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Summary
Background Data on risk factors for carbapenem-resistant Enterobacterales (CRE) with wider applicability are needed
to inform preventive measures and efficient design of randomised trials.

Methods An international matched case-control-control study was performed in 50 hospitals with high CRE incidence
from March 2016 to November 2018 to investigate different aspects of infections caused by CRE (NCT02709408).
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Cases were patients with complicated urinary tract infection (cUTI), complicated intraabdominal (cIAI), pneumonia
or bacteraemia from other sources (BSI-OS) due to CRE; control groups were patients with infection caused by
carbapenem-susceptible Enterobacterales (CSE), and by non-infected patients, respectively. Matching criteria
included type of infection for CSE group, ward and duration of hospital admission. Conditional logistic regression
was used to identify risk factors.

Findings Overall, 235 CRE case patients, 235 CSE controls and 705 non-infected controls were included. The CRE
infections were cUTI (133, 56.7%), pneumonia (44, 18.7%), cIAI and BSI-OS (29, 12.3% each). Carbapenemase
genes were found in 228 isolates: OXA-48/like, 112 (47.6%), KPC, 84 (35.7%), and metallo-β-lactamases, 44
(18.7%); 13 produced two. The risk factors for CRE infection in both type of controls were (adjusted OR for CSE
controls; 95% CI; p value) previous colonisation/infection by CRE (6.94; 2.74–15.53; <0.001), urinary catheter
(1.78; 1.03–3.07; 0.038) and exposure to broad spectrum antibiotics, as categorical (2.20; 1.25–3.88; 0.006) and
time-dependent (1.04 per day; 1.00–1.07; 0.014); chronic renal failure (2.81; 1.40–5.64; 0.004) and admission from
home (0.44; 0.23–0.85; 0.014) were significant only for CSE controls. Subgroup analyses provided similar results.

Interpretation The main risk factors for CRE infections in hospitals with high incidence included previous coloni-
zation, urinary catheter and exposure to broad spectrum antibiotics.

Funding The study was funded by the Innovative Medicines Initiative Joint Undertaking (https://www.imi.europa.eu/)
under Grant Agreement No. 115620 (COMBACTE-CARE).

Copyright © 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Antimicrobial resistance; Carbapenem-resistant Enterobacterales; Risk factors; KPC; OXA; Metallo-beta-
lactamases
Research in context

Evidence before this study
We search PubMed and Scopus until June 2022 combining the
terms carbapenem-resistant or carbapenemase-producing,
enterobacteriaceae or enterobacterales Klebsiella, and risk
factors or predisposing factors, and used systematic reviews
and meta-analysis as filters. We found 4 systematic reviews of
risk factors, and reviewed the primary articles included in
them. The literature review of studies investigating the risk
factors for carbapenem-resistant Enterobacterales (CRE)
provided results for which their extrapolation is limited
because they were performed mostly in one or few sites or
wards, included only Klebsiella pneumoniae infections, and/or
used patients with susceptible organisms as the only control
group.

Added value of this study
The design of EURECA allows a better generalizability of its
results as it was performed in 50 hospitals from 10 countries
in Southern Europe and included two control groups (patients

with carbapenem-susceptible Enterobacterales [CSE] and
patients without infection), which were matched according to
site of infection (for CSE), ward and previous hospital stay.
This design controlled the confounding effect of the local
epidemiology situation at each site and the time-dependent
bias for the exposures. Also, the use of two control groups
allowed to identify the variables increasing the probability of
CRE infection, and to quantify their relative impact among
patients with Enterobacterales infection and admitted
patients, respectively.

Implications of all the available evidence
The risk factors found can be easily collected and be
considered for deciding empirical treatment according to the
local epidemiology and for the efficient design of future
randomised trials in order to maximise the population at risk
of CRE. Also, the results may help in designing preventive
measures focused on patients at high risk.
Introduction
Antimicrobial resistance is recognised as one of the
most important public health problems.1 Among resis-
tant bacteria, the dramatic increase in the rate of
carbapenem-resistant Enterobacterales (CRE) during the
last decade is among the most worrisome phenomena
because the alternatives available for their treatment are
extremely limited; in fact, CRE are considered a priority
for research in drug development by the World Health
Organisation (WHO).2 Infections caused by these bac-
teria are associated with worse outcomes, longer hos-
pitalizations and higher costs compared to their
www.thelancet.com Vol 57 March, 2023
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susceptible counterparts.2,3 The most frequent mecha-
nism of resistance to carbapenems in Enterobacterales
are production of class A (e.g., KPC enzymes), B (met-
allo-β-lactamases such as NDM or VIM, among others)
and D carbapenemases (OXA-48 and OXA-48-like).4

Most previous studies investigating the risk factors
for infections caused by CRE included limited number
of patients, were performed in individual hospitals and
some lack adequate control for key confounders,5–8

therefore jeopardizing the generalizability of their re-
sults. When trying to identify risk factors for infections
caused by resistant bacteria, several aspects need to be
considered, including the population under consider-
ation, the group of patients used as reference, the vari-
ables investigated and how confounding is controlled
both in the design and in the analysis.

The objective of this study was to investigate the risk
factors for and profile of patients with infections caused
by CRE in a case-control-control multinational study in
countries with a high incidence of CRE, which can be
useful for the selection of high risk populations for more
efficient design of randomized trials, for developing
preventive strategies and for considering empirical ther-
apy. The study targeted the most frequent infections
caused by CRE, and the design was based on specified
epidemiological assumptions related to CRE epidemi-
ology and pathways for the development of infection.
Methods
Study design, participants, sites and study period
The European Prospective Cohort Study on Enterobac-
teriaceae Showing Resistance to Carbapenems
(EURECA) is a multinational study performed in 50
European hospitals from March 2016 to November 2018
1. Time at risk (i.e., previous duration of hospitalization) and the colonizatio
underestimation of the impact of other variables. Therefore, the study was
provide the information needed to understand the data. For the compariso
used as matching variables.

2. The study was intended to be applicable to hospital with endemic transm
during the previous year.

3. The pathogenic relation between variables were not hypothesised as the i
hierarchical models by grouping the variables by their hypothetical pathogen
associated with intrinsic features of the patients (“intrinsic variables”), var
acquisition but also with risk of developing a procedure-associated infectio

4. Infection due to CRE is considered to happen after acquisition of CRE colon
CRE colonisation beyond time at risk and ward are considered, including: pr
from a long term-care facility or being transferred from another hospital;
abroad; having had contact with pets or farm animals before admission; an

5. Intrinsic variables were considered constant throughout the exposure time
6. Exposure to invasive procedures included central venous catheter, bladder

were considered only until the day of infection by CRE or CSE, or the ma
7. Previous exposure to antibiotics during the previous 3 months was explorat

(i.e., time of exposure to each antibiotic); the antibiotics were analysed in
8. The microorganisms of interest for the study were carbapenem-resistant (re

Enterobacterales (this match the Center for Disease Control definition for

Table 1: Predefined hypothesis and assumptions for the design of the risk fa

www.thelancet.com Vol 57 March, 2023
to investigate different aspects of infections caused by
CRE (NCT02709408).9 The 50 participating hospitals
were located in ten European countries: Albania,
Croatia, Greece, Italy, Kosovo, Montenegro, Romania,
Serbia, Spain and Turkey. These sites were selected
based on their rate of CRE infection, experience in
clinical studies and laboratory capabilities. Participating
sites included consecutive cases diagnosed with the
target infections (complicated urinary tract infections
[cUTI], complicated intraabdominal infections [cIAI],
pneumonia and bloodstream infections from other
sources [BSI-OS]) caused by CRE. The study protocol is
available as Supplementary Annex A.

For this analysis, a nested matched case-control-
control study design was used, based on several pre-
defined hypotheses and assumptions (Table 1). Patients
included in the EURECA prospective CRE cohort were
eligible as cases, and two control groups representing
two different populations were chosen. The first control
group included patients with infections caused by
carbapenem-susceptible Enterobacteriaceae (CSE con-
trol group; one control per case); the comparison of CRE
cases and CRE control represented the population of
patients with infections due to Enterobacterales. The
second control group included patients hospitalized
without CRE infection (non-infected control group;
three controls per case), and the comparison of CRE and
non-infected patients represented the population of pa-
tients admitted to the hospitals. Patients in both control
groups were matched to CRE cases for hospital ward
and previous length of hospital stay, with an accepted
difference of −3 days in the control groups (−7 days if
previous stay for the case was >14 days to avoid time-
dependent bias)10;CSE controls were also matched by
type of infection (Table 1). CRE cases were prospectively
n pressure (i.e., ward of admission) were considered obvious risk factors, which effect might cause an
designed using them as matching variables, and were planned to be described for the CRE cases in order to
n between CRE and CSE controls, the type of infection (cUTI, cIAI, pneumonia or BSI-OS) were also to be

ission of CRE; therefore, it was to be performed in hospitals reporting a minimum number of CRE cases

ntention was not to develop a pathogenic model. However, the exposure to variables was analysed in
ic action, including: variables associated with risk of CRE acquisition (“epidemiological variables”), variables
iables associated with invasive procedures (“invasive procedures”; these might be associated with risk of
n), and exposure to antibiotics.
isation in most of the cases; therefore, epidemiological variables potentially associated with acquisition of
evious hospitalisation; being admitted from home as potentially protective, as opposed to being admitted
being an ambulatory or nosocomial contact of a patient colonised or infected with CRE; having travelled
d having been detected previously as colonised or infected with CRE or other multidrug-resistant bacteria.
; these included age, sex, ethnicity, and chronic underlying conditions.
catheter, mechanical ventilation, surgery, endoscopic procedures and renal replacement procedures; these
tched duration of admission in admitted controls.
ory. Therefore, it was considered both as dichotomous variables (i.e., yes/no) and time-dependent variables
dependently and in groups according to families and spectrum of activity (see Table 2).
gardless the mechanism of resistance) and carbapenemase-producing (regardless the MIC to carbapenems)
CRE).

ctors study.
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detected in all sites by daily review of the microbiology
reports. Once a CRE case was included, control patients
fulfilling the above mentioned matching criteria were
“prospectively” recruited at the same site, until the
estimated sample size was reached.

STROBE recommendations for reporting results of
observational studies were followed.11

Variables, data collection and quality control
The variables collected are listed and defined in Table 2;
a full definition is provided in the study protocol (Annex
A). The definition of timing for exposures was decided
according to previous publications or the expected
timeframe for their potential effect. The data were
collected by local investigators in real time (i.e., while
patients were admitted at hospital); all local teams at
each participating site were trained remotely before the
site was opened for recruitment for the study design,
criteria, variables and data collection. The data were
monitored remotely for missing information (i.e., any
missing data prompted a query to local investigators to
check if the data could be completed; unanswered
queries were sent up to 3 times) and coherence by the
central coordinating team at Hospital Universitario
Virgen Macarena in Seville and country or region co-
ordinators. All exposures were considered until “day 0”,
which was the day when the first sample yielding CRE
or CSE was obtained for the diagnosis of the infection of
interest; for non-infected patients, it was the day from
admission equivalent to day 0 for the correspondent
CRE case.

Microbiological definitions and studies
The microorganisms of interest were carbapenem-
resistant (according to EUCAST breakpoints)12 and/or
carbapenemase-producing (regardless of the minimum
inhibitory concentration [MIC] to carbapenems) Enter-
obacterales (Table 1). For ease of understanding, we will
refer to them as CRE. In order to detect most
carbapenemase-producers, all Enterobacterales with
MIC ≥1 mg/L (dilution methods) or ≤22 mm (disc-
diffusion, 10 μg disks) for meropenem or imipenem
were considered as putative CRE. Identification and
susceptibility testing were performed by local labora-
tories using standard microbiological techniques after
training for procedures homogeneity; putative CRE
isolates were also studied locally using the CARBA NP
test. All CRE isolates were preserved at −20 ◦C and sent
to central laboratories were identification and suscepti-
bility confirmation (Ramón y Cajal University Hospital,
Madrid, Spain), and characterisation of carbapenemase
genes by whole genome sequencing (Antwerp Univer-
sity, Belgium) were performed.

Statistical analyses
We targeted the inclusion of 248 CRE cases, distributed
by type of infection according to previous studies13,14 as
follows: cUTI, ≈50%; pneumonia, ≈30%; and cIAI and
BSI-OS, ≈10% each, to be able to include at least 20 risk
factors in a multivariate model. For each CRE case pa-
tient, one CSE and three admitted control patients were
planned, in order to approximate the statistical power of
full cohort data.15

Missing data were quantified (Supplementary
Annex B, Table S1); the Little MCAR test was used to
verify that missing data were at random, and multiple
imputation was performed using the Markov chain
Monte Carlo method. In order to characterize the
impact of previous antibiotic use, we tested the effect of
exposure to individual drugs or groups (both as
dichotomous variables and as days of exposure), to
drugs active only against gram positive bacteria,
against anaerobic bacteria and to broad-spectrum
anti-gram negative bacteria (including carbapenems,
fluoroquinolones, piperacillin-tazobactam and
oxyimino-β-lactams). For duration of exposure to anti-
biotics, in addition to being considered as continuous
variables, we used classification and regression tree
(CART) analyses in order to identify thresholds for
duration associated with increased risk.

For the analysis of risk factors, exposure to po-
tential risk factors among CRE and CSE patients, and
among CRE and non-infected controls was performed
by hierarchical conditional logistic regression for
matched data. To do so, the variables were classified
into hierarchical groups (Table 1). A manual backward
selection method of variables was used; the variables
were kept in the models if their p value was <0.1.
Despite being used as a matching variable and
because a rank of days was tolerated (see above),
previous hospital stay was included in all models. The
predictive capacity of the multivariate models was
evaluated by calculating the area under the receiver
operating characteristics curve (AUROC) with 95%
confidence interval (CI). The analyses were performed
using IBM SPSS (version 26.0) and CART software 8.0
(Salford Systems).

Ethical approval
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 epidemiological
nature of the study. Approval was also gained at the
participating centres according to local requirements.

Role of funding
The funders had no role in the design, conduction of the
study, decision to publish or writing of the article.
Results
During the study period, 732 patients with infection
caused by CRE were included; of these, the first 235
www.thelancet.com Vol 57 March, 2023
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CRE group (n = 235)
n (%)

CSE group (n = 235)
n (%)

p Non-infected group
(n = 705) n (%)

p

Demographics and epidemiological context

Age (years), median (IQR) 73 (62–82) 70 (59–79) 0.081 67 (53–77) <0.001

Male sex 134 (57.0) 126 (53.6) 0.42 412 (58.4) 0.69

Caucasian ethnicity 231 (98.3) 229 (97.4) 0.42 690 (97.9) 0.63

Present admission from:

Home 174 (74.0) 203 (86.4) 0.001 637 (90.4) <0.001

Nursing home 9 (3.8) 9 (3.8) 1.0 9 (1.3) 0.015

Other long term-care facility 19 (8.1) 7 (3.0) 0.01 10 (1.4) <0.001

Another acute care hospital 32 (13.6) 16 (6.8) 0.01 49 (7) 0.001

Previous acute care hospitalization (last 6 months) 150 (63.8) 104 (44.3) <0.001 224 (31.8) <0.001

Travel abroad (last 6 months) 4 (1.7) 3 (1.7) 0.56 35 (5.0) 0.037

Household/residency mates colonized/infected by CRE 15 (6.4) 11 (4.7) 0.46 6 (0.9) <0.001

Other patient(s) colonized/infected by CRE in the same ward during admission 77 (32.8) 66 (28.1) 0.22 248 (35.2) 0.35

Healthcare worker or caregiver of dependant person 1 (0.4) 4 (1.7) 0.21 7 (1.0) 0.42

Usual contact with pets, last 6 months 33 (14.0) 32 (13.6) 0.88 110 (15.6) 0.42

Any contact with farm animals, last 6 months 1 (0.4) 5 (2.1) 0.14 16 (2.3) 0.092

Mean days of previous stay (SD) 9.2 (15.1) 7.4 (13.7) <0.001 7.7 (10.4) <0.001

Previous colonisation/infection by CREa 50 (21.3) 8 (3.4) <0.001 6 (0.9) <0.001

Previous colonization/infection by other MDROb 25 (10.6) 18 (7.7) 0.18 24 (3.4) <0.001

Type of acquisition of infectionc

Nosocomial 138 (58.7) 138 (58.7) 1.00 – –

Community-onset, healthcare-associated 79 (33.6) 51 (21.7) <0.001 – –

Community-acquired 18 (7.7) 46 (19.6) <0.001 – –

Chronic comorbidities and conditions

Charlson index, median (IQR) 3 (2–4) 2 (1–4) 0.008 2 (0–3.5) <0.001

Obesity (Body mass index >30) 35 (15.2) 39 (16.7) 0.61 106 (15.1) 0.98

Diabetes mellitus 70 (29.8) 66 (28.1) 0.66 170 (24.1) 0.083

Chronic pulmonary disease 44 (18.7) 36 (15.3) 0.31 109 (15.5) 0.22

Chronic heart failure (NYHA ≥ 2) 44 (18.7) 28 (11.9) 0.038 84 (11.9) 0.005

Dementia 37 (15.7) 22 (9.4) 0.025 34 (4.8) <0.001

Hemiplegia 15 (6.4) 9 (3.8) 0.22 14 (2.0) 0.002

Chronic liver disease 15 (6.4) 14 (6.0) 0.83 64 (9.1) 0.63

Chronic renal failure (moderate or severe) 65 (27.7) 33 (14) <0.001 88 (12.5) <0.001

Structural disease of the urinary tract 48 (20.4) 40 (17) 0.21 0 (0) 0.001

Connective tissue disease 8 (3.4) 7 (3.0) 0.79 26 (3.7) 0.83

Solid organ cancer 64 (27.2) 57 (24.3) 0.41 143 (20.3) 0.014

Hematologic cancer 12 (5.1) 12 (5.1) 1.00 35 (5.0) 0.90

Bone marrow/stem cell transplantation 1 (0.4) 1 (0.4) 1.00 10 (1.4) 0.17

Neutropenia (<500 cels/μL) 13 (5.8) 8 (3.4) 0.23 27 (3.8) 0.13

Solid organ transplantation 16 (6.8) 13 (5.5) 0.53 28 (4) 0.028

HIV infection 1 (0.4) 2 (0.9) 0.57 14 (2) 0.14

Invasive procedures or therapies

Central venous catheter (last week) 78 (33.2) 60 (25.5) 0.020 152 (21.6) <0.001

Urinary catheter (last week) 153 (65.1) 120 (51.1) 0.001 216 (30.6) <0.001

Mechanical ventilation (last week) 42 (17.9) 45 (19.1) 0.58 96 (13.6) 0.013

Major surgery last month (needing hospital admission) 71 (30.2) 65 (27.7) 0.41 133 (18.9) <0.001

Endoscopic procedure (last week) 16 (6.8) 18 (7.7) 0.72 30 (4.3) 0.087

Chronic dialysis 23 (9.8) 8 (3.4) 0.008 34 (4.8) 0.001

Immunosupressive drugs (last 3 months) 59 (25.1) 52 (22.1) 0.40 121 (17.2) 0.002

Exposure to antibacterial agents (last 3 months)

Any antibiotic received 186 (79.1) 150 (63.8) <0.001 370 (52.5) <0.001

Median no. of antibiotics received (IQR) 2 (1–3) 1 (0–2) <0.001 1 (0–2) <0.001

Mean days of antibiotics (SD) 18.3 (21.6) 11.2 (17.1) <0.001 11.0 (23.4) <0.001

(Table 2 continues on next page)
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CRE group (n = 235)
n (%)

CSE group (n = 235)
n (%)

p Non-infected group
(n = 705) n (%)

p

(Continued from previous page)

Carbapenemsd 33 (14.0) 14 (6.0) 0.010 57 (8.1) 0.004

Mean days of carbapenemsd (SD) 1.2 (3.5) 0.4 (2.2) 0.011 0.7 (3.3) 0.027

Piperacillin-tazobactam 45 (19.1) 22 (9.4) <0.001 64 (9.1) <0.001

Mean days of piperacillin-tazobactam (SD) 1.5 (4.0) 0.7 (2.6) 0.05 0.7 (2.6) <0.001

Fluoroquinolonese 87 (37.0) 56 (23.8) 0.003 146 (20.7) <0.001

Mean days of fluoroquinolonese (SD) 3.2 (5.0) 2.3 (5.4) 0.007 1.9 (5.4) 0.003

Oxyimino β-lactamsf 83 (35.3) 57 (24.3) 0.011 143 (20.3) <0.001

Mean days of oxyimino β-lactamsf (SD) 3.5 (7.3) 2.0 (4.4) 0.015 1.5 (4.1) <0.001

Amoxicillin-clavulanic acid or ampicillin-sulbactam 38 (16.2) 36 (15.3) 0.80 65 (9.2) 0.003

Mean days of amoxicillin-clavulanic acid or ampicillin-sulbactam (SD) 1.0 (2.8) 1.4 (4.6) 0.89 0.6 (2.3) 0.024

Aminoglycosidesg 18 (7.7) 10 (4.2) 0.003 24 (3.4) 0.009

Mean days of aminoglycosidesg (SD) 0.5 (2.0) 0.2 (1.2) 0.079 0.1 (1.2) 0.023

Broad-spectrum anti-gram negative drugsh 164 (69.8) 115 (48.9) <0.001 277 (39.3) <0.001

Mean days of broad-spectrum anti-gram negative drugsh (SD) 9.4 (10.0) 5.5 (8.2) <0.001 5.0 (8.8) <0.001

Antianaerobic drugsi 106 (45.1) 73 (31.1) 0.001 201 (28.5) <0.001

Mean days of antianaerobic drugsi (SD) 5.4 (8.4) 3.4 (6.8) 0.003 3.5 (6.9) <0.001

Anti-gram positive drugsj 39 (16.6) 17 (7.2) 0.001 52 (7.4) <0.001

Mean days of anti-gram positive drugsj (SD) 1.6 (4.6) 0.5 (2.8) 0.008 0.5 (2.6) <0.001

Time of exposure to broad-spectrum drugs <0.001 <0.001

No broad spectrum anti-gram negative drugs,h 70 (29.8) 119 (50.6) 427 (60.6)

Broad spectrum anti-gram negative drugs,h <6 days 24 (10.2) 32 (13.6) 52 (7.4)

Broad spectrum anti-gram negative drugs,h ≥6 days 141 (60.0) 84 (35.7) 226 (32.1)

Number of broad-spectrum anti-gram negative drugs <0.001 <0.001

None 50 (21.3) 96 (40.9) 351 (49.8)

One 121 (51.5) 112 (47.6) 259 (36.7)

≥2 64 (27.2) 27 (11.5) 95 (13.5)

Data are number of patients (percentage) except where specified. CRE: carbapenem-resistant Enterobacterales. CSE: carbapenem-susceptible Enterobacterales. SD: standard deviation. aEvidence of any
previous positive culture (screening or clinical samples) with isolation of CRE; if no evidence was available (e.g., no previous culture results with CRE), it was considered as no exposure. bAs above, for ESBL-
or AmpC producing Enterobacterales, carbapenem-resistant Pseudomonas aeruginosa or Acinetobacter baumannii, methicillin-resistant Staphylococcus aureus, or vancomycin-resistant enterococci.
cNosocomial: infection occurring after 48 h of hospital admission or in <7 days after a previous hospital discharge; community-onset, healthcare-associated infection: those not nosocomially-acquired, in
patients with any of the following in the last 3 months: admission to acute or long term-care facility, intravenous therapy, major surgery, specialised home care, renal replacement therapy; community-
acquired: all others. dErtapenem, meropenem, imipenem. eCiprofloxacin, levofloxacin, moxifloxacin, norfloxacin. f2nd, 3rd and 4th generation cephalosporins (except cephamycins), and aztreonam.
gAmikacin, gentamicin, tobramycin. hCarbapenems, fluoroquinolones, piperacillin-tazobactam and oxyimino-β-lactams. iCarbapenems, β-lactam-β-lactam inhibitors, cephamycins, moxifloxacin,
metronidazol, tigecycline, clindamycin. jVancomycin, teicoplanin, linezolid, daptomycin. Definitions for other variables are in the study protocol (Annex A).

Table 2: Exposure to the different variables in the three patient-groups
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CRE case patients for whom matching controls were
found were included in the cases-control-control study.
These were matched to 235 CSE controls and 705 non-
infected controls. The CRE case patients were recruited
in Spain (104), Greece (53), Serbia (36), Turkey (16),
Italy (15), Romania (9) and Montenegro (2). The median
age of CRE cases was 74 years (IQR, 63–83); 135 (57.4%)
were males; 174 (74%) were admitted from home, 148
(63%) were admitted to medical wards, 45 (19.1%) to
surgical wards, and 42 (17.9%) to intensive care units
(ICU). Their median length of previous stay in hospital
was 3 days (IQR 0–14); previous stay was 0–2 days in
113 (48.1%), 3–7 days in 26 (11.1%), 8–14 days in 42
(17.9%), and >14 days in 54 (23.0%).

The type of CRE infection was cUTI in 133 (56.7%),
pneumonia in 44 (18.7%), and cIAI and BSI-OR in 29
(12.3%), respectively. Klebsiella pneumoniae was the
most frequent pathogen in CRE infections (206;
87.6%), followed by Enterobacter cloacae complex (11;
4.6%) and Escherichia coli (7; 2.9%); In 7 isolates
(2.9%), no carbapenemase genes were found; while in
the other 228, carbapenemase genes were codifying for
either OXA-48 or OXA-48-like enzymes (112 isolates
[47.6%]), KPC (84 [35.7%]) or metallo-β-lactamases
(MBL) (44 [18.7%]) were found. Interestingly, 13 iso-
lates produced 2 carbapenemases (10 an OXA-48 plus
an MBL, and 3 a KPC plus an MBL). Overall, 191 iso-
lates (81.2%) were carbapenem-resistant according to
EUCAST breakpoints.

Risk factors for CRE infection in Enterobacterales
infection population
The distribution of Enterobacterales isolates was more
heterogeneous among patients with CSE infection, with
www.thelancet.com Vol 57 March, 2023
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a predominance of E. coli (48.5%), followed by
K. pneumoniae (27.5%). When exposures were compared
between patients with CRE and CSE infection, the
following exposures were significantly more frequent
among CRE patients in univariable comparison: hospi-
talisation in the last three months, previous colonisa-
tion/infection by CRE, chronic heart failure, dementia,
chronic renal failure, central venous and urinary cathe-
ters, dialysis, and previous use of antibiotics. Further-
more, CRE patients were less frequently admitted from
home and less frequently had community-acquired in-
fections (Table 2). The association of the populations
with the key variables is shown in Fig. 1.

In adjusted analysis, the final multivariate model
best fitting to the data selected the following variables as
independently associated with CRE infection: being
admitted from home (protective), previous colonization
or infection by CRE, chronic renal failure, urinary
catheter, and exposure to broad-spectrum anti-gram
negative antibiotics (model A; Table 3). When previous
antibiotics were included as days of exposure, days of
exposure to broad-spectrum anti-gram negative drugs
was also associated with increased risk (model B,
Table 3). CART selected 6 days of exposure to these
drugs as a breakpoint for risk association, and therefore
Fig. 1: Chord diagram for the distribution of exposure to key variables in t
of the ribbons correlates with the proportion of patients exposed to eac

www.thelancet.com Vol 57 March, 2023
a risk category variable including no exposure, <6 days
and ≥6 days of exposure was also studied; in this model,
a significant association was found for the strata of >6
days of exposure to broad-spectrum anti-gram negative
drugs (model C, Table 3). Finally, exposure to ≥2 broad-
spectrum anti-gram negative drugs was associated with
higher risk than exposure to one of these drugs. The
AUROC of the three models for observed data were very
similar with high predictive ability (Table 3).

Risk factors for CRE in hospital-admitted patients
population
All risk factors for CRE infection in the Enterobacterales
infection population also applied when patients with CRE
infection were compared to non-infected control patients
(hospital-admitted population) in univariable analysis.
Moreover, in this comparison, patients with CRE infec-
tion were older, had more frequently ambulatory contact
with persons with CRE colonization or infection, more
frequently had hemiplegia, solid cancer and solid organ
transplantation, and exposure to mechanical ventilation,
recent surgery, endoscopic procedures, dialysis and
immunosuppressive drugs (Table 2).

In multivariate analysis the following variables were
independently associated with CRE infection (Table 3):
he CRE (green), CSE (blue) and non-infected (pink) groups. The width
h variable in the respective group.
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CRE vs CSE CRE vs non-infected

Adjusted OR (95% CI) p Adjusted OR (95% CI) p

Intrinsic features

Age (per year) – – 1.03 (1.01–1.05) 0.001

Chronic renal failure (moderate or severe) 2.81 (1.40–5.64) 0.004 – –

Epidemiological exposures

Previous colonization/infection by CRE 6.94 (2.74–17.53) <0.001 13.14 (3.98–43.43) <0.001

Admission from home 0.44 (0.23–0.85) 0.014 – –

Previous hospitalization (last 6 months) – – 1.84 (0.95–3.55) 0.068

Invasive procedures and therapies

Urinary catheter (last week) 1.78 (1.03–3.07) 0.038 3.68 (1.86–7.28) <0.001

Immunosuppressive drugs – – 3.38 (1.44–7.93) 0.005

Exposure to antibiotics

MODEL A: Broad-spectrum anti-gram negative drugs 2.20 (1.25–3.88)a 0.006 2.89 (1.45–5.73)b 0.002

MODEL B: Days of broad-spectrum anti-gram negative drugs 1.04 (1.00–1.07)c 0.014 1.02 (0.99–1.04)d 0.081

MODEL C: Time of exposure to broad-spectrum drugs

No broad spectrum anti-gram negative drugs Refe Ref Reff Ref

Broad spectrum anti-gram negative drugs, <6 days 1.25 (0.57–2.71) 0.56 3.00 (1.07–8.43) 0.037

Broad spectrum anti-gram negative drugs, ≥6 days 2.86 (1.56–5.26) 0.001 2.96 (1.44–6.06) 0.003

MODEL D: Number of broad-spectrum drugs

None Refg Refh

One 1.70 (1.00–2.90) 0.050 2.03 (1.23–3.36) 0.006

≥2 3.66 (1.77–7.58) <0.001 2.95 (1.56–5.60) <0.001

For exposures of antibiotics, different models were developed: model A included exposure to antibiotic groups as dichotomous variables; model B included duration of
exposure to antibiotic groups; model C included only the risk category. Models with individual drugs did not provide significant associations and are not shown. The
adjusted data for intrinsic features, epidemiological exposures, and invasive procedures and therapies were obtained for the model A, and were not significantly different for
models B and C and therefore are not shown. Previous duration of hospital stay was included in all models. Broad-spectrum anti-gram negative drugs: carbapenems,
piperacillin-tazobactam, oxyimino-β-lactams, fluoroquinolones. Reference categories for categorical exposures were “non-exposed” except where specified; for continuous
variables (age, days of broad spectrum anti-gram negative drugs), the adjusted OR is per unit. Area under the receiver operating characteristic curve (AUROC) for observed
data of the models: a0.71 (95% CI: 0.67–0.75). b0.81 (95% CI: 0.78–0.84). c0.72 (95% CI: 0.68–0.76). d0.81 (95% CI: 0.78–0.84). e0.73 (95% CI: 0.69–0.77). f0.81 (95% CI:
0.78–0.84). g0.74 (0.70–0.78). h0.81 (0.78–0.84).

Table 3: Multivariate hierarchical conditional logistic regression analysis of risk factors for CRE infection.
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age, previous infection/colonisation by CRE, hospitali-
zation in previous six months, use of urinary catheter in
the last week, immunosuppressive drugs and use of
broad-spectrum anti-gram negative antibiotics. As
above, when antibiotics were included as days of expo-
sure (model B), duration of broad-spectrum anti-gram
negative drugs was also associated with increased risk,
and when the time-categorised variable was included,
both <6 and ≥6 days of broad-spectrum anti-gram
negative antibiotics were associated with an increased
risk for CRE. Also, exposure to ≥2 broad spectrum
drugs was associated with higher risk than exposure to
one drug. The AUROC of the models were similar with
high predictive ability (Table 3).

Subgroups analyses
Subgroup analyses were performed in CRE patients
and their matched controls for patients with in-
fections caused by Enterobacterales producing the
different carbapenemase-types, for patients with cUTI
(as the most frequent type of infection), for
community-onset acquisition and for patients without
previous evidence of colonisation/infection by CRE.
The results of these subgroups were in general
consistent with those of the global analyses, with few
exceptions (Table 4). Of note, previous exposure to
broad-spectrum anti-gram negative drugs was asso-
ciated with increased risk in all subgroups but not in
the comparison of OXA-producing CRE with CSE nor
in patients with community-acquisition of CRE
infection against non-infected patients; and surgery
was associated with increased risk of CRE among
patients who had no evidence of prior colonisation/
infection by CRE, and among patients with com-
munity acquisition (but only against non-infected
patients).
Discussion
In this multinational study, we identified risk factors
and patients’ profiles for CRE infections. Some specific
features of this study include: (a) the multinational
participation; (b) the inclusion of infections caused by
different mechanisms of carbapenem-resistance; (c) the
risk factors were investigated under several specified
hypothetical assumptions; (d) the risk factors were
www.thelancet.com Vol 57 March, 2023
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CRE vs CSE CRE vs non-infected

Adjusted OR (95% CI) p Adjusted OR (95% CI) p

OXA-enzymes producers and matched controls

Age (per year) – – 1.03 (1.00–1.06) 0.010

Chronic renal failure 5.67 (1.58–20.31) 0.008 – –

Previous hospitalisation – – 2.18 (1.23–6.41) 0.013

Admission from home 0.24 (0.08–0.61) 0.005 – –

Previous colonization/infection by CRE 6.61 (1.83–23.87) 0.004 16.11 (3.38–76.38) <0.001

Broad-spectrum anti-gram negative drugs – – 3.26 (1.40–7.60) 0.006

KPC producers and matched controls

Age (per year) – – 1.04 (1.00–1.09) 0.049

Previous colonization/infection by CRE 13.66 (7.62–71.12) 0.002 7.59 (1.40–41.06) 0.019

Urinary catheter (last week) 3.46 (1.16–10.30) 0.026 – –

Broad-spectrum anti-gram negative drugs 2.94 (1.09–7.89) 0.032 6.66 (1.71–25.15) 0.005

Metallo-β-lactamase producers and matched controls

Age (per year) 1.05 (1.00–1.11) 0.002 1.04 (0.99–1.09) 0.064

Solid tumor 15.09 (1.40–161.74) 0.052 – –

Chronic renal failure – – 8.04 (1.32–48.75) 0.023

Broad-spectrum anti-gram negative drugs 15.34 (2.78–84.48) 0.0032 6.07 (1.51–24.42) 0.011

Complicated urinary tract infections and matched controls

Age (per year) 1.03 (1.00–1.06) 0.029 1.03 (0.99–5.21) 0.052

Chronic renal failure (moderate or severe) 3.24 (1.30–8.11) 0.012 2.25 (0.99–5.12) 0.052

Hemiplegia 3.24 (0.93–11.27) 0.064 – –

Previous colonization/infection by CRE 14.01 (3.02–65.02) 0.001 16.51 (4.74–57.50) <0.001

Urinary catheter (last week) 2.10 (1.02–4.31) 0.042 7.95 (3.92–16.12) <0.001

Broad-spectrum anti-gram negative drugs 2.60 (1.27–5.31) 0.009 2.97 (1.08–5.16) 0.001

Community onset infection (community-acquired and healthcare-associated) and matched controls

Age (per year) – – 1.02 (1.00–1.04) 0.013

Previous hospitalisation 2.58 (1.22–5.48) 0.01 2.00 (1.23–3.27) 0.005

Admission from home 0.28 (0.07–1.04) 0.06 0.47 (0.26–0.87) 0.02

Chronic renal failure 5.73 (1.83–17.90) 0.003 – –

Dementia 3.38 (1.02–11.20) 0.05 – –

Previous colonization/infection by CRE 25.50 (2.58–252.0) 0.006 12.80 (4.27–38.50) <0.001

Urinary catheter (last week) – – 2.10 (1.20–3.68) 0.009

Surgery (last month) – – 2.14 (1.13–4.05) 0.02

Broad-spectrum anti-gram negative drugs 3.26 (1.30–8.14) 0.01 – –

Case patients without previous colonisation or infection by CRE and matched controls

Age (per year) – – 1.03 (1.01–1.05) 0.004

Dementia – – 3.22 (1.07–9.68) 0.037

Admission from home 0.86 (0.79–0.95) 0.003 – –

Chronic renal failure (moderate or severe) 3.34 (1.47–7.57) 0.004 2.64 (0.94–7.36) 0.037

Urinary catheter (last week) 1.89 (1.06–3.38) 0.030 2.68 (1.25–5.41) 0.010

Surgery last month 2.18 (1.00–4.75) 0.048 2.38 (0.96–6.18) 0.075

Immunosuppressive drugs – – 4.80 (1.83–12.28) 0.001

Broad-spectrum anti-gram negative drugs 2.47 (1.36–4.47) 0.003 4.27 (2.12–8.59) <0.001

Reference categories for categorical exposures were “non-exposed”; for continuous variables (age, days of broad spectrum anti-gram negative drugs), the adjusted OR is per unit.

Table 4: Multivariate analysis of risk factors for CRE infections in subgroups of patients.
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assessed in two populations: patients with Enter-
obacterales infection and hospital-admitted patients; and
(e) a matched design was used to increase the efficiency
of the study and ensure the adequate control of the
confounding effect of duration of hospitalization and
ward of admission, which would otherwise cause an
underestimation of the effect of other variables.16 The
www.thelancet.com Vol 57 March, 2023
three risk factors that were found in the two populations
studied were evidence for previous colonization or
infection with CRE, recent use of urinary catheter and
recent use of broad spectrum anti-gram negative drugs.
Also, we found a higher than expected proportion of
patients with non-nosocomial acquisition of the infec-
tion and of patients admitted to non-ICU wards.
9
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Regarding the matching variables, it was surprising
to see that almost half of the CRE cases had a hospital
stay of ≤2 days, contradicting the general impression
that most of these infections occurred late during hos-
pital admission, confirming some recent observations.17

Despite most of these patients having had a community-
onset but healthcare-associated or a nosocomial infec-
tion (after transfer from another hospital), community
circulation of CRE might be wider than previously rec-
ognised in these areas. However, we cannot reject the
possibility that some healthcare-associated infections
were misclassified as community-acquired. Also, it is
worth noting that only 1/5 of patients were admitted to
ICU, highlighting the frequency of infections caused by
CRE in conventional wards.

The risk factors identified must be interpreted in
the context of the two populations studied. The com-
parison with patients without infection provides risk
estimates for exposures among all admitted patients
and the risk factors found may, therefore, be partially
generic for Enterobacterales infections and not fully
specific for CRE. The comparison with CSE patients
provides information useful for empirical therapeutic
decisions but might overestimate the effect of some
variables selecting for CRE over CSE, mainly exposure
to antibiotics.18 Previous colonisation/infection by
CRE, having a urinary catheter and having received
broad-spectrum anti-gram negative drugs were associ-
ated with CRE in both comparisons, meaning they are
truly specific risk factors for CRE infection. Interest-
ingly, the adjusted ORs of previous CRE colonisation/
infection and of exposure to broad-spectrum anti-gram
negative antibiotics were not higher in the Enter-
obacterales infection population than in the hospital-
admitted patient population, rejecting the hypothesis
that their effect would be overestimated in the first
population. In contrast, the association with chronic
renal failure and being admitted from home (protec-
tive) were found in the Enterobacterales infection
population only, suggesting that these variables in-
crease risk of a CRE infection over a CSE infection;
while older age, previous hospitalisation and immu-
nosuppressive drugs were only found in the hospital-
admitted patients-population, suggesting they might
be risk factors for Enterobacterales infection in gen-
eral. Therefore, a better characterization of CRE pre-
dictors is gained by comparing the results of both
models.

Most previous studies investigating the risk factors
for CRE included mostly infections caused by
carbapenem-resistant K. pneumoniae but no other
Enterobacterales species, and the vast majority of
studies were performed in a single hospital. A minority
of studies provided estimations for both CSE and non-
infected control groups and some included matched
controls, but overall the designs and methods for con-
trolling the effect of confounders and the variables
studied were very heterogeneous.5–8 All these factors
jeopardize any comparison of previous estimations with
our data. Regarding the bacterial species, some 15% of
the CRE cases in our study were caused by bacteria
other than K. pneumoniae, but their number was insuf-
ficient to perform a specific analysis.

The strong association of CRE infection with previ-
ous CRE colonization or infection was expected but is
nevertheless remarkable. In a recent study performed in
high-risk patients (mostly admitted to ICU and haema-
tological wards), all KPC-producing K. pneumoniae in-
fections occurred in patients previously colonized.19

However, this variable was neglected in most previous
studies on risk factors5–8 because screening is not uni-
versally performed and therefore the information is not
available for all patients. We decided to explore whether
the information regarding previous colonization or
infection available in the patients’ records in real life
would be useful to identify patients at higher risk. Some
studies have identified specific risk factors for devel-
oping a CRE infection in previously colonized, high-risk
patients (again, mostly in ICU), which complement our
results.20,21 Our study also provides information about
risk factors in patients without evidence of previous
colonisation.

Contrary to some previous studies,5–8 we failed to find
associations of specific drugs with increased risk of CRE
infection, which might be related to an adequate control
of the confounding effect of previous length of stay in
our study. Since CRE are typically resistant to most
β-lactams and fluoroquinolones, it is reasonable to expect
that any broad spectrum drug (and not only carbape-
nems) would exert a selective pressure once they become
endemic in a population. In fact, the antibiotic groups
usually considered as the most potent resistant selectors
for multidrug-resistant gram negative bacteria (carbape-
nems, piperacillin-tazobactam, oxyimino-β-lactams and
fluoroquinolones22) were consistently associated with
increased risk. We were able to characterise the impact of
exposure to these drugs by analysing it as a dichotomous
variable (yes/no), as a time-dependent variable and as
exposure to one or more of these drugs. We found that
>6-day duration of exposure was associated with
increased risk, as was exposure to more than one broad-
spectrum drug.

Our study had a number of limitations. It may be
argued that our study design may have caused an un-
derestimation of the impact of different risk factors due
to a potential overmatching effect. However, not
matching but adjusting for these variables in the anal-
ysis phase bears the risk of time-dependent bias and
overestimation of the impact of many other variables,10

if control patients are selected among very low risk
strata of the populations. As a consequence, the risk
factors found in our study must be interpreted consid-
ering the wards of admission and length of stay for the
CRE cases. Our objective was not investigating causal
www.thelancet.com Vol 57 March, 2023
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pathways but providing pragmatic information to help
identifying patients at risk and therefore, we did not
develop hypothetical direct acyclic graphs for the rela-
tion between variables. However, we performed a hier-
archical analysis in groups of variables that might act in
the same pathway. It should be noted that some vari-
ables might act both to facilitate colonization and
infection development once colonized (e.g., some
comorbidities may favour colonization because of their
need of healthcare contact and also infection; also anti-
biotics may facilitate colonization by eliminating
competing flora and infection by selecting resistant
bacteria). Other variables might just be proxies for un-
measured variables (e.g., previous hospitalisation and
admission from long-term care facilities may be proxies
for previous colonisation). The statistical power of the
study may have been limited to detect some risk factors.
Nevertheless, to the best of our knowledge, this is the
biggest study on risk factors for CRE including tow type
of control patients, and we think the matching criteria
used were efficient in identifying real risk factors. As in
all case–control studies, the exposures assessment was
performed retrospectively. However, the fact that cases
and controls were prospectively detected allowed a better
identification of exposures. Finally, the results might not
be extrapolated to hospitals/areas with a different
epidemiology of CRE, or even to participating sites
providing low number of cases.

In conclusion, previously detected colonisation/
infection by CRE, having a urinary catheter and
receiving broad-spectrum anti-gram negative drugs
were risk factors for CRE infection among admitted
patients matched for ward of admission and length of
stay. Other factors to be considered were being
admitted from home (protective) and chronic renal
failure for patients with Enterobacterales infections,
and older age, previous hospitalisation and use of
immunosuppressive drugs for hospital-admitted pa-
tients. These results might help in endemic areas, both
for decisions about using empirical drugs active
against CRE in patients, particularly in the case of se-
vere infections, and for better selecting the most pa-
tients to be recruited for randomized trials testing
drugs against these pathogens.
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