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Purpose: The prevalence of carbapenem-resistant Enterobacterales (CRE) is rapidly increasing worldwide. Patients in the intensive
care unit (ICU) are susceptible to CRE infections, and the related mortality rate is increased. It is necessary to understand CRE strains
and risk factors for CRE infection in the ICU, to facilitate development of effective prophylactic strategies and treatments for ICU
patients.

Patients and Methods: This observational study was conducted in a tertiary hospital between 2016 and 2021. The subjects were
patients with CRE cultured from specimens obtained after ICU admission. Genotypes of strains of CRE and carbapenemase-producing
Enterobacterales (CPE) were identified, CRE infection was distinguished from mere colonization, and the clinical course of these
patients was investigated.

Results: Among 327 CRE cases, 84 (25.7%) showed infection and 243 (74.3%) showed colonization. Of these patients, 138 (42.2%)
died. The CRE strains were Klebsiella pneumoniae (253 cases, 77.4%), Enterobacter cloacae (44 cases, 13.5%), and Escherichia coli
(15 cases, 4.6%). Among CRE cases, CPE was found in 249 (76.1%), including Klebsiella pneumoniae carbapenemase (KPC) in 164
(65.9%), and Guiana extended-spectrum (GES) in 64 (25.7%). A bedridden state, longer ICU stay, chronic kidney disease, malignancy,
connective tissue disease, ICU admission for cardiac arrest, and CRE infection were associated with higher mortality, but cerebro-
vascular disease and ICU admission for trauma were associated with lower mortality. GES outbreak was caused by person-to-person
transmission and was controlled through active surveillance.

Conclusion: The frequency of K. pneumoniae and KPC was the highest, but E. cloacae and GES was characteristically high in this
study. Active CRE surveillance can be helpful for controlling outbreak.

Keywords: carbapenemase-producing Enterobacterales, genotypes, intensive care unit, Klebsiella pneumoniae carbapenemase,
Guiana extended spectrum

Introduction
Carbapenems are recommended for the treatment of patients infected with Enterobacterales species producing extended-
spectrum beta-lactamases. However, over time, carbapenem-resistant Enterobacterales (CRE) developed, greatly limiting
the choice of antimicrobial treatments.' The incidence of CRE is rapidly increasing worldwide. CRE infection is
associated with high mortality and limited therapy options.* In South Korea, since CRE were first reported in 2008,
the incidence has increased annually, with 45,436 cases of CRE infection reported from 2017 to 2020.’

Several combined mechanisms underlie carbapenem resistance in CRE. These mechanisms include production of
carbapenemase (carbapenemase-producing Enterobacterales [CPE]), modification of outer membrane permeability, and
upregulation of efflux pump systems. In CPE, genes, including those encoding carbapenemases, are located on plasmids,
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by which the resistance gene is easily transmitted to other bacteria, contributing to the spread of CRE.* The incidence
rate of CRE is markedly higher than that of non-CPE.”> CRE, especially CPE, are usually spread from person to person
through contact with an infected or colonized person, especially through contact with wounds or feces. This contact can
occur through the hands of healthcare workers or medical equipment and devices that have not been properly cleaned.®
CRE also occurs endogenously through antibiotic selective pressure on the gut microbiome.” In the intensive care unit
(ICU) there is a lot of contact between patients and medical staff, and many antibiotics are used because of the high
levels of disease severity. Therefore, since CRE can cause an outbreak of resistant bacteria, active monitoring and rapid
identification of CRE, and appropriate infection control measures, are crucial. Currently, CRE is designated as a legal
communicable disease in South Korea and active surveillance for CRE by means of culturing has been implemented
since 2020.°

CRE affects severely ill patients with multiple comorbidities. Patients in intensive care units (ICUs) are particularly
susceptible to CRE infection. The mortality rate among these patients is increased due to the high number and severity of
underlying diseases, which leads to the use of antibiotics.® ' Moreover, if CRE colonization is present in the ICU, the
likelihood of CRE infection from colonization is at least twice as high as when it is absent.'' However, few studies have
investigated how CRE colonization or infection is associated with mortality of CRE patients after ICU admission.

Therefore, we conducted this study to confirm the types of CRE strains and genotypes, clinical course of ICU patients
with CRE acquisition, and how the course differs depending on infection or colonization. An improved understanding of
the types of CRE and the risk factors of CRE-related mortality in the ICU may help in the development of effective
prevention strategies and treatment of ICU patients.

Materials and Methods
Study Design
This observational cohort study was conducted at a tertiary teaching hospital in South Korea between January 2016 and
December 2021. This hospital has 874 beds and four ICUs (medical ICU [MICU], surgical ICU [SICU], neurosurgery
ICU [NSICU], and neonatal ICU). It is an affiliated community hospital in our area that receives many patients from
nearby nursing homes and long-term care facilities.

We enrolled patients aged >18 years from whom CRE were isolated from rectal swabs, blood, urine, sputum, or body
fluid after ICU admission between January 2016 and December 2021 (Figure 1). The patients were admitted to the ICU
from the emergency room or a ward according to the clinical judgment of each clinician. The MICU, SICU, and NSICU

Total CRE isolation
N =1,569
from 2016 to 2021

Exclusion:
Non-ICU admission (N =1,235)
<18 yearsold (N =7)

v
CRE isolation in ICU

N =327
2 v
Infection Colonization MICU N =202 (61.8) (Total N = 3,158)
N=84 N=243 SICU N =109 (33.3) (Total N =4,707)
(25.7) (74.3) NSICU N =16 (4.9) (Total N = 3,474)

Figure | Study design for CRE isolation among patients admitted to the intensive care units.
Abbreviations: CRE, carbapenem resistant Enterobacterales; ICU, intensive care unit; PCR, polymerase chain reaction; MICU, medical intensive care unit; SICU, surgical
intensive care unit.
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are composed of separate wards and closed ICU systems. The MICU and SICU are on the same floor and building, but
the NSICU is located in the different floor and building. The total number of beds in all ICUs is 48 (MICU: 18 beds,
SICU: 15 beds, and NSICU: 15 beds), of which 11 are separated single isolation beds (MICU: 3 beds, SICU: 6 beds, and
NSICU: 2 beds).

At our hospital, when a patient is admitted to the ICU, CRE surveillance is routinely performed, using culture from
rectal swabs. If the CRE culture was positive at the time of admission, the case was excluded from this study as it implied
that the patient had previously harbored CRE and we wanted to monitor the prevalence of CRE acquisition after ICU
admission and during ICU care.

After admission to the ICU, patients’ rectal swab samples were collected every Monday for follow-up CRE culture
tests. In addition, according to the clinical condition of the patient, cultures were performed on sputum, blood, urine, and
body fluids, and CRE were diagnosed according to the results. The type of carbapenemase was confirmed through
polymerase chain reaction (PCR) testing for cases where CRE were cultured from specimens. For CRE culture-positive
patients, medical records, including age, sex, comorbidities, prior exposure to healthcare facilities, Acute Physiology and
Chronic Health Evaluation II (APACHE II) score on ICU admission, and carbapenem-use history were collected. In
addition, data on the clinical course, such as length of stay in the ICU, time from ICU admission to positive CRE culture
results, and in-hospital mortality, were recorded.

Definition of Terms

To define CRE, bacteria that were cultured from clinical specimens were identified, and antimicrobial susceptibility tests
were performed. Among the identified Enterobacterales, the sample was defined as CRE-positive if the minimum
inhibitory concentration was >4 pug/mL for imipenem or meropenem, or >2 pg/mL for ertapenem. The susceptibility
breakpoints were interpreted according to recommendations by the Clinical and Laboratory Standards Institute (CLSI)
M100'?. The same MIC breakpoints for carbapenem were used throughout the entire study period.

We classified the presence of CRE as colonization or infection, according to the clinical situation in which CRE-
positivity was identified. “Colonization” was defined in the following cases: confirmed as CRE in a sample that was not
sterile (mainly when CRE were identified from rectal swabs only), absence of interaction between the host and the
organism, like being found in or on the body without causing any symptoms or disease, lack of infection signs (fever,
vital signs, inflammatory laboratory results) in the patient, and where no anti-CRE antibiotics were used. “Infection” was
defined as cases in which bacteria were cultured from a sterile specimen (including blood, peritoneal fluid, bile fluid) or
when the patient showed clinical signs and symptoms of infection, based on a combination of imaging, clinical, and
laboratory criteria. In such cases, the patients were classified as having CRE infection based on the opinions of two

experts, and antibiotics were used to treat the CRE infection.'*'*

Infection Prevention and Control

As the number of CRE isolation cases increased, when CRE was confirmed, the patient was moved to an isolation bed in each
ICU. If there were more CRE cases than prepared isolation rooms in the ICU, the patients were moved to the cohort beds area
in the ICU. When contact with the patient was required, the medical staff wore gowns and gloves mandatorily. This was
monitored and supervised by the infection control team. Handwashing by medical staff was further recommended and
monitored. In addition, if an outbreak occurred, environmental culture was performed on walls, beds, and equipment near beds
like ventilators, suction bottles, infusion pumps, and desks, to confirm the isolation of CRE from the environment. High- and
low- touched surfaces and floors were cleaned and disinfected. Chlorhexidine patient bath of were administered at the onset of
the outbreak, and medical staff tried to minimize invasive procedures and monitored antibiotics use. The infection control team
educated medical staff, performed regular CRE surveillance, collected microbiological data, and monitored CRE outbreaks.

Ethics
The study protocol was approved by the institutional review board of Daegu Catholic University Medical Center (IRB
No. CR-22-097). This study was conducted in accordance with the tenets of the Declaration of Helsinki. The requirement
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for obtaining informed patient consent was waived because of the retrospective study design. We have maintained
confidentiality to prevent leakage of personal information.

Microbiological Definitions and Methods

Bacterial Culture and Antimicrobial Susceptibility Testing

We performed routine bacterial culture using clinical specimens and CRE screening culture from rectal swabs on
ChromID CARBA agar (bioMérieux, Marcy I’Etoile, France). Bacterial identification was performed by using the
Vitek 2 system (bioMérieux, Hazelwood, MO, USA), MicroScan (Beckman Coulter, Brea, CA, USA), or Vitek MS
(bioM¢érieux, France) matrix-assisted laser desorption ionization-time of flight mass spectrometry systems according to
the manufacturer’s instructions. Antimicrobial susceptibility tests were performed using modified broth microdilution
tests with Vitek 2 AST-N224 cards or a MicroScan GN combo-72 panel. Escherichia coli ATCC 25922 and
Pseudomonas aeruginosa ATCC 27853 were used for quality control in antimicrobial susceptibility testing.

Rapid Carbapenemase Gene Assay

To detect carbapenemase genes in rectal swab specimens, PCR was performed using the Xpert®™ Carba-R assay (Cepheid,
Sunnyvale, CA, USA). This cartridge-based real-time PCR assay detects and identifies the most prevalent carbapenemase
genes (blaypwm, blagpc, blayiv, blapvp.1, and blagxa_4g). For detecting Guiana extended-spectrum beta-lactamase (GES)
type, genetic analyses (blaypym, blakpc, blayiv, blapvp.1, blagxa.-4g, and blaggs) were conducted in the Institute.

Statistical Analysis

Normally distributed continuous variables are expressed as numbers and percentages, or as means, or as medians and
interquartile ranges (IQRs), whereas non-normally distributed continuous variables are expressed as medians and IQRs.
Quantitative results in the survival and death patient groups were compared using Mann—Whitney U-tests. Quantitative
results in the MICU, SICU, and NSICU groups were compared using the Kruskal-Wallis test. Qualitative variables were
compared between two or three groups using the chi-square (%) test. To identify the risk factors affecting survival among
CRE acquisition cases in the ICU, univariate and multivariate logistic regression models were constructed and results
were expressed as odds ratios (ORs) and 95% confidence intervals (Cls). All statistical analyses were performed using
SPSS version 25 (SPSS, Inc., Chicago, IL, USA), and statistical significance was set at P <0.05.

Results

We identified 327 CRE-positive cases after admission to ICU, from January 2016 to December 2021. Among them, 84
cases (25.7%) were classified as CRE infection, and 243 cases (74.3%) were classified as CRE colonization. The highest
rate of CRE-positivity occurred in the MICU (202 cases; 61.8%), followed by the SICU (109 cases; 33.3%), and the
NSICU (16 cases; 4.9%) (Figure 1).

MICU patients had significantly higher age and APACHE-II scores than SICU or NSICU patients (P = 0.001 and <0.001,
respectively). MICU patients had more carbapenem usage, longer hospital duration, and more cases of bedridden state than SICU
or NSICU patients (P <0.001, <0.001 and <0.001, respectively) (Table S1).

Of'the 327 patients, 138 (42.2%) died during hospital stay. The median age was 69 years, and males accounted for 66.4%. Of
all the patients, 22.0% were referred from other hospitals, nursing homes, or long-term care facilities. Carbapenem use was
recorded in 60.9% of all CRE cases, the median hospital stay was 54 days, and the median ICU stay was 23 days. The median time
to the first CRE isolation after admission to the ICU was 17 days. At the time of admission to the ICU, 119 patients (36.5%) were
bedridden. Hypertension was the most common comorbidity, followed by diabetes mellitus, heart disease, and cerebrovascular
disease. Pneumonia or acute respiratory distress syndrome was the most common reason for admission to the ICU, followed by
neuromuscular disease, cardiac arrest, trauma-related injuries and sepsis. In a comparison according to survival, the APACHE-II
score was significantly higher (P = 0.005), and the bedridden state was more common (P <0.001) in the death group than in the
survival group. The length of ICU stay was longer in the death than in the survival patients (P = 0.038), but the overall hospital
length of stay was shorter in patients who died (P = 0.015). In terms of comorbidity, cerebrovascular disecase was significantly
more common in the survival than in the death group (P <0.001), while chronic kidney disease (CKD), malignancy, connective
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tissue disease, and immunocompromised conditions were significantly more common in the death than in the survival group (P =
0.033, 0.015, 0.019, and 0.028, respectively). When inspecting the reasons for ICU admission, cardiac arrest was more common
among the death than among the survival group (P = 0.004), while trauma-related injury was significantly more common among
the survival than among the death group (P =0.004). Mortality rate was significantly higher among the cases of CRE infection than
among those with colonization (P <0.001) (Table 1); 94.5% of all CRE-positive cases were over 50 years of age. There was no
difference in the frequency of CRE isolation between the sexes (Table S2).

Table | Clinical Characteristics of Total CRE Isolates and According to Survival in the Intensive Care Units

Survival N=189 | Death N=138 Total N=327 p
Age, years 69 (60-78) 68 (60-78) 69 (60-78) 0.900
Number of males 123 (65.1) 94 (68.1) 217 (66.4) 0.566
Transfer from other hospital or health care facility 40 (21.2) 32 (23.2) 72 (22.0) 0.663
History of carbapenem usage 107 (56.6) 92 (66.7) 199 (60.9) 0.066
Length of hospital stay, days 61 (36-103) 46 (28-88) 54 (32-96) 0.015%
Length of ICU stay, days 22 (12-37) 26 (14-41) 23 (13-40) 0.038*
Length from ICU admission to Ist detection of CRE, days 16 (11-28) 18 (10-33) 17 (10-29) 0.384
APACHE-II 25 (20-32) 28 (24-32) 27 (21-32) 0.005*
Bedridden state at admission 53 (28.2) 66 (47.8) 119 (36.5) < 0.001%*
Comorbidities
Hypertension 78 (41.3) 48 (34.8) 126 (38.5) 0.234
Diabetes 54 (28.6) 41 (29.7) 95 (29.1) 0.823
Heart disease including cardiovascular, valvular disease and 53 (28.0) 36 (26.1) 89 (27.2) 0.695
heart failure
Cerebrovascular disease including infarction or hemorrhage 49 (25.9) 13 (9.4) 62 (19.0) <0.001**
Chronic kidney disease 21 (1L.1) 27 (19.6) 48 (14.7) 0.033%*
Chronic lung disease 21 (I1.1) 24 (17.4) 45 (13.8) 0.103
Solid malignancy 15 (7.9) 23 (16.7) 38 (11.6) 0.015%*
Chronic liver disease 17 (9.0) 20 (14.5) 37 (11.3) 0.121
Degenerative cognitive disease including dementia or 16 (8.5) 11 (8.0) 27 (8.3) 0.872
parkinsonism
Connective tissue disease 7 (3.7) 14 (10.1) 21 (6.4) 0.019%*
Immunocompromised condition including chemotherapy and 2 (L.1) 7 (5.1) 9 (2.8) 0.028**
immune suppressive agent medication
Hematologic malignancy 1 (0.5) 3(22) 4 (1.2) 0.181
Reason for ICU admission
Pneumonia or ARDS 66 (34.9) 56 (40.6) 122 (37.3) 0.296
Neuromuscular disease 18 (9.5) 14 (10.1) 32 (9.8) 0.852
Cardiac arrest 10 (5.3) 20 (14.5) 30 (9.2) 0.004*
Trauma-related 17 (9.0) 2(1.4) 19 (5.8) 0.004**
Sepsis or septic shock 12 (6.3) 7 (5.1) 19 (5.8) 0.626
Spine injury 6 (3.2) 2 (1.4) 8 (24) 0.319
Gastrointestinal disease including hemorrhage or 4 (2.1) 3(22) 7 (2.1) 0.972
perforation
Pulmonary embolism or vascular injury 4 (2.1) 1 (0.7) 5(1.5) 0.311
Soft tissue infection 2 (1.1) 2 (1.4) 4 (1.2) 0.751
Urinary tract infection I (0.5) 0 1 (0.3) 0.392
CRE isolation as infection or colonization
As infection 31 (16.4) 53 (38.4) 84 (25.7) <0.00 I**
As colonization 158 (83.6) 85 (61.6) 243 (74.3)

Notes: Data are presented as number (%) or median (interquartile range; Q3-Ql). *P<0.05 by Mann—Whitney U-tests for comparisons between the survival and death
groups. **P< 0.05 according to Chi-square tests for comparisons between the groups.
Abbreviations: CRE, carbapenem-resistant Enterobacterales; ICU, intensive care unit; APACHE I, Acute Physiology and Chronic Health Evaluation I; ARDS, acute

respiratory distress syndrome.
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Klebsiella pneumoniae was found in 253 cases (77.4%), Enterobacter cloacae in 44 cases (13.5%), and Escherichia
coli in 15 cases (4.6%). There was no statistically significant difference in strain distribution between those who died and
those who survived. When CRE were classified in terms of the specimen type from which they were isolated, rectal swab
was the most common (172 cases; 52.6%), followed by sputum (110 cases; 33.6%), and blood (25 cases; 7.6%). In
addition, CRE were isolated from peritoneal fluid, urine, catheter-related samples, and bile. There was a statistically
significant difference in the positive specimen distribution between the survival and death groups (P = 0.046) (Table 2).

When the CRE strains were classified by the ICU, 90% were K. pneumoniae, 6% E. cloacae, and 3% E. coli in the
MICU. However, in the SICU, K. pneumoniae was 56%, E. cloacae was 29%, and E. coli was 6%. In the NSICU,
K. pneumoniae was 69%, Citrobacter freundii, and E. coli was 6%, respectively, showing a difference in the CRE strain
distribution between the three units (P <0.001) (Figure 2).

In terms of survival according to the CRE strain, K. preumoniae and E. cloacae were associated with survival more
than with death, whereas E. coli was associated more with death than with survival. However, there was no statistically
significant difference in survival according to the type of CRE strain (P = 0.067) (Figure S1).

Among all isolated CRE, strains isolated from 249 individuals (76.1%) produced carbapenemase. In terms of CPE
genotypes, K. pneumoniae carbapenemase (KPC) accounted for 65.9%, GES accounted for 25.7%, New Delhi metallo-f-
lactamase (NDM) for 5.2%, and other genotypes for 3.2%. There was no difference in survival according to the genotype
(Table 3). When CPE genotypes were classified by the ICU, 71% were KPC, 22% GES, and 4% NDM in the MICU.
However, in the SICU, KPC was 55%, GES was 36%, and mixed genotypes were 4%. In the NSICU, KPC was 75%,
NDM was 17%, and VIM was 8%, showing a difference in the CPE genotypes distribution between the three units (P
<0.001) (Figure S2). The incidence of GES was also higher in the SICU than in other ICU types, according to the
location of occurrence. GES accounted for 41.9% (13/31) of CRE in patients with chronic liver disease, which was
higher than that of the other genotypes (P = 0.023). (Data not shown).

Among cases with K. pneumoniae, 76.7% of strains produced carbapenemase, of which 83.0% were KPC, and 13.9%
were GES. Among cases with E. cloacae, 79.5% of strains produced carbapenemase, all of which were of the GES type.

Among cases with E. coli, 53.3% produced carbapenemase, of which 62.5% were mixed types (three cases of NDM and

Table 2 Distribution of Species and Specimen Types in Total CRE Isolates and According to Survival

Survival N = 189 | Death N = 138 | Total N = 327 P

Types of CRE species

Klebsiella pneumoniae 149 (78.8) 104 (75.4) 253 (77.4) 0.067

Enterobacter cloacae complex 28 (14.8) 16 (11.6) 44 (13.5)

Escherichia coli 4 (2.1) 11 (8.0) 15 (4.6)

No growth 5(2.6) 1 (0.7) 6 (1.8)

Mixed 0 3% (2.2) 3(0.9)

Klebsiella aerogenes 1 (0.5) 1 (0.7) 2 (0.6)

Klebsiella oxytoca 1 (0.5) 1 (0.7) 2 (0.6)

Raoultella planticola 0 1 (0.7) 1 (0.3)

Citrobacter freundii 1 (0.5) 0 1 (0.3)
Specimen types from which CRE was isolated

Rectal swab 105 (55.6) 67 (48.6) 172 (52.6) 0.046%*

Sputum 62 (32.8) 48 (34.8) 110 (33.6)

Blood 7 (3.7) 18 (13.0) 25 (7.6)

Peritoneal fluid 4 (2.1) 2(1.4) 6 (1.8)

Urine 5 (2.6) 1 (0.7) 6 (1.8)

Catheter 4 (2.1) 1 (0.7) 5(1.5)

Bile 2 (1.1) 1 (0.7) 3(0.9)

Notes: Data are presented as number (%). *Mixed: E. coli and K. pneumoniae | case; E. cloacae and K. pneumoniae 2 cases. **P < 0.05 by chi-
square tests for comparisons between the survival and death groups.
Abbreviation: CRE, Carbapenem-resistant Enterobacterales.
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MICU SICU NSICU
N = 202 N = 109 N =16
(61.8%) (33.3%) (4.9%)

19% 2% 2%

B Klebsiella pneumoniae
W £scherichia coli
m Mixed

Enterobacter cloacae
W Raoultella
m Citrobacter freundii
W Klebsiella aerogenes
W Klebsiella oxytoca
® No growth

Figure 2 The prevalence of CRE according to intensive care units.
Abbreviation: CRE, Carbapenem-resistant Enterobacterales.

oxacillinase [OXA]-181 and two cases of NDM-5 and OXA-48). There was a significant difference in the distribution of
these CRE strains and types of carbapenemase (P <0.001) (Table S3).

When the direct causes of death were investigated, CRE infection accounted for 27 cases (19.6%), and other causes
for 111 cases (80.4%). The most common causes of death were sepsis caused by multidrug-resistant (MDR) pathogens or
fungal infections (33 cases [23.9%]), respiratory failure (27 cases [19.6%]), cardiac failure or arrest (17 cases [12.3%)]),
multiorgan failure or suspension of life-sustaining treatment (9 cases [6.5%]), brain hemorrhage or death (8 cases
[5.8%]), hepatic failure (6 cases [4.3%]), and cancer per se (4 cases [2.9%]) (Table 4).

In a multivariate analysis of survival, a bedridden state, length of ICU stay, CKD, malignancy, connective tissue
disease, hospitalization for cardiac arrest, and CRE infection significantly increased the risk of death. Hospitalization for
cerebrovascular disease or trauma was associated with a significantly lower risk of death (Table 5).

When checking the prevalence of the CPE genotype according to the month of occurrence and the ICUs, GES was
characteristically high in this study, occurred and peaked from 2016, and then disappeared until early 2018. After that,
KPC gradually increased and reached a peak. In addition, for both types, MICU had an outbreak first, followed by SICU
(Figure 3). Active surveillance was implemented during the GES and KPC outbreaks. At the GES outbreak, environ-
mental cultures were all negative. At the KPC outbreak, there were two cases of KPC CRE culture in 20 environmental

cultures.
Table 3 The Carbapenemase Genotypes by Carbapenemase-Producing
Enterobacterales Isolates (N = 238, 75.5% of Total CRE Cases)
Survival N = 147 | Death N = 102 | Total N = 249 P
KPC 98 (66.7) 66 (64.7) 164 (65.9) 0.773
GES 38 (25.9) 26 (25.5) 64 (25.7)
NDM 7 (4.8) 6 (5.9) 13 (5.2)
Mixed* 3(20) 3(29) 6 (24)
OXA 1 (0.7) 0 1 (0.4)
VIM 0 I (1.0) 1 (0.4)
Notes: Data are presented as number (%). *Mixed: NDM and OXA, 6 cases.
Abbreviations: CRE, carbapenem-resistant Enterobacterales; KPC, Klebsiella pneumoniae carbapenemase; GES,
Guiana extended-spectrum B-lactamase; NDM, New Delhi metallo-B-lactamase; OXA, oxacillinase; VIM, Verona
Paulo metallo-B-lactamase.
Infection and Drug Resistance 2023:16 htps: 195
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Table 4 Classification of the Main Cause of Death (N= 132 Cases, 41.9%
of Total CRE Cases)

Death N = 138
Carbapenem-resistant Enterobacterales 27 (19.6)
Others 111 (80.4)
Sepsis (multidrug resistant pathogen or fungus in blood) 33 (23.9)
Respiratory failure 27 (19.6)
Cardiac failure or arrest 17 (12.3)
Multiorgan failure 9 (6.5)
Suspension of life-sustaining treatment 9 (6.5)
Brain hemorrhage or death 8 (5.8)
Hepatic failure 6 (4.3)
Cancer 4 (2.9)

Note: Data are presented as number (%).
Abbreviation: CRE, Carbapenem-resistant Enterobacterales.

Table 5 Univariate and Multivariate Analysis of Risk Factors Associated with Survival in Intensive Care Unit Patients
with Carbapenemase-Producing Enterobacterales Isolates

Univariate Analysis Multivariate Analysis
OR 95% CI P value Adjusted* OR 95% CI P value
Bed ridden state at 2.335 1.473-3.702 <0.001 2.985 1.700-5.242 <0.001
admission
Length of ICU stay 1.008 1.002—-1.015 0.008 1.013 1.003-1.022 0.008
Length of hospital stay 1.000 0.997-1.003 0.968 0.996 0.991-1.001 0.108
APACHE-I 1.041 1.011-1.071 0.007 1.030 0.995-1.067 0.096
Comorbidities
Cerebrovascular disease 0.297 0.154-0.573 <0.001 0.263 0.119-0.579 0.001
Chronic kidney disease 1.946 1.048-3.612 0.035 2.328 1.109-4.889 0.026
Malignancy 2.320 1.162—4.634 0.017 2.320 1.040-5.179 0.040
Connective tissue disease 2.935 1.152-7.481 0.024 3.598 1.266—-10.227 0.016
Immunocompromised 4.996 1.022-24.433 0.047
condition
Main reasons for ICU
admission
Trauma 0.149 0.034-0.665 0.012 0.129 0.026-0.628 0.011
Cardiac arrest 3.304 1.372-6.711 0.006 5.517 2.154-14.134 <0.001
CRE as infection 3.178 1.898-5.322 <0.001 4515 2.423-8413 <0.001

Notes: Values are presented as the odds ratio and 95% confidence interval. The covariates were age, sex, bedridden state at admission, APACHE-II score,
hospital length of stay, length of ICU stay, cerebrovascular disease, chronic kidney disease, solid malignancy, connective tissue disease, immunocompro-
mised condition, cardiac arrest, trauma, CRE as infection, and specimen types of CRE isolation. *Adjusted by sex and age.

Discussion
In this study, we investigated the epidemiology, strains, and carbapenemase genotypes of CRE that occurred in patients
after being admitted to the ICU over a 6-year period, from 2016 to 2021.

We found that the prevalent CRE strains and genotypes were different in each ICU. In particular, it was confirmed
that GES genotype was prevalent in one ICU. The overall mortality rate from infection was high, with 38.4% of patients
dying after acquiring CRE in the ICU. The development of CRE into infection itself affects ICU mortality.

In this study, compared to other ICUs, the frequency of CRE isolates was the highest in MICU which had patients
with higher age and APACHE-II scores, higher number of patients in a bedridden state, and more carbapenem exposure.
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Prevelance of GES and KPC according to time and ICUs
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Figure 3 The prevalence of GES and KPC CRE according to time and intensive care units.

Abbreviations: KPC, Klebsiella pneumoniae carbapenemase; GES, Guiana extended-spectrum beta-lactamase; CRE, carbapenem-resistant Enterobacterales.

In a previous study,'® the APACHE-II score, the need for additional antibiotic exposure, and the requirement for invasive
treatment were higher in cases with “CRE acquisition” than in those with “no CRE acquisition.”

In our study, cases classified as CRE infections accounted for 25.7% of all CRE cases in ICUs. This was higher than
the overall risk of systemic CRE infection over colonization in a meta-analysis of 16.5%,'® which may be because our
study was ICU-based. In other ICU-based studies, carbapenem-resistant K. pneumoniae carriers had a 29—73% chance of
developing an infection.**'° In our study, 94.5% of all CRE cases occurred in people >50 years of age, which is
consistent with other domestic studies showing that the frequency of CRE is high in older individuals (>60 years of
age).|57

In our study, the death rate among CRE cases was 42.2%, which was similar to that reported in other ICU studies.”"’
It was also similar to the crude mortality rate of diverse infections caused by carbapenem-resistant K. pneumoniae (30.1—
44%) in other studies of hospitalized patients.'*'®!" Our study confirmed the mortality associated with all strains of
CRE. Other studies differed from ours in that they examined the mortality associated with carbapenem-resistant
K. pneumoniae, the most common type of CRE. In our study, the mortality rate associated with “infection” was
63.1% (53/84), but that associated with colonization was 35.0% (85/243). A pooled analysis from three studies'’
found that mortality in colonized or infected patients reached 10%; however, in those who developed infection, mortality
was very high, ranging from 30% to 75%. These points indicate the risk of developing an infection, and the importance
of not only preventing colonization (CRE acquisition), but also preventing this from developing into an infection.

The length of ICU stay was longer in patients who died, but the overall hospital length of stay was shorter in patients
who died. When CRE was acquired and then patients died, it often led to death of the patient while in the ICU. In
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contrast, patients who survived were transferred to the general ward where they remained for a long time. Thus, CRE
infection eventually increased hospital costs among survivors.

Compared to the distribution of CRE strains (E. coli: 18%) isolated from 2017 to 2020 in our country,3 the frequency
of E. coli in our hospital was low, at 4.6%. When the prevalence of CRE strains was classified by ICUs, the MICU and
SICU showed a difference in the distribution of CRE strains, indicating that the prevalence of different strains may vary
across hospitals and even across units in one hospital. CRE were most often isolated from rectal swabs, because of CRE
surveillance based on rectal swab cultures. The next most common specimens from which CRE were isolated were
sputum 33.6% and blood (7.6%). There was a difference in mortality depending on the specimen in which the CRE were
identified. The CRE-positivity rate in cultures from blood was high among those who died, whereas that in urine cultures
was high among those who survived. Among the CRE strains, E. coli was associated with a high mortality rate. However,
as only 15 cases were identified with E. coli CRE, this result should be interpreted with caution.

Similar to the finding that CPE constituted 73.9% of CRE in the Korea Centers for Disease Control and Prevention
Epidemiologic Management Report,® in our hospital, CPE constituted 76.1% of CRE. The acquisition of either KPC or
GES carbapenemase genes, was responsible for phenotypic resistance in 91.6% of the CPE strains tested (65.9% and
25.7%, respectively) in our hospital. We found higher GES frequencies than previous studies.'>**?* GES was the second
most common type of CPE, found in 64 cases (25.7%). According to a 2016 report™ in Korea, KPC was the most
common type (70.7%), followed by NDM (13.5%), OXA-48 (9.6%), and GES (3.1%). In a report published in Korea
between 2017 and 2020, KPC was the most common type (75.4%), followed by NDM (18.0%), mixed type (3.6%), and
OXA (2.4%), whereas GES was found in only 0.2% of cases. In a CRE epidemiologic study conducted in a single large
city, GES was found in only three (0.2%) of 1468 CRE isolates.'” This suggests that, since the CPE genotypes prevalent
in each hospital may be different, it is necessary to identify the relevant genotypes in each locale. In our study, 96.9% of
GES types were detected in E. cloacae and K. pneumoniae. To date, no studies have elucidated the clinical significance
of GES. In one study,>* multispecies clusters of GES-5 cases occurred for 18 weeks 1 year after K. oxytoca, a GES-5
positive CRE, was first discovered. Detection of GES-5 was initially delayed because of its low carbapenem minimum
inhibitory concentration. Most commercial molecular assays do not include the evaluation of GES. This suggests
a possible under-diagnosis of GES CRE. In our study, GES CRE was evaluated by genetic analysis at the Health and
Environmental Research Institute. This suggests the need for continued use of routine culture and follow-up investiga-
tions to discover novel or uncommon resistance mechanisms. In our study, at 41.9% (13/31) (P = 0.023), GES was
significantly more common in patients with chronic liver disease than were other genotypes and was significantly more
common in the SICU than in other ICUs (P <0.001). We found that GES was prevalent in liver transplantation patients in
the SICU.

In our study, CRE infection was directly related to 19.6% of all deaths. However, death by other concomitant MDR
bacteria or fungal infections in the blood accounted for 23.9% of all deaths, indicating that deaths from infection in the
ICU accounted for 43.5% of all deaths. The risk of death was higher in bedridden patients, those with a longer ICU stay,
with CKD, malignancy, or connective tissue disease, with ICU admission for cardiac arrest, and among those classified
with CRE infection. Conversely, patients with cerebrovascular disease and those admitted to the ICU for trauma had
a lower mortality risk. In one study, disease severity and previous hospitalization, as well as admission to the MICU only,
predicted 90-day mortality.'® Taken together with our findings, surgical problems, such as trauma and cerebrovascular
disease, seemed to have little impact on mortality.

When looking at the prevalence graph of GES or KPC in our study (Figure 3), it can be seen that an outbreak first
occurs in MICU with high severity and carbapenem usage, followed by an outbreak in SICU which is on the same floor
in the same building. Although the onset of CRE occurrence may be endogenous, the eventual transmission of CRE
suggests the possibility that it has become transmissible through person-to-person contact or environmental contamina-
tion. More specifically, the fact that environmental culture was negative at the time of the GES outbreak suggests person-
to-person transmission. During the study period, we performed active CRE surveillance, and considered hand hygiene to
be the most important factor to transmit CRE. The GES outbreak ended in early 2018, and active CRE surveillance was
a useful strategy for controlling the spread of CRE in the ICU. In contrast, KPC is the most frequently occurring CRE
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worldwide and appears to have been introduced to our hospital from other hospitals and continues to be transmitted
within the hospital.

Our study had several limitations. Because many factors are involved in ICU patients’ condition, it was impossible to analyze
all relevant factors. We therefore selected and investigated factors that could affect CRE based on several previous studies. Thus,
selection bias may have occurred in this process. Our study was a retrospective single-center cohort study, and there may be
limitations associated with the retrospective study design and those associated with a single-center study. Since the CPE genotypes
prevalent during the study period were differed across different ICUs, it was not possible to generalize the risk according to the
occurrence of the genotypes, and there are limitations to this.

Conclusion

In conclusion, CRE can be a major source of infection in critically ill patients, and the epidemiology may differ across hospitals
313 2122 our study differs in that the
frequency of E. coli was low, that of E. cloacae was high, and that of the GES type of carbapenemases was high, suggesting that

and across units in a single hospital. Unlike other studies in Korea™ > and those in other countries,
different hospitals showed different epidemiology. Looking at the transmission patterns of GES, person-to-person transmission is
considered to be the most important in the CRE transmission in the ICU environment. Active surveillance can be helpful strategy
to control the transmission of CRE in the ICU. In addition, we found that if colonization developed into an infection, the risk of
death increased. This implies that preventive measures are required to avoid this transition.

Our findings emphasize the need for each hospital and unit to understand the prevalent CRE epidemiology and to
conduct infection control activities to address risk.
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