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Infections with multidrug-resistant organisms among patients in intensive care units (ICUs)
are associated with high mortality. Among multidrug-resistant organisms, carbapenem-resis-
tant Enterobacterales (CRE) harbor important pathogens for healthcare-associated infections,
including pneumonia, bacteremia, and urinary tract infections. Risk factors for CRE coloniza-
tion include underlying comorbid conditions, prior antibiotics exposure, prior use of health-
care facilities, device use, and longer ICU stay. The mortality rate due to invasive CRE infec-
tion is 22%-49%, and CRE colonization is associated with an approximately 10-fold increased
risk of CRE infection. Infection control measures include hand hygiene, contact precautions,
minimizing the use of devices, and environmental control. Additionally, implementing active
surveillance of CRE carriage should be considered in ICU settings.
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INTRODUCTION

Patients in intensive care units (ICUs) are susceptible to nosocomial infections due to under-
lying diseases, device use, and prior antibiotics use. Nosocomial infections are associated
with morbidity, mortality, and increased costs [1,2]. An international study conducted in
1,265 ICUs from 75 countries showed that 51% (7,087/13,796) of patients were considered
having infection according to the definitions of the International Sepsis Forum, and 71% were
receiving antibiotics. Additionally, the infection rate of ICU patients was related to disease se-
verity, and infection was independently associated with a greater risk of hospital mortality
(adjusted odds ratio, 1.51; 95% confidence interval, 1.36-1.68; P <0.001) [2].

ICU patients are at a high risk of colonization and infection caused by multidrug-resistant
organisms (MDROs). Patients with extended ICU stays have higher rates of infection by resis-
tant organisms [2]. MDROs, including methicillin-resistant Staphylococcus aureus, vancomy-
cin-resistant enterococci (VRE), multi-drug resistant Acinetobacter baumannii (MRAB), and
Enterobacterales that produce extended-spectrum B-lactamases (ESBL), are associated with
ICU-related nosocomial infections [3]. Of these MDROs, Enterobacterales, an order of Gram-
negative bacteria, harbor common pathogens for healthcare-associated infections, including
pneumonia, bacteremia, and urinary tract infections. Recently, among MDROs, carbapen-
em-resistant Enterobacterales (CRE) have emerged as a threat for ICU patients [4] because of
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limited treatment options and high mortality rates [5]; there-
fore, CRE outbreaks, especially in the ICU, have become a crit-
ical issue. Several agents including ceftazidime-avibactam,
ceftolozane-tazobactam, meropenem-vaborbactam, and imi-
penem-cilastatin-relebactam have been approved for clinical
use [5], but these agents are not available in Korea. This study
presents a review of the epidemiology, risk factors, clinical
outcomes, and infection control of CRE in the ICU setting.

DEFINITION OF CRE

The Centers for Disease Control and Prevention (CDC) de-
fines CRE as: (1) Enterobacterales that test resistant to at least
one of the carbapenem antibiotics (i.e., minimum inhibitory
concentrations of >4 pg/mL for doripenem, meropenem, and
imipenem, and >2 pg/mL for ertapenem) or (2) Enterobacte-
rales that produce a carbapenemase [6]. For Enterobacterales
(Proteus species, Morganella spp., Providencia spp.) that may
have intrinsic reduced susceptibilities to imipenem other car-
bapenem antibiotics should be used to test carbapenem re-
sistance [6].

The “E” in CRE used to stand for the family Enterobacteria-
ceae but has been recently altered to the order Enterobactera-
les due to taxonomic changes [7]. If the older usage (Entero-
bacteriaceae) is to be persistently held, important genera like
Proteus, Serratia, and Pantoea, despite their infrequent resis-
tance to carbapenems, will be omitted from CRE.

CARBAPENEMASES

One mechanism of resistance to carbapenem antibiotics in
Enterobacterales is the production of carbapenemases, the
enzymes that hydrolyze carbapenem antibiotics and are en-
coded by mobile genetic elements [8]. Approximately 30% of
CRE are carbapenemase-producing CRE (CPE) that harbor
the carbapenemases [9], which rapidly spread resistance [8].
The Ambler classification system, which is based on amino
acid homology, shows four major classes of B-lactamases, viz.,
classes A, B, C, and D [10,11]. Classes A, C, and D B-lactamases
share a serine residue in their active site (serine p-lactamases),
while class B p-lactamases require zinc for their action (metal-
lo-beta-lactamases, MBLs) [12,13]. Classes A, B, and D confer
carbapenem resistance in Enterobacterales and have clinical
importance for their role as healthcare-associated pathogens
[5,12]. Clinically, the most significant class A carbapenemase
is the Klebsiella pneumoniae carbapenemase (KPC) group [8].
Owing to the transmission from Klebsiella to other genera, KPC
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KEY MESSAGES

= Due to limited treatment options, invasive carbapenem-
resistant Enterobacterales (CRE) colonization and in-
fection in critically ill patients are associated with high
mortality.

= The prevalence of CRE and carbapenemase-producing
CRE continues to increase.

= Infection control measures, including hand hygiene, con-
tact precaution, environmental control, and active sur-
veillance should be implemented to reduce mortality
due to CRE infection.

can be found in various Enterobacterales, including Escherich-
ia coli, Citrobacter spp., Serratia marcescens, and Enterobacter
spp. [12,14-17]. Clinically significant Class B carbapenemases
are IMP (active on imipenem), Verona integron-encoded me-
tallo-B-lactamase, and New Delhi metallo-B-lactamase (NDM)
[10,12]. Class D carbapenemases are referred to as OXA car-
bapenemases due to their ability to hydrolyze oxacillin; OXA
stands for oxacillinase [18]. There are many different variants
or subtypes of carbapenemases, from KPC-1 to KPC-67, ac-
cording to the order reported and amino acid substitutions
[19-21].

EPIDEMIOLOGY OF CRE

The prevalence of CRE infection continues to increase global-
ly [8]. In the United States, an active surveillance study showed
that the overall annual incidence of CRE infection was 2.93
cases per 100,000 persons in seven U.S. metropolitan commu-
nities, and site-specific incidence rates ranged from 0.35 to
4.58 per 100,000 persons [22]. In a 2019 report, 13,100 cases of
CRE infection were reported in the U.S., with 1,100 hospital-
ized patients deaths [23]. The first CPE reported was KPC-pro-
ducing K. pneumoniae from North Carolina in 1996 [24], and
by 2001, many reports of CPE from the northeastern U.S. had
been published [25]. KPC-producing K. pneumoniae is mostly
found in North America, Israel, Latin America, Italy, and Greece
(Table 1) [8,25]. A CRE network study conducted in China in
2015 reported that the overall incidence of CRE infection was
4.05 per 100,000 patient-days (from 0.32 in Qinghai to 14.38 in
Jiangsu), and 20.8% of CRE-infected patients were admitted to
the ICU [26]. A study comprising active screening of CRE in-
fections in hematology units in China reported that the CRE
colonization rate in patients was 16.46% [27]. In a prospective
cohort study of inpatients from the ICU and hematopoietic
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Table 1. Clinically important carbapenemases in healthcare-associated pathogens and their classification, species distributions, and epide-

miology [8,12]

Carbapenemas§§ Cla.ss Characteristic Major Major endemic areas or areas with regional spread
(Ambler classification) carbapenemase
A Serine beta-lactamases KPC North America, Latin America, Israel, Italy, Greece, China, Korea
Metallo-beta-lactamases NDM India, Pakistan, Bangladesh, China
IMP India, Japan, Taiwan, Greece
VIM India, Greece, Italy
D Serine beta-lactamases OXA France, Netherlands, Germany, Spain, Malta, Middle East, Morocco

KPC: Klebsiella pneumoniae carbapenemase; NDM: New Delhi metallo-B-lactamase; IMP: active on imipenem; VIM: Verona integron-encoded metallo-

B-lactamase; OXA: oxacillinase.

Table 2. Risk factors for colonization of CRE

Risk factor for CRE colonization

Risk factor for CRE acquisition

Underlying comorbid conditions
Prior antimicrobial exposure

Indwelling catheters or device

Prior use of healthcare facilities (prior hospitalization or regular visits to outpatient clinics)

ICU stay
Length of hospital or ICU stay
Exposure to long-term care facility

Co-colonization of MDROs

Prior antimicrobial exposure
Male sex
Length of hospital or ICU stay

Co-colonization of MDROs

CRE: carbapenem-resistant Enterobacterales; ICU: intensive care unit; MDRO: multidrug-resistant organism.

stem cell transplantation wards, the CRE colonization rate
was 16.67% and KPC-producing K. pneumoniae was domi-
nant [28]. National surveillance of CRE strains in China showed
that KPC-2 and NDM were responsible for phenotypic resis-
tance in 90% of CRE strains [29]. IMP-1, the first MBL, was re-
ported in Japan in 1991 [30], and IMP is the carbapenemase
found most abundantly in Japan [8,31]. A cross-sectional sur-
vey conducted in 22 acute care hospitals and 21 long-term
care hospitals in Osaka, Japan reported that the carriage rate
was 12.2% [32]. The first NDM-producing K. pneumoniae was
discovered in 2009 in a patient who returned to Sweden from
an Indian hospital [33]. NDM-producing organisms were
found widely in Indian subcontinent and many European
countries [12].

In Korea, the prevalence of CRE infection increased in 2015-
2016 according to the national sentinel surveillance [34]. In
June 2017, CRE infection was classified as a nationally notifi-
able communicable disease [35]. The reports of CRE infection
cases have been increasing ever since. There were 11,954 cas-
es in 2018, 15,369 in 2019, and 17,766 in 2020 [36]. In 2018~
2019, the most commonly reported species was K. pneumoni-
ae (51.9%-60.4%), the proportion of CPE in CRE was 49.8%-
57.8%, and KPC was the most common carbapenemase. In a
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2018, 1-year surveillance of CRE among 1,468 clinical isolates
from hospitals in Seoul, K. pneumoniae and E. coli were the
major isolates, 58.1% were CPE, and KPC-2 was the most com-
monly found carbapenemase [37]. In 2010, the first nosoco-
mial clustering of NDM-1 producing K. pneumoniae occurred
in a single tertiary hospital in Korea [38], and isolates with NDM
subtypes were reported [37,39]. The percentage of patients in-
fected with carbapenem-resistant organisms at a newly opened
ICU was 2.3%-7.8% between 2005 and 2008 [40]. A study con-
ducted in an emergency ICU setting in a tertiary hospital showed
a 2.8% carriage rate at admission and a 2.6% (21/810) acquisi-
tion rate during the ICU stay (4.3 per 1,000 person-days) [41].
Among them, 42.9% were identified as CPE, and KPC was the
most common carbapenemase. A recent study conducted in
a medical ICU of an 816 bed hospital in Korea showed that
6.3% patients were positive for CRE from surveillance or clini-
cal cultures, and the prevalence of CPE was 3.8% among ICU
patients [42].

RISK FACTORS FOR CRE COLONIZATION

The presence of underlying comorbid conditions, prior anti-
microbial exposure, indwelling catheters or devices, and prior

https://www.accjournal.org 177



YiJ etal. CRE infectioninICUs

use of healthcare facilities are major risk factors for CRE colo-
nization (Table 2) [41-45]. These exposures are common dur-
ing ICU stay; therefore, ICU stays themselves are a significant
risk factor for CRE colonization [45]. The length of hospital or
ICU stay has been found to be associated with CRE acquisi-
tion and colonization [41,45].

The use of carbapenem is a risk factor for CRE acquisition,
but the proportion reported for carbapenem use among CRE-
colonized patients varies from 15% to 75% [41,42,46,47]. The
use of cephalosporins, B-lactams or -lactams/p-lactamase
inhibitors, aminoglycosides, fluoroquinolones, or glycopep-
tides is a risk factor for CRE colonization [41,42,45,48]. The co-
colonization of MDROs including MRAB or ESBL-producing
bacteria is more frequent in CRE colonized patients [41,43].
Since exposure to MDROs is frequent in healthcare settings,
hospitalization within the previous 6-12 months and regular
visits to outpatient clinics are major risk factors for CRE colo-
nization [41,43,48,49]. A study predicting CRE carriage at the
time of admission using the Illinois hospital discharge data-
base showed that age, number of hospitalizations at short-
term acute care hospitals in the previous 365 days, length of
hospital stay, and current admission to long-term acute care
hospital (LTACH) are independent risk factors for CRE coloni-
zation [49].

Exposure to a long-term care facility (LTCF) is another sig-
nificant risk factor for colonization of CRE. In four hospitals in
a metropolitan area in the US, CRE colonization was detected
in 8.3% of patients admitted from an LTCE but it was 0% among
community patients. Similarly, patients admitted from high-
acuity LTCFs, e.g., skilled nursing facilities with ventilator care
and LTACH, had 7.0-fold greater odds of colonization with
KPC-producing CRE than patients from skilled nursing facili-
ties without ventilator care [50]. The point prevalence of CRE
colonization among patients admitted to LTCF in the District
of Columbia in the US was 7.0% [51]. In Korea, the prevalence
of CRE colonization in LTCFs is limited, but a report from na-
tional notifiable diseases showed that the proportion of CRE
infection reported from nursing hospitals increased from 4.0%
in 2018 to 10% in 2020 [52]. A recent study in a Korean hospi-
tal showed that previous admission in an LTCF was associated
with CPE infection or colonization in the ICU [42]. Patients
admitted from LTCF have a high risk of CRE carriage and can
be a source of reintroduction of CRE to acute care hospitals
because of the low number of well-trained infection control
staff and limited facilities to control CRE [53].

Decreasing CRE acquisition in healthcare facilities is essen-
tial for infection control and may be an indicator of infection
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control in the hospital. Risk factors for acquisition include reg-
ular visits to the outpatient clinic, male sex, history of hospi-

talization within one year, and co-colonization with MRAB- or
ESBL-producing bacteria [41,43].

OUTCOMES OF CRE INFECTION AND
COLONIZATION

Because treatment options are limited to few antibiotics and
are often associated with delays or ineffective treatment, inva-
sive infections caused by CRE are associated with a high mor-
tality rate [48,54,55]. In a study including patients with CRE
bacteremia, 22% of patients died within 14 days, and after ad-
justing for the severity of illness, underlying medical condi-
tion, and types of antibiotic treatment, the odds of dying with-
in 14 days were 4.92 times greater for patients with CPE com-
pared with those with non-carbapenemase producing CRE
[56]. In another study conducted in a CRE epicenter in the US,
38% of patients with CRE bacteremia had septic shock, and
49% died within 30 days [57]. In a meta-analysis of mortality
among hospitalized patients with a severe infection including
pneumonia, complicated urinary tract infection, bacteremia,
and complicated intra-abdominal infections attributable to
CRE pathogens, CRE was associated with a significantly high-
er overall mortality (odds ratio, 3.39; 95% confidence interval,
2.35-4.89) [58].

Although CRE colonization can be detected on admission,
clinical infection may not occur in some patients [41]. In a study
on CRE acquisition rates in emergency ICUs, CRE acquisition
was not an independent risk factor for in-hospital mortality
[41]. However, in an observational cohort study conducted in
New York City, 11% (36/338) patients were CRE-colonized at
the time of admission. Of them, 47% developed a CRE infec-
tion within 30 days with a 10.8-fold increased odds of devel-
oping CRE infection at 30 days (95% confidence interval, 2.8-
41.9) [48]. CRE colonization in critically ill patients is associat-
ed with at least a 2-fold increased risk of infection by the colo-
nizing strain [54].

INFECTION CONTROL MEASURES

Hand Hygiene, Contact Precautions, Device Use, and
Environmental Control

In general, hand hygiene and contact precautions are the main-
stay of infection control measures for CRE, like other MDROs.
Patients with CRE colonization or CRE infection should be
housed in single patient rooms or isolated as a cohort [59,60].
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Hand hygiene is the most critical measure to prevent CRE
transmission, and it should be monitored carefully. Health-
care facilities should provide adequate hand hygiene stations
with proper supplies [61]. Hand hygiene should be performed
before donning a gown and gloves for contact precaution. A
single-use gown and gloves should be donned before enter-
ing the patient’s room (isolation room), and the used gown
and gloved should be taken off before exiting the patient’s
room. And hand hygiene should be performed upon leaving
the room [59]. In the current guideline, contact precaution
should be continued until the three sequential CRE cultures
are revealed negative [60]. In some patients, CRE can be colo-
nized for over 12 months after initial acquisition, but there is
no consensus regarding when to discontinue contact precau-
tion in such patients (Figure 1) [62].

Devices, including central venous catheters, endotracheal
tubes, urinary catheters, and nasogastric tubes, are risk factors
for CRE colonization [42,63]. To reduce CRE colonization and
device-associated infection, minimizing device use is essen-
tial; therefore, device use should be reviewed daily, and devic-
es should be removed when no longer needed [59].

The environment can also be a reservoir of CRE. Equipment,
such as stethoscopes, thermometers, blood pressure cuffs,
etc., should be used individually for each patient. If the equip-
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ment is not disposable, it should be disinfected or sterilized
before reuse. Terminal cleaning of rooms wherein CRE-infect-
ed patients have been admitted is vital because the environ-
ment can serve as a source for transmission [60]. A systematic
review revealed that sinks, drains, and faucets were the most
frequently colonized spaces [64]. Pseudomonas aeruginosa
and A. baumannii were found in sink basins and Enterobac-
teriaceae in the drains. Some studies have reported CRE trans-
mission between the environment and patients [64]. Reinforc-
ing general infection control measures and chemical disinfec-
tion has been found to be effective in some outbreaks. Chemi-

cal disinfection using hydrogen peroxide, bleach, or acetic
acid is also helpful [64,65].

Screening and Early Detection of CRE

Many hospitals in Korea have already become CRE-endemic
as they have failed to control methicillin-resistant S. aureus
(MRSA), VRE, carbapenem-resistant A. baumannii, and car-
bapenem-resistant P. aeruginosa (CRPA) [66]. The Korean Na-
tional Healthcare-associated Infections Surveillance System
(KONIS) was established in 2006, and it is being operated by
the Korean Society for Healthcare-Associated Infection Con-
trol and Prevention as a national research project [67]. Accord-
ing to the KONIS 2016-2017 report, the proportion of resistant

Preemptive contact precaution
& rectal swabs for surveillance

(at high risk units or
high risk patients for CRE
colonization or acquisition)

Positive

Contact isolation

Negative

Stop isolation

CRE detected

Standard precaution

or cohorting

Regular (e.g., weekly)

CRE positive i

surveillance

/
7
P

b B,

Three sequential
results are negative

&regular surveillance

Figure 1. Suggested preemptive contact precaution and routine surveillance assays to detect carbapenem-resistant Enterobacterales (CRE)

in high risk settings.
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pathogens was as follows: MRSA 79.7%, VRE 6.5%, CRPA 45.2%,
and carbapenem-resistant K. pneumoniae 12.1% [68].

Enhanced infection control using screening for early detec-
tion of the intestinal carrier of CRE is effective [12]. An ICU at
a hospital in New York City, where carbapenem-resistant K.
pneumonia was endemic, implemented screening for coloni-
zation. After obtaining a rectal swab sample for CRE culture,
patients were isolated in rooms at the far end of an ICU. This
study showed that the mean number of new patients per 1,000
patient-days per quarter year with cultures yielding carbapen-
em-resistant K. pneumoniae decreased from 9.7 before inter-
vention to 3.7 after intervention [69]. In a study conducted in
Hong Kong, active CRE surveillance at ICUs was found to be a
cost-effective way to reduce CRE infection and mortality rate
[70].

Active surveillance for CRE has been recommended in gov-
ernments’ guidelines from many countries [59,60]. Some hos-
pitals implement this intervention in the CRE outbreak set-
ting, but it is helpful as a standard measure in the endemic
settings [53] or in ICUs in Korea where CRE detection rates are
increasing. Active surveillance with preemptive contact isola-
tion is recommended to control CRE by reducing transmis-
sion and colonization pressure [71,72]. Patients with the risk
factors for colonization or acquisition of CRE, including prior
antimicrobial exposures, previous history of hospitalizations,
regular visits to outpatient clinics, the presence of underlying
comorbid conditions, indwelling catheters or devices, and ex-
posure to LTCE are recommended for active surveillance [41-
45,50]. Since most patients admitted to ICUs have the afore-
mentioned risk factors and CRE colonization or acquisition is
frequent in the ICUs, it is recommended to screen CRE carri-
ers at the time of admission to ICUs.

Laboratory methods to screen for CRE have been developed,
leading to improved detection of CRE carriage [71]. Two ma-
jor screening methods to detect CRE from rectal or perianal
swabs or stools are culture-based methods and molecular-based
methods. Culture-based methods include the CDC screening
method using selective broth enrichment of CRE [73], direct
inoculation on MacConkey agar with the placement of car-
bapenem disks [74], and culture using chromogenic medium
[12,71]. The CDC screening method using broth enrichment
culture of a rectal swab with a carbapenem disk has a relative-
ly longer turnaround time, but it is possible to carry out using
reagents and skills commonly maintained in most clinical lab-
oratories and is able to detect CRE with various carbapene-
mases [71]. According to isolates according to the carbapene-
mases, the overall sensitivities and specificities of CDC meth-
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od are 57.6%-98.8% and 49.6%-100%, respectively [12,71].
Surveillance culture using chromogenic medium involves di-
rect plating of rectal swabs in selective chromogenic media. It
can shorten the turnaround time, but some media can target
only limited types of carbapenemase producers and have mar-
kedly decreased sensitivity for other types of carbapenemases
[11]. Moreover, the sensitivities and specifies vary according
to the manufacturers and targeted carbapenemases [12,71],
therefore, certain chromogenic media should be selected ac-
cording to the local epidemiologic features.

Molecular assays detect the presence of specific carbapen-
emase genes. The commercial molecular assays include mul-
tiplex polymerase chain reaction, microarray and isothermal
amplification [71]. These methods are advantageous because
they are labor-saving and have faster turnaround times and
higher sensitivity than culture-based methods. However, some
of these assays cannot detect specific carbapenemase genes
due to the assay design [71]. Preemptive contact isolation of
patients newly admitted to ICUs that is continued until the
surveillance test results are negative usually requires the use
of faster molecular assays directly applied to rectal swabs or
stools.

Some hospitals implement both methods (culture-based
screening and molecular assays) simultaneously to detect CRE.
Patients admitted to the ICU or those with high risks are han-
dled with contact precaution preemptively, and rectal swabs
for molecular assays and CRE cultures are obtained. Patients
who test positive by the fast molecular assays are subjected to
continued contact isolation, while those who test negative can
be released from the preemptive contact isolation until the re-
sults of culture-based assays are available. Experts suggest that
routine surveillance assays should be done weekly or regular-
ly in high-risk units (Figure 1) [12,41,59,60]. The screening meth-
ods for surveillance should be decided after considering the
purpose, the epidemic or endemic situation of each institu-
tion or regional location, and the laboratory capability of each
hospital [12].

CONCLUSIONS

CRE colonization and infection are a significant problem in
ICUs, and the prevalence of CRE is increasing. The CRE situa-
tion is serious in Korea as well as globally; CRE could become
an endemic if not controlled. Strict infection control, includ-
ing hand hygiene, contact precaution, device control, envi-
ronmental cleaning, and early detection of CRE carriers with
active surveillance methods, should be implemented in ICUs,
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and the attention of critical care staff is essential for control-
ling CRE.
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