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Purpose: To investigate the epidemiology of carbapenem-resistant Enterobacterales (CRE) colonization or CRE infection relative to
the natural history and clinical course of CRE colonization or CRE infection in hospitalized patients during admission and after
discharge.
Material and Methods: Two adult cohorts were enrolled. Cohort I comprised hospitalized patients who had CRE isolated from their
clinical specimens during 2018–2020. CRE colonization or CRE infection was based on the absence/presence of clinical features of
infection. Information regarding the natural history and clinical course of these patients was collected during hospitalization. Stool
samples were evaluated for CRE once a week during hospitalization, and then once every few months after discharge until negative for
CRE. Cohort II comprised patients who had CRE isolated from clinical specimens during hospitalization and who were discharged
during 2015–2018. CRE in stool samples collected from these patients every few months was assessed to determine duration of CRE
in stool.
Results: CRE in stool was detected in 69.7% of 353 patients in cohort I. K. pneumoniae was the predominant CRE isolated from
clinical samples (76.8%) and stool samples (65.7%). Among the 225 CRE-colonized patients, 20.4% developed subsequent CRE
infections with a median duration from CRE colonization to CRE infection of 14 days. Among 174 CRE-infected patients, the most
common infection was pneumonia with mortality at discharge of 47.7%. Duration of CRE colonization in stool was <1 year in 50.0%
of cohort I patients, and <2 years in 91.4% of patients in cohort II.
Conclusion: CRE isolated from clinical specimens in hospitalized patients are more likely to cause colonization than infection.
Patients with CRE colonization are at risk of subsequent CRE infection with high mortality. Stool culture for CRE is needed to verify
if contact precautions can be discontinued because the duration of CRE colonization in stool varied from days to years.
Keywords: epidemiology, carbapenem-resistant Enterobacterales, infection, colonization, patients, university hospital, Thailand

Introduction
Enterobacterales are Gram-negative bacilli that inhabit the gastrointestinal tract of humans and animals. The occurrence
of carbapenem-resistant Enterobacterales (CRE) is being increasingly reported worldwide and has become a significant
threat to public health.1,2 According to Thailand’s National Antimicrobial Resistance Surveillance of antimicrobial
resistance, the carbapenem resistance rate of Escherichia coli and Klebsiella pneumoniae has increased from 0.5% in
2014 to 3.2% in 2020, and 3.3% in 2015 to 11.7% in 2020, respectively.3 The major drivers of CRE acquisition include
healthcare exposures and receiving broad-spectrum antibiotics, especially carbapenems.4,5 CRE can colonize in the
gastrointestinal tract and other areas of the human body without features of infection, especially in hospitalized and
previously hospitalized patients. Individuals with CRE colonization are at risk of developing CRE infection, which is
difficult to treat due to the limited number of effective antibiotics, and this results in high mortality among CRE-infected
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patients.6 Patients with CRE colonization or infection are reservoirs of CRE, and CRE from these patients can be
transmitted to other patients, to their family members, to healthcare personnel, and to the environment.7 Therefore,
infection prevention and control (IPC) measures, especially contact precautions, such as isolation of CRE-colonized or
CRE-infected patients in a single room or cohort area, healthcare personnel using personal protective equipment (PPE)
whenever they are in contact with known CRE-colonized or CRE-infected patients, and cleaning of the surrounding
environment, must be implemented to prevent transmission of CRE.8 As a result, management of CRE-infected patients
and implementation of the aforementioned IPC measures to be employed for CRE-colonized and CRE-infected patients
requires a large amount of resources. Any patient at our center who has or once had CRE isolated from any site of his/her
body will have the acronym “CRE” stamped on his/her medical record to inform/remind relevant healthcare personal to
employ contact precautions. These precautions are to be observed to determine whether the patient is hospitalized or
ambulatory, and whether the patient is currently CRE-positive or CRE-negative. In addition to these recommended
protocols for interacting with current or former CRE patients being cost-, resource-, and labor-intensive, they also have
a stigmatizing effect that adversely affects both healthcare personnel and the patient. Hence, information specific to the
epidemiology of CRE colonization or infection in healthcare setting is needed to determine the level of risk, and to guide
the development and implementation of effective and efficient measures to prevent and contain CRE colonization and
CRE infection in hospitalized patients.

The aim of this study was to investigate the epidemiology of CRE colonization or CRE infection relative to the
natural history and clinical course of CRE colonization or CRE infection in hospitalized patients during admission and
after discharge from the hospital.

Materials and Methods
The protocol for this study was approved by the Institutional Review Board of the Faculty of Medicine Siriraj Hospital,
and it was conducted in accordance with the principles and guidelines set forth by the 1964 Declaration of Helsinki and
all of its subsequent amendments. The study was conducted between November 2018 and November 2020 at Siriraj
Hospital, which is a 2300-bed tertiary care university hospital located in Bangkok, Thailand. Written informed consent
was obtained from all enrolled patients.

This study included two cohorts of patients in order to determine the natural history and clinical course of patients
with CRE colonization or CRE infection during hospitalization and after discharge from the hospital.

Cohort I consisted of hospitalized patients aged ≥18 years who had CRE isolated from clinical specimens submitted
to the microbiology laboratory on randomly selected surveillance days from 2018 to 2020. Those patients were
classified as CRE-colonized patients or CRE-infected patients based on the absence (CRE colonization) or presence
(CRE infection) of clinical features of infection at the time of collection of CRE-positive clinical specimens.
Information specific to the natural history and clinical course of CRE-colonized or CRE-infected patients was collected
during hospitalization and until hospital discharge. Medical management of all CRE-colonized patients or CRE-infected
patients was determined by each patient’s attending physicians. Antibiotic therapy and the outcome of treatment in
CRE-infected patients were also observed. Stool or rectal swab samples collected from each enrolled patient were
transported to the laboratory in Cary-Blair transport medium for CRE culture once a week until the patient was
discharged from the hospital or died. Stool samples of patients who still had CRE on their stools before hospital
discharge were collected every few months by the patient or a relative. The stool samples collected at home were stored
in Cary-Blair transport medium and sent to the research team for detection of CRE until their stool samples were
negative for CRE.

Cohort II consisted of patients aged ≥18 years who had CRE isolated from clinical specimens submitted to the
microbiology laboratory and who were discharged from hospital between 2015 and 2018. The aim of cohort II was to
determine the duration of CRE colonization in the gastrointestinal tract. Stool samples were collected at home by the
patient or a relative. Stool samples were stored in Cary-Blair transport medium and sent to the research team for
detection of CRE until their stool samples were negative for CRE.

The collected stool or rectal swab sample from each patient in cohort I during hospitalization was determined for the
presence of CRE at the microbiology laboratory of the Division of Infectious Diseases and Tropical Medicine,
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Department of Medicine, Faculty of Medicine Siriraj Hospital, Mahidol University. Briefly, the sample was inoculated
onto MacConkey agar supplemented with ceftriaxone 4 mg/L, and then incubated at 35°C for 18 hours. Bacterial
colonies grown on ceftriaxone supplemented agar were identified by species of Enterobacterales and antimicrobial
susceptibility to carbapenems (ertapenem, meropenem, and imipenem) by disk diffusion method, according to the
Clinical and Laboratory Standards Institute (CLSI) guidelines.9 CRE was defined as Enterobacterales that were resistant
to at least one of the three tested carbapenems. Detection of CRE in stool samples collected at and sent from home was
performed using chromogenic selective agar to detect CRE directly from clinical specimen (CHROMagar
mSuperCARBATM, CHROMagar Company, Paris, France). Briefly, the stool or rectal swab sample was inoculated
onto chromogenic selective agar and then incubated at 35°C for 18–24 hours. A positive CRE result was characterized by
the presence of blue or pink colonies on the chromogenic selective agar after incubation. Species identification of blue or
pink colonies was performed using conventional biochemical tests. Determination of suspected carbapenemase produc-
tion in Enterobacterales was screened for by using the modified carbapenem inactivation method.9 Phenotypic screening
of carbapenemases was performed by double-disc synergy of phenylboronic acid or EDTA with meropenem.10–12

Statistical Analysis
The data were analyzed using SPSS Statistics version 16.0 (SPSS, Inc., Chicago, IL, USA). Comparisons of categorical
data were performed using Fisher’s exact test or chi-square test, and the results are shown to be number and percentage.
Comparisons of continuous data were performed using Student’s t-test for normally distributed data, and using Mann–
Whitney U-test for non-normally distributed data. The results of those comparisons are presented as mean plus/minus
standard deviation and median and range, respectively. A p-value less than or equal to 0.05 was considered statistically
significant for all tests.

Results
Demographic and Clinical Characteristics of Patients in Cohort I
A total of 353 patients who met the eligibility criteria for this study were included between November 2018 and
November 2020. The enrolled study population included 225 CRE-colonized patients (63.7%) and 128 CRE-infected
patients (36.3%) at the time of CRE detection from patient clinical specimens.

Demographic and clinical characteristics of all study patients in cohort I (N = 353), and compared between CRE-
colonized patients and CRE-infected patients are shown in Table 1. The mean age was 66.7 years, and just over half were
male. The vast majority of patients had comorbid conditions (92.9%) and had received prior antimicrobials within the
preceding 3 months before isolation of CRE (98.9%). Intensive care unit (ICU) admission was significantly more
frequent in CRE-infected patients than in CRE-colonized patients. In contrast, CRE-colonized patients had a significantly
higher mean age, a higher rate of previous use of beta-lactam/beta-lactamase inhibitors or penicillins, a higher rate of
urinary catheterization, and a longer length of hospital stay compared to CRE-infected patients.

The types of CRE isolates in clinical specimens and stool or rectal swab samples from 353 study patients at
enrollment in cohort I are shown in Table 2. Among the clinical specimens found to be positive for CRE,
K. pneumoniae was the most common (76.8%), followed by Enterobacter spp. (13.0%), E. coli (12.7%), and
Citrobacter spp. (1.7%). CRE was detected in 69.7% of stool or rectal swab samples at study enrollment.
K. pneumoniae was also the most common type of CRE in stool (65.7%), followed by E. coli (13.6%) and
Enterobacter spp. (4.5%).

Among the CRE isolates with carbapenemase production, class B carbapenemases were detected in 68%, class A in
28.2%, and class D in 16.5%. Concomitant class A and class B carbapenemase producers were observed in 12.6%.

CRE-Colonized Patients
The characteristics and natural history of 225 CRE-colonized patients are summarized in Table 3. Urine was the most
common site of CRE colonization (60.9%), followed by sputum (42.2%), body fluid (9.3%), and tissue (1.3%). CRE was
detected in 67.6% of stool samples collected from all study patients at enrollment. Among the 225 CRE-colonized
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patients, 46 (20.4%) developed subsequent CRE infections. Of those, 43 patients had carbapenem-resistant
K. pneumoniae infection, and 3 patients had carbapenem-resistant E. coli infection. Hospital-acquired pneumonia
(HAP) and ventilator-associated pneumonia (VAP) were common sites of subsequent CRE infection in patients with
CRE colonization. The interval between the first detection of CRE colonization and subsequent CRE infection ranged
from 2 to 71 days (median: 14 days). Among the 179 CRE-colonized patients who did not develop CRE infection, 115

Table 1 Demographic and Clinical Characteristics of All Study Patients in Cohort I (N = 353), and Compared Between CRE-
Colonized Patients (N = 225) and CRE-Infected Patients (N = 128)

Characteristics All Patients
(N = 353)

CRE-Colonized Patients
(N = 225)

CRE-Infected Patients
(N = 128)

p-value

Male gender 183 (51.8%) 114 (50.7%) 69 (53.9%) 0.56

Age, mean±SD, (years) 66.7±17.8 68.5±17.5 63.6±18.0 0.01

Intensive care unit admission 62 (17.6%) 31 (13.8%) 31 (24.2%) 0.01

Comorbid conditions 328 (92.9%) 210 (93.3%) 118 (92.2%) 0.69
● Neurological disease 111 (31.4%) 73 (32.4%) 38 (29.7%) 0.59

● Diabetes mellitus 110 (31.2%) 70 (31.1%) 40 (31.3%) 0.98

● Chronic kidney disease 94 (26.6%) 59 (26.2%) 35 (27.3%) 0.82
● Cardiovascular disease 93 (26.3%) 66 (29.3%) 27 (21.1%) 0.09

● Solid malignancy 80 (22.7%) 46 (20.4%) 34 (26.6%) 0.19

● Chronic liver disease 42 (11.9%) 25 (11.1%) 17 (13.3%) 0.55
● Hematologic malignancy 37 (10.5%) 21 (9.3%) 16 (12.5%) 0.35

● Pulmonary disease 33 (9.3%) 26 (11.6%) 7 (5.5%) 0.06

● Autoimmune disease 24 (6.8%) 16 (7.1%) 8 (6.3%) 076
● Transplantation 9 (2.5%) 5 (2.2%) 4 (3.1%) 0.73

● HIV infection 7 (2.0%) 3 (1.3%) 4 (3.1%) 0.26

Prior use of immunosuppressive agents 117 (33.1%) 68 (30.2%) 49 (38.3%) 0.12

Prior use of antibiotics within the past 3 months
before isolation of CRE

349 (98.9%) 223 (99.1%) 126 (98.4%) 0.62

● Beta-lactam/beta-lactamase inhibitors 225 (63.7%) 155 (68.9%) 70 (54.7%) 0.008

● Carbapenems 210 (59.5%) 133 (59.1%) 77 (60.2%) 0.85
● Cephalosporins 197 (55.8%) 127 (56.4%) 70 (54.7%) 0.75

● Fluoroquinolones 130 (36.8%) 84 (37.3%) 46 (35.9%) 0.79

● Vancomycin 110 (31.2%) 68 (30.2%) 42 (32.8%) 0.61
● Metronidazole 53 (15.0%) 37 (16.4%) 16 (12.5%) 0.32

● Colistin 52 (14.7%) 35 (15.6%) 17 (13.3%) 0.56

● Penicillins 26 (7.4%) 12 (5.3%) 14 (10.9%) 0.05
● Fosfomycin 21 (5.9%) 12 (5.3%) 9 (7.0%) 0.52

● Aminoglycosides 14 (4.0%) 8 (3.6%) 6 (4.7%) 0.60

Medical interventions 345 (97.7%) 221 (98.2%) 124 (96.9%) 0.47

● Urinary catheterization 319 (90.4%) 212 (94.2%) 107 (83.6%) 0.001

● Mechanical ventilation 205 (58.1%) 135 (60.0%) 70 (54.7%) 0.33
● Central venous catheterization 165 (46.7%) 102 (45.3%) 63 (45.3%) 0.48

● Major surgery 146 (41.4%) 94 (41.8%) 52 (40.6%) 0.83

● Renal replacement therapy 82 (23.2%) 46 (20.4%) 36 (28.1%) 0.10
● Parenteral nutrition 35 (9.9%) 20 (8.9%) 15 (11.7%) 0.39

Length of hospital stay, median (range), (days) 43.0 (4–421) 49 (4–359) 36 (4–421) 0.05

All-cause mortality at hospital discharge 134 (38.0%) 80 (35.6%) 54 (42.2%) 0.22

Note: *p-value<0.05 indicates statistical significance.
Abbreviations: CRE, carbapenem-resistant Enterobacterales; HIV, human immunodeficiency virus.
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patients (64.2%) had concomitant CRE colonization in stool. Absence of CRE colonization before discharge was
observed in 26.1% of 69 CRE-colonized patients who had ≥2 stool or rectal swab samples collected and had CRE in
the initial stool or rectal swab sample. The median (range) duration from the first CRE detection to the absence of CRE in
stool before discharge was 16.5 days (range: 6–78).

Clinical characteristics compared between CRE-colonized patients who developed CRE infection and those who did
not develop CRE infection are summarized in Table 4. The factors found to be significantly associated with the
development of CRE infection in CRE-colonized patients were ICU admission, use of antibiotics during hospitalization
(including fluoroquinolones and vancomycin), receiving renal replacement therapy, central-line insertion, mechanical
ventilation, and CRE colonization in sputum, stool, or at multiple sites. However, use of cephalosporins during
hospitalization was significantly more frequent among CRE-colonized patients without subsequent CRE infection.

Table 2 Types of CRE Isolates in Clinical Specimens and Stool or Rectal Swab Samples of 353 Study
Patients at Enrollment in Cohort I

Type of CRE* Clinical Specimen,
N (%)

Stool/Rectal Swab Specimen,
N (%)

Number of CRE-positive

specimens

353 (100%) 246 (69.7%)

● Klebsiella pneumoniae 271 (76.8%) 232 (65.7%)

● Escherichia coli 45 (12.7%) 48 (13.6%)

● Enterobacter spp. 46 (13.0%) 16 (4.5%)
● Citrobacter spp. 6 (1.7%) 0 (0.0%)

Note: *Some patients had more than one type of CRE.
Abbreviations: CRE, carbapenem-resistant Enterobacterales; spp., species.

Table 3 Characteristics and Natural History of 225 CRE-Colonized Patients

Characteristics N (%)

Site of CRE colonization

● Urine 137 (60.9%)

● Sputum 95 (42.2%)
● Body fluid 21 (9.3%)

● Tissue 9 (1.3%)

Presence of CRE in stool or rectal swab samples at enrollment of study patients 152 (67.6%)

Status of 225 patients with CRE colonization during hospitalization
● Developed CRE infection 46 (20.4%)

● Site of CRE infection in 46 patients

● HAP/VAP 20 (43.5%)
● Urinary tract infection 14 (30.4%)

● Catheter-related blood stream infection 5 (10.8%)

● Intra-abdominal infection 3 (6.5%)
● Primary bacteremia 2 (4.3%)

● Skin and soft tissue infection 2 (4.3%)

● No CRE infection 179 (79.6%)
● CRE status at discharge of 69 patients who had ≥2 stool or rectal swab samples

collected and had CRE in the initial stool or rectal swab sample

● Absence of CRE colonization before discharge 18 (26.1%)
● Presence of CRE colonization before discharge 51 (73.9%)

Abbreviations: CRE, carbapenem-resistant Enterobacterales; HAP, hospital-acquired pneumonia; VAP, ventilator-associated pneumonia.
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CRE-Infected Patients
The characteristics and clinical course of 174 CRE-infected patients, which included 128 CRE-infected patients at
enrollment and 46 patients with CRE infections that developed subsequent to CRE colonization, are summarized in
Table 5. HAP/VAP was the most common site of CRE infection (34.5%), followed by urinary tract infection (29.3%),
intra-abdominal infection (17.8%), primary bacteremia (7.5%), catheter-related blood stream infection (5.7%), and skin
and soft tissue infection (5.2%). Concomitant CRE colonization in stool or rectal swab sample was found in 131
patients (75.3%). Combination of colistin and fosfomycin was the most commonly used antibiotic regimen (36.8%) for
treatment of CRE infections, followed by colistin monotherapy (19.5%). The mortality rate among CRE-infected
patients at the end of treatment was 21.8%. Microbiological assessment at the end of treatment was available in 141
patients, and microbiological response was observed in 48.9% of CRE-infected patients. Overall mortality among
CRE-infected patients at discharge was 47.7%. The factors significantly associated with mortality among CRE-infected

Table 4 Clinical Characteristics Compared Between CRE-Colonized Patients Who Developed CRE
Infection (N = 46) and Those Who Did Not Develop CRE Infection (N = 179)

Characteristics Subsequent CRE
Infection

(N = 46), N (%)

No CRE
Infection

(N = 179), N (%)

p-value

Intensive care unit admission 12 (26.1%) 19 (10.6%) 0.007

Antibiotics used during

hospitalization

46 (100.0%) 155 (86.6%) 0.006

● Penicillins 0 (0.0%) 3 (1.7%) 1.00

● Beta-lactams/beta-lactamase
inhibitors

21 (45.7%) 65 (36.3%) 0.25

● Cephalosporins 3 (6.5%) 36 (20.1%) 0.03

● Fluoroquinolones 18 (39.1%) 35 (19.6%) 0.005
● Carbapenems 23 (50.0%) 65 (36.3%) 0.09

● Vancomycin 16 (34.8%) 36 (20.1%) 0.04

● Aminoglycosides 1 (2.2%) 4 (2.2%) 1.00
● Metronidazole 5 (10.9%) 14 (7.8%) 0.55

● Colistin 1 (2.2%) 16 (8.9%) 0.21

● Fosfomycin 0 (0.0%) 5 (2.8%) 0.59
● Tigecycline 1 (2.2%) 0 (0.0%) 0.20

Medical interventions 46 (100.0%) 175 (97.8%) 0.58
● Renal replacement therapy 15 (32.6%) 31 (17.3%) 0.02

● Central line catheterization 28 (60.9%) 74 (41.3%) 0.02

● Urinary catheterization 45 (97.8%) 167 (93.3%) 0.48
● Mechanical ventilation 37 (80.4%) 98 (54.7%) 0.002

● Major surgery 17 (37.0%) 77 (43.0%) 0.46

● Parenteral nutrition 5 (10.9%) 15 (8.4%) 0.57

Prior immunosuppressive drugs 15 (32.6%) 53 (29.6%) 0.69

Site of CRE colonization

● Stool 37 (80.4%) 115 (64.2%) 0.04

● Sputum 32 (69.6%) 63 (35.2%) <0.001
● Urine 25 (54.3%) 112 (62.6%) 0.31

● Body fluid 6 (13.0%) 15 (8.4%) 0.39

● Tissue 2 (4.3%) 7 (3.9%) 1.00
● Multiple sites 40 (87.0%) 117 (65.4%) 0.004

Note: A p-value<0.05 indicates statistical significance.
Abbreviation: CRE, carbapenem-resistant Enterobacterales.
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patients are shown in Table 6. The presence of CRE in stool samples at the time of enrollment and having hospital-
acquired pneumonia/ventilator-associated pneumonia were found to be significantly associated with mortality, whereas
patients with urinary tract infection were significantly more likely to be alive at discharge. The mortality of patients
who received monotherapy was not significantly different from the mortality of those who received combination
therapy. Among the 131 CRE-infected patients who had CRE colonization in their stool, there were 83 patients who
had ≥2 stool or rectal swab samples collected and had CRE in the initial stool or rectal swab sample. An evaluation of
CRE status at discharge of these 83 patients revealed no CRE in the stool of 15 patients (18.1%) before discharge,

Table 5 Characteristics of and Clinical Course in 174 CRE-Infected Patients

Characteristics N (%)

Site of infection
● Hospital-acquired pneumonia/ventilator-associated pneumonia 60 (34.5%)

● Urinary tract infection 51 (29.3%)

● Intra-abdominal infection 31 (17.8%)
● Primary bacteremia 13 (7.5%)

● Catheter-related blood stream infection 10 (5.7%)

● Skin and soft tissue infection 9 (5.2%)

Presence of CRE in stool samples at the time of enrollment 131 (75.3%)

Antibiotic regimens for treatment of CRE infection

● Monotherapy
● Colistin 34 (19.5%)

● Carbapenems 13 (7.5%)

● Aminoglycosides 7 (4.0%)
● Fosfomycin 4 (2.3%)

● Two-drug combination therapy

● Colistin and fosfomycin 64 (36.8%)
● Colistin and carbapenem 13 (7.5%)

● Aminoglycoside and fosfomycin 7 (4.0%)

● Colistin and tigecycline 6 (3.4%)
● Colistin and aminoglycoside 4 (2.3%)

● Aminoglycoside and carbapenem 2 (1.1%)

● Three-drug combination therapy
● Colistin, fosfomycin, and carbapenem 5 (2.9%)

● Colistin, fosfomycin, and aminoglycoside 3 (1.7%)

● Colistin, fosfomycin, and tigecycline 3 (1.7%)
● Colistin, aminoglycoside, and carbapenem 3 (1.7%)

● Four-drug combination therapy

● Colistin, fosfomycin, aminoglycoside, and carbapenem 2 (1.1%)
● Others 4 (2.3%)

Clinical outcome of CRE-infected patients
● Mortality at end of treatment 38 (21.8%)

● Mortality at discharge 83 (47.7%)

Microbiological responsea

● At the end of treatment in 141 patients 69 (48.9%)

CRE status at discharge of 83 patients who had ≥2 stool or rectal swab samples

collected and had CRE in the initial stool or rectal swab sample

● Absence of CRE colonization before discharge 15 (18.1%)
● Presence of CRE colonization before discharge 68 (81.9%)

Note: aCRE was not isolated from follow-up specimens.
Abbreviation: CRE, carbapenem-resistant Enterobacterales.
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whereas 68 patients (81.9%) had persistent CRE colonization in their stools before discharge. The median (range)
duration from the first CRE detection in stool to the absence of CRE in stool before discharge was 24 days (range:
4–98).

Duration of CRE Fecal Carriage After Discharge
Among the 42 patients in cohort I who had CRE colonization in their stool before discharge and who sent follow-up stool
samples to the research team, no CRE was isolated from 23 patients (54.8%) during follow-up. The percentage of these
patients who had negative CRE in their stool samples was 33.3% and 50.0% within 6 months and 1 year, respectively.
The duration from the first CRE detection in stool during hospitalization to the absence of CRE in stool after discharge
from the hospital in these 19 patients ranged from 37 to 486 days (median: 119 days). Among the 19 patients (45.2%)
who had persistent CRE colonization in their stool from the first detection of CRE in stool to the last follow-up stool
culture, CRE was still recovered from stool up to 1 year of follow-up in 2 patients (10.5%), and the longest duration of
CRE colonization in stool was up to 512 days of follow-up stool culture.

Among the 93 patients in cohort II who had CRE in their clinical specimens during their hospitalization, 47.3% and
91.4% of them had absence of CRE in their stool at 1 year and 2 years after first detection of CRE in clinical specimens,
respectively. CRE was still recovered from stool up to 1 year of follow-up in 5 patients (5.4%), and the longest duration
of CRE colonization in stool was up to 515 days of follow-up stool culture.

Discussion
This study did not enroll all of the hospitalized patients with CRE isolated from their clinical specimens during the study
period of cohort I because there were so many patients, and the study team had limited time and resources to enroll all of
them. Therefore, we decided to enroll eligible patients only on certain days of the week during the study period. This
method of study subject enrollment resulted in a variation in the duration of follow-up of enrolled subjects. However, we
were concerned that the follow-up duration for many cohort I patients would not be long enough, so we enrolled cohort II
patients who were adult subjects with CRE isolated from their clinical specimens during hospitalization, and they were
discharged alive from Siriraj Hospital from 2015 to 2018. Cohort II was enrolled to compensate for the number of CRE-
colonized patients who had longer duration of follow-up than CRE-colonized patients in cohort I.

Table 6 The Number and Percentage of Patients Having Risk Factors Significantly Associated with
Mortality Compared Between Those Who Lived and Those Who Died Among 174 CRE-Infected
Patients

Characteristics Alive
(N = 91), N (%)

Dead
(N = 83), N (%)

p-
value

Presence of CRE in stool samples at the time of
enrollment

59 (64.8%) 72 (86.7%) 0.001

Site of infection
● Hospital-acquired pneumonia/ventilator-

associated pneumonia

17 (18.7%) 43 (51.8%) <0.001

● Urinary tract infection 39 (42.9%) 12 (14.5%) <0.001
● Intra-abdominal infection 20 (22.0%) 11 (13.3%) 0.13

● Primary bacteremia 5 (5.5%) 8 (9.6%) 0.30
● Skin and soft tissue infection 7 (7.7%) 2 (2.4%) 0.17

Antibiotic regimens for treatment of CRE
infection

0.75

● Monotherapy 35 (38.5%) 30 (36.1%)

● Combination therapy 56 (61.5%) 53 (63.9%)

Note: A p-value<0.05 indicates statistical significance.
Abbreviation: CRE, carbapenem-resistant Enterobacterales.
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The methods of CRE detection in stool or rectal swab samples collected from subjects during hospitalization
(conventional culture and antibiotic susceptibility testing for detection of CRE) and after discharge from the hospital
(chromogenic selective agar for detection of CRE) were different because chromogenic selective agar for detection of
CRE was not available when this study began in 2018. Therefore, we continued to use conventional culture and antibiotic
susceptibility testing for detection of CRE in stool or rectal swab samples collected from subjects during hospitalization
even though chromogenic selective agar for detection of CRE was available in 2019; however, we used chromogenic
selective agar for detection of CRE for stool samples collected from patients after they were discharged from hospital.
The chromogenic selective agar technique for detection of CRE that was used in this study was reported to be very
accurate for detection of CRE in rectal swab specimen with a limit of detection of CRE that ranged from 101 to 102 CFU/
mL.13,14 Moreover, a validation of agreement between conventional culture and antibiotic susceptibility testing for
detection of CRE and chromogenic selective agar for detection of CRE that was performed on 120 stool or rectal swab
samples in our laboratory also confirmed chromogenic selective agar for detection of CRE to be simple, accurate, and
fast (CRE-positive result within 24 hours).

The results of our study revealed that 63.7% of hospitalized patients with isolated CRE from their clinical samples
were actually colonized, especially if CRE was isolated from urine samples, whereas only approximately 40% had CRE
infection. Therefore, the responsible physician should assess if a patient with isolated CRE from clinical specimen really
has CRE infection before prescribing antibiotic therapy for CRE infection. Most patients with CRE colonization or CRE
infection in the present study had chronic comorbid diseases, received antibiotics, and underwent medical interventions -
all of which were reported to be major drivers of CRE acquisition.15–17 Therefore, any avoidable drivers of CRE
colonization or CRE infection, especially unnecessary use of broad-spectrum antibiotics and unnecessary medical
interventions, should be avoided or withdrawn from the patient as soon as possible in order to prevent CRE colonization
or CRE infection.

The present study found K. pneumoniae to be the most common species of CRE in patients with CRE colonization or
CRE infection. The prevalence of carbapenem resistance in E. coli was much lower than in K. pneumoniae even though
E. coli is the predominant Enterobacterales in the gastrointestinal tract of humans, and E. coli infection is more common
than K. pneumoniae infection in both community- and hospital-acquired infections. Class B carbapenemases were the
most common carbapenemases detected among CRE isolates in this study. This is similar to the findings of previous
studies on the molecular characterization of CRE isolates in Thailand that reported class B carbapenemase (ie, metallo-
beta-lactamases) production to be the predominant mechanism of carbapenem resistance in Enterobacterales.18,19

CRE colonized patients are at risk of developing CRE infection. In the present study, 20.4% of patients with CRE
colonization developed CRE infection during hospitalization. Factors found to be associated with the development of
CRE infection in CRE-colonized patients included ICU admission, use of antibiotics during hospitalization, receiving
renal replacement therapy, insertion of a central line, mechanical ventilation, and CRE colonization in sputum, stool, or at
multiple sites. Therefore, CRE-colonized patients with one or more of the aforementioned risk factors should be closely
monitored for early diagnosis and appropriate treatment of CRE infection. Colistin is still the antibiotic of choice for
therapy of CRE infections in the present study because it is active against 87% of CRE isolates, including metallo-beta-
lactamase producing isolates. Other anti-CRE antibiotics with activity against metallo-beta-lactamase producing CRE,
especially cefiderocol, are not available in Thailand. Clinical and microbiological outcomes of treatment in patients with
CRE infection in this study were unfavorable with overall mortality at discharge of nearly 50%. Half of CRE-infected
patients with concomitant CRE colonization had persistent CRE colonization at discharge from the hospital, and these
patients might transmit CRE to other family members and to the environment in their community. Measures to prevent
CRE colonization and CRE transmission are important, and they should be applied to all hospitalized patients and to all
CRE-colonized patients after hospital discharge to prevent CRE infection and CRE transmission.

The gastrointestinal tract is usually the reservoir of CRE colonization in humans, and the duration of CRE
colonization in stool has been used to determine the duration of CRE colonization in many studies.20–22 However, our
study detected CRE in stool or rectal swab samples in approximately 70% of patients who had CRE recovered from
clinical samples. It should be noted that CRE in stool or rectal swab samples was not detected in approximately 30% of
patients who had CRE recovered from clinical samples. This finding may be due to any one of the following possible
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explanations: 1) a real absence of CRE in stool; 2) an absence of CRE because the patient received antibiotics with anti-
CRE activity; 3) the presence of a very small amount of CRE in the stool; or, 4) an error in random sampling of stool
samples for CRE detection. Therefore, the prevalence of CRE in stool or rectal swab samples found in this study should
be considered a minimum rate.

We found rates of CRE negativity in the stools of patients with CRE colonization in the gastrointestinal tract of
approximately 50% and 91% at one and two years, respectively. The duration of fecal carriage of CRE in patients in
cohort I and cohort II varied widely from days to years, and we were unable to propose any valid and reliable cut-off time
period by which CRE colonization in stool disappeared without laboratory test if CRE in stool was absent according to
the results of this study. A previous systematic review and meta-analysis found a higher rate of CRE eradication (65.4%)
at one year than that observed in the present study (50%).23 However, CRE fecal carriage follow-up data with duration
longer than one year remain scarce.

Patients with or who have a history of CRE infection or CRE colonization require IPC measures, especially contact
precautions, which consume a lot of resources at every visit or hospitalization. Since chromogenic selective agar for
detection of CRE in stool or rectal swab sample is very simple, accurate, inexpensive, and the results are quickly
available, periodic testing of stool samples for CRE in these patients should be performed. This will benefit healthcare
providers by reducing the burdens associated with managing patients with currently unknown CRE status, and it will
benefit the patient by lessening the burdens associated with the stigma of having or being suspected of potentially having
CRE colonization or infection. IPC measures were discontinued in many patients in this study after CRE was not found
in their stool samples by using chromogenic selective agar for detection of CRE. Therefore, our center has decided to
implement a policy to surveil the presence of CRE in stool samples sent from the homes of patients with a history of
CRE colonization or CRE infection every several months to determine if CRE in stool sample is absent so that IPC
measures can be discontinued in these patients. Moreover, CRE screening may be applied to all patients who will be
hospitalized at Siriraj Hospital in the near future after the facility for CRE screening and the space for patients to wait for
their screening results prior to hospitalization are available. However, our study found that the vast majority of patients
had no CRE colonization in their stool after 2 years. Therefore, the 2-year time point might be an appropriate time to
discontinue IPC measures at healthcare facilities with limited resources to perform CRE detection in stool samples.

It should be noted that CRE colonization in the stool of some patients could develop after being found to be absent in
stool samples several times over a long period of follow-up, and this could be due to new acquisition of CRE after
exposure to the aforementioned drivers of CRE colonization. Several studies have reported predictors of prolonged CRE
carriage to be exposure to antibiotics, presence of an invasive device, higher Charlson comorbidity scores, number of
hospital admissions, and transfer from another hospital or long-term care facility.15,16,21 Therefore, CRE testing in stool
samples may need to be repeated even in patients with negative fecal carriage of CRE if they had exposure to one or
more of the aforementioned drivers for developing CRE colonization.

Strengths and Limitations
The main strength of this study is that the data of patients with CRE isolated from their clinical specimens in cohort
I were collected from patients during hospitalization to after discharge from the hospital, and there was a long duration of
follow-up stool cultures to evaluate for CRE.

Our study also has some mentionable limitations. First, as mentioned earlier, this study did not enroll all hospitalized
patients with CRE isolated from their clinical specimens during the study period of cohort I. Second, the prevalence of
CRE colonization in stool observed in this study should be considered the minimum rate because there might be some
patients with false-negative results for CRE from stool culture while receiving antibiotics with anti-CRE activity, or due
to having a very small amount of CRE in stool, or due to an error in random sampling of stool samples for CRE culture.
Third, the duration of CRE colonization in patient stool after discharge from the hospital might be overestimated because
a stool sample was collected every week during hospitalization, but only every few months after discharge from hospital.
Therefore, the disappearance of CRE from post-hospital discharge stool could have occurred at any time between the
most recent stool sampling and the most recent previous stool sampling. Therefore, the duration of CRE colonization in
stool observed in this study should be considered the maximum duration. Lastly, the duration of CRE fecal carriage after
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discharge was evaluated only in patients who were willing to send a stool sample from home to our research team.
Therefore, the characteristics of the patients who sent stool samples from home might be different from those who did not
send a stool sample from home after discharge. These differences could influence a selection bias relative to the duration
of CRE fecal carriage.

Conclusion
CRE isolated from clinical specimens from hospitalized patients are more likely to cause colonization than infection.
Patients with CRE colonization are at risk for subsequent CRE infection with high mortality. Stool culture for CRE is
needed to verify if contact precautions can be discontinued because the duration of CRE colonization in stool varied from
days to years.
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