11.0) 12 (5.5) 0.372 0.623

CRE exposure risk, n (%)
CRE exposure risk in community in the last 6 mo

Travel abroad 2/71 (2.8) 1/73 (1.4) 17/218 (7.8) 0.571 0.175
Contact with pets at home 9/71 (12.7) 9/70 (12.9) 34/209 (16.3) 1.000 0.315
Frequent contact with livestock 0/71 (0.0) 0/72 (0.0) 5/212 (2.4) — 0.997
Ambulatory contact with persons known to be 

colonized by CRE
6/57 (10.5) 2/56 (3.6) 4/177 (2.3) 0.998 0.998

CRE exposure risk in healthcare facility
Patient worked as healthcare worker or 

caregiver during last year
1 (1.4) 0 (0.0) 2/215 (0.9) 0.998 0.741

Another patient/s with CRE in the same ward 
during present admission

29/70 (41.4) 27/69 (39.1) 86/217 (39.6) 0.514 0.579

Previous hospitalization during the last 6 mo 40 (54.8) 32 (43.8) 72 (32.9) 0.174 0.001
Nursing home or other long term-care facility 

residency during the last 6 mo
10 (13.8) 9 (12.3) 9 (4.1) 0.796 0.005

Chronic dialysis 8 (11.0) 5 (6.8) 14 (6.4) 0.372 0.140
Haemodialysis 7 (9.6) 5 (6.8) 10 (4.6) 0.530 0.061
Peritoneal dialysis 1 (1.4) 0 (0.0) 4 (1.8) 0.998 0.782

Evidence of previous colonization/infection with CRE 18/68 (26.5) 3/72 (4.2) 1/217 (0.5) 0.004 <0.001
Evidence of previous colonization/infection with 
other MDROs (MRSA, VRE, ESBL-producer)

12/71 (16.9) 7/71 (9.9) 14/217 (6.5) 0.147 0.005

Antimicrobial exposure within 3 mo before 
enrolment

53 (72.6) 48 (65.8) 123 (56.2) 0.339 0.008

Colistin 7 (9.6) 7 (9.6) 11 (5.0) 1.000 0.061
Aminoglycosides 8 (11.0) 6 (8.2) 13 (5.9) 0.566 0.131
Quinolones 21 (28.8) 15 (20.5) 50 (22.8) 0.277 0.298
Macrolides 2 (2.7) 3 (4.1) 4 (1.8) 0.657 0.640
Cephalosporins, first/second generation 9 (12.3) 13 (17.8) 20 (9.1) 0.292 0.339
Cephalosporins, third/fourth generation 20 (27.4) 15 (20.5) 38 (17.4) 0.321 0.043
Carbapenems 21 (28.8) 8 (11.0) 25 (11.4) 0.011 <0.001
β-lactam + β-lactamase inhibitor 28 (38.4) 21 (28.8) 44 (20.1) 0.183 0.001
Other β-lactam antibiotics 7 (9.6) 10 (13.7) 4 (1.8) 0.372 0.007
Active against Gram-positive only 22 (30.1) 12 (16.4) 28 (12.8) 0.004 0.001
Other 14 (19.2) 17 (23.3) 35 (16.0) 0.549 0.454

BSI, bloodstream infection; CRE, carbapenem-resistant Enterobacterales; CSE, carbapenem-susceptible Enterobacterales; MDROs, multidrug-resistant 
organisms; NYHA, New York Heart Association. 
aBased on univariable conditional logistic regression, in case of categorical variables it refers to the likelihood ratio test. 
bThe denominators for patients with CRE BSI, CSE BSI and without Enterobacterales infection are 69, 72 and 216, respectively. 
cMatching variable for patients with CRE BSI versus patients with CSE BSI and patients without Enterobacterales infection, respectively. 
dImmunosuppression was defined as the receipt of solid organ transplantation, bone marrow/stem cell transplantation or immunosupressive 
drugs (including cancer chemotherapy, classic immunosuppressants, biologicals or steroids) within 3 mo before enrolment, or with neutropenia 
(<500 cells/mm3) on enrolment.
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exposure to carbapenems and antimicrobials active against 
Gram-positive pathogens within 3 months before enrolment 
were selected in univariable analysis (Table S2). The final multi-
variable model included evidence of previous colonization/infec-
tion with CRE (IRR 7.32; 95% CI 1.65–32.38), and carbapenem 
exposure within 3 months before enrolment (IRR 2.76; 95% CI 
0.95–7.99) as independent, significant risk factors for carbape-
nem resistance among Enterobacterales BSI.

Patients with CRE BSI versus uninfected patients
Patient characteristics

In CRE BSI and uninfected controls, over half of the patients were 
male [40/73 (54.8%) and 131/219 (59.8%), respectively], and 
overweight or obese [38/69 (55.1%) and 112/216 (51.9%), 
respectively]. The median age of CRE BSI patients, 69.0 (IQR 
59.5–77.0) years, was significantly higher than that of uninfected 
patients (64.0, IQR 51.0–75.0). CRE BSI patients compared with 

uninfected patients, were more often transferred from a long- 
term care facility [LTCF; 9/73 (12.3%) versus 11/219 (5.0%), 
P = 0.003] or another acute care hospital [ACH, 14/73 (19.2%) 
versus 17/219 (7.8), P = 0.001]. Contact with healthcare was 
more frequent for CRE BSI patients as well, including previous in-
vasive procedures, hospitalization and LTCF residency, evidence 
of colonization/infection with other MDROs, and antimicrobial 
use. Overall, 18/68 (26.5%) of CRE BSI cases had evidence of pre-
vious colonization/infection with CRE versus only one uninfected 
patient [1/217 (0.5%), P < 0.001] (Table 1).

Risk factor analysis

A total of 288/292 (98.6%) patients could be included in risk fac-
tor analysis. In total, 14 variables were selected in the univariable 
analysis including age, patient referral, LOS before enrolment, de-
mentia, invasive procedures, previous hospitalization, chronic 
haemodialysis, evidence of previous colonization/infection with 
other MDROs, and exposure to specific antimicrobials (Table S2). 

Table 2. Clinical and microbiological characteristics associated with bloodstream infection among adult hospitalized patients with 
carbapenem-resistant bloodstream infections (CRE-BSIs) and matched controls with carbapenem-susceptible bloodstream infections (CSE-BSIs) 
admitted to 18 European hospitals between March 2016 and November 2018

Variables
Patients with CRE BSI (N = 73) Matched patients with CSE BSI (N = 73)

P valuean (%) n (%)

Type of BSI acquisitionb

Nosocomial 47 (64.4) 47 (64.4) 1.000
Community-onset healthcare-associated 20 (27.4) 20 (27.4)
Strict community-acquired 6 (8.2) 6 (8.2)

BSI sourcesb

Urinary tract 27 (37.0) 27 (37.0) 1.000
Pneumonia 6 (8.2) 6 (8.2)
Intra-abdominal 11 (15.1) 11 (15.1)
Intravascular catheter 10 (13.7) 10 (13.7)
Other 3 (4.1) 3 (4.1)
Unknown source 16 (21.9) 16 (21.9)

Pathogen
Escherichia coli 5 (6.8) 30 (41.1) <0.001
Klebsiella pneumoniae 60 (82.2) 25 (34.2)
Enterobacter cloacae 3 (4.1) 7 (9.6)
Other Enterobacteralesc 5 (6.8) 11 (15.1)

Carbapenemase producer among CRE 70 (95.9)
Type of carbapenemase

OXA-48 35 (50.0)
KPC (2/3) 22 (31.4)
NDM-1 6 (8.6)
VIM (1/4) 3 (4.3)
Two types identifiedd 4 (5.7)

BSI, bloodstream infection; CRE, carbapenem-resistant Enterobacterales; CSE, carbapenem-susceptible Enterobacterales. 
aBased on univariable conditional logistic regression. 
bMatching variable. 
cFor patients with CRE BSI, other Enterobacterales included Klebsiella species not K. pneumoniae (n = 1), Enterobacter species not E. cloacae (n = 1), 
Serratia species (n = 1), Proteus mirabilis (n = 1) and Citrobacter freundii (n = 1). For matched patients with CSE BSI, other Enterobacteriaceae included 
Klebsiella oxytoca (n = 1), Enterobacter aerogenes (n = 1), Serratia marcescens (n = 3), P. mirabilis (n = 3), Citrobacter species (n = 1), Morganella morganii 
(n = 1) and Providencia rettgeri (n = 1). 
dOXA-48 and NDM-1 (n = 2), KPC-2 and VIM-1 (n = 1), and KPC-3 and NDM-1 (n = 1).
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For multivariable analysis, LTCF residency, chronic dialysis and 
exposure to any antimicrobial were not included because of col-
linearity with patient referral, chronic haemodialysis and expos-
ure to specific antimicrobials, respectively. Evidence of previous 
colonization/infection with CRE was not included in the multivari-
able model to prevent sparse-data bias (1/217 uninfected pa-
tients was positive).

In the final, multivariable model the independent risk factors 
for acquiring CRE BSI with the highest values included evidence 
of previous colonization/infection with other MDROs (IRR 9.71; 
95% CI 2.33–40.56), chronic haemodialysis (IRR 8.59; 95% 
CI 1.82–40.53), patient referral (LTCF: IRR 7.19; 95% CI 1.51– 
34.24, another ACH: IRR 5.26; 95% CI 1.61–17.11), and invasive 
procedures within 3 months before enrolment (IRR 5.66; 95% 
CI 2.11–15.16) (Table 3).

Comparison of risk factors between the two multivariable 
models
Evidence of previous colonization/infection with CRE was a signifi-
cant risk factor in both comparisons, strengthening the assump-
tion that this is an important risk factor for CRE BSI. Carbapenem 
use, the resistance-defining antibiotic, was only identified as a 
risk factor (P = 0.062) in the comparison CRE versus CSE BSI, which 
means it should be considered as a spurious finding due to con-
trol group selection. In the comparison CRE BSI versus uninfected, 
many additional risk factors were identified, underlining the 

strong association between healthcare exposure and risk of 
Enterobacterales BSI in general, including chronic haemodialysis, 
transfer from LTCFs and antimicrobial use.

Sensitivity analyses
In the risk factor model for CRE BSI versus CSE BSI, imputing miss-
ing data for ‘evidence of previous colonization/infection with 
CRE’, applying worst- or best-case scenario, carbapenem expos-
ure within 3 months before enrolment changed from borderline 
to fully significant in both scenarios (Table S3). In the risk factor 
model for CRE BSI versus uninfected patients, imputing missing 
data for ‘evidence of previous colonization/infection with other 
MDROs’, applying worst- or best-case scenario, the significant 
variables remained the same (Table S4).

Focusing on hospital-associated CRE BSIs, chronic pulmonary 
disease was detected as an additional factor associated with de-
creased risk for carbapenem resistance among patients with 
Enterobacterales BSI (Table S5). For the comparison CRE BSI ver-
sus uninfected, evidence of previous colonization/infection with 
other MDROs was no longer included as a risk factor, whereas 
third/fourth-generation cephalosporin and other β-lactam anti-
biotic exposures were now borderline significant (Table S6).

Discussion
Main findings
In this prospective, European, multicentre, nested case-control- 
control study, a comprehensive set of patient characteristics 
could be compared between patients with CRE BSI, CSE BSI and 
without Enterobacterales infection. Our study validated prior hy-
potheses, while distinguishing risk factors associated with carba-
penem resistance specifically and Enterobacterales infections in 
general. We identified evidence of previous colonization/infection 
with CRE as the most important risk factor for carbapenem resist-
ance among Enterobacterales BSI in adult hospitalized patients. 
In addition, evidence of previous colonization/infection with 
other MDROs (MRSA, VRE, ESBL-producer), healthcare exposure 
risk, including chronic haemodialysis, invasive procedures within 
3 months before enrolment, transfer from LTCF/ACH and exposure 
to antibiotics were important risk factors for Enterobacterales in-
fections in general.

Previous colonization/infection with CRE
Our study highlights the strong association between evidence of 
previous colonization/infection with CRE and subsequent CRE BSI, 
which was found in the comparison of CRE BSI cases with CSE BSI 
cases, as well as with uninfected controls. Analysis of risk factors 
for CRE infections in general (EURECA), also confirmed the im-
portance of colonization.12 Other previous studies support the as-
sociation between CRE colonization and CRE BSI among critically 
ill patients, mainly through comparison of CRE BSI versus unin-
fected patients.6,15,16 In patients with liver transplantation15 or 
haematological malignancies,6 effect estimates as high as 16.6 
(HR) and 11.1 (OR) were identified. This highlights the significance 
of regular screening of high-risk patients for presence of CRE, es-
pecially considering that in this study only 27% of patients with 
CRE BSI were known CRE carriers, which included information 

Table 3. Multivariable, conditional logistic regression analysis  
(AIC = 141.77) for risk factors of carbapenem-resistant Enterobacterales 
bloodstream infection among adult hospitalized patients, by comparing 
cases with carbapenem-resistant bloodstream infections with matched 
controls without Enterobacterales infection admitted to 18 European 
hospitals between March 2016 and November 2018 (n = 288)

Variables
Incidence rate ratio 

(95% CI)
P 

value

Age, y 1.03 (1.01–1.06) 0.019
Patient referral

Admission from home Reference
Transfer from long-term care facility 7.19 (1.51–34.24) 0.013
Transfer from another acute care 
hospital

5.26 (1.61–17.11) 0.006

Invasive proceduresa 5.66 (2.11–15.16) 0.001
Chronic haemodialysis 8.59 (1.82–40.53) 0.007
Evidence of previous colonization/ 

infection with other MDROs (MRSA, 
VRE, ESBL-producer)

9.71 (2.33–40.56) 0.002

β-Lactam + β-lactamase inhibitor 
exposure

3.92 (1.68–9.13) 0.002

Third/fourth-generation cephalosporin 
exposure

2.75 (1.06–7.11) 0.037

BSI, bloodstream infection; CRE, carbapenem-resistant Enterobacterales; 
MDROs, multidrug-resistant organisms. 
aCentral venous catheter, urinary catheter or mechanical ventilation 
within 3 mo before enrolment.
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from colonization/infection during previous hospitalizations. 
Other studies have found percentages as high as 54% coloniza-
tion among patients developing CRE infection. In this study, 16/ 
18 hospitals had active screening strategies for CRE, mostly for 
ICU patients (n = 12) and haematology, transplant or other high- 
risk patients (n = 7); some also screened transferred patients 
(n = 2), surgical patients (n = 2) or all patients (n = 1). The results 
of this study suggest that screening strategies might need to 
be extended to a larger patient population, whereby transferred 
patients especially would be an important target group. In add-
ition to the patient population, the local epidemiological level 
of CRE plays a crucial role for active screening strategies. Only 
one assessment at admission could not be enough in hospitals 
with endemic CRE. Indeed, CRE carriage acquisition during hos-
pital stay can occur and it is strongly associated with CRE BSI de-
velopment in the following days.17,18

Carbapenem exposure: a spurious risk factor
In previous studies with a case-control design, carbapenem ex-
posure was a common risk factor for carbapenem resistance 
among adult hospitalized patients with Enterobacterales 
BSI.4,5,19–22 In the current study, using the case-control-control 
design, qualitative comparison of the two models indicated 
that the association between carbapenem use and carbapenem 
exposure was a spurious finding associated with control group 
selection bias.10,23 If patients with CSE BSI are selected as con-
trols, it is unlikely that these patients would have had exposure 
to carbapenems, as this would have eliminated colonization by 
any CSE, and thus would have greatly reduced the likelihood of 
development of CSE BSI. Carbapenem exposure was not identi-
fied as a risk factor in the comparison between CRE BSI and unin-
fected patients, where this selection bias does not play a role, 
underlining the importance of control group selection in these 
types of studies.8,9 On the other hand, identification of risk factors 
may also depend on the mechanisms of carbapenem resistance 
considered. A multicentre case-control study in Singapore indi-
cated that carbapenem exposure was an independent risk factor 
for non-carbapenemase-producing CRE versus carbapenemase- 
producing Enterobacteriaceae.24 This further supports the con-
clusion that carbapenem exposure was not a risk factor in this 
study, where 96% of CRE were associated with carbapenemase 
production.

Study limitations
Our study has a few limitations. Firstly, despite recruiting from 
multiple healthcare facilities, only 73 CRE BSI cases could be en-
rolled, limiting the number of variables that could be considered 
in the multivariable model. Secondly, matching criteria for LOS 
before enrolment were not met for five controls, possibly con-
founding results. To mitigate this, LOS before enrolment was con-
sidered for risk factor analysis. Thirdly, for evidence of previous 
CRE colonization/infection, we had to depend on local screening 
and culturing practices. Nevertheless, this reflects the true daily 
practice. Finally, evidence of previous colonization/infection 
with CRE could not be included in the multivariable model for 
the comparison between CRE BSI and uninfected patients due 
to sparse-data bias;25 only one positive, uninfected patient was 
detected.

Conclusions
In conclusion, based on a multicentre, matched, case-control- 
control study, which considered a variety of possible risk factors, 
evidence of previous colonization/infection with CRE was 
identified as a major risk factor for CRE BSI. For Enterobacterales 
BSI in general, other important high-risk patient characteristics in-
clude higher age, evidence of previous colonization/infection with 
other MDROs, or previous healthcare exposure, including chronic 
haemodialysis, invasive procedures during the past 3 months, 
transfer from LTCF/ACH, and specific antibiotic exposure. These 
risk factors should be considered to inform targeted screening 
and infection control measures to reduce CRE BSI risk. Novel ap-
proaches to successfully decolonize CRE carriers would be vital 
to further improve patient safety.
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