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Purpose: To investigate whether rapid active molecular screening and infection prevention and control (IPC) interventions can reduce 
colonization or infection with carbapenem-resistant Enterobacterales (CRE) in a general emergency intensive care unit (EICU) 
without enough single-room isolation.
Methods: The study was designed as a before-and-after quasi-experiment. Before the experimental period, the ward was rescheduled 
and the staff were trained. From May 2018 to April 2021, active screening was performed by seminested real-time fluorescent 
polymerase chain reaction (PCR) detection with rectal swabs from all patients on admission to the EICU, and the results were reported 
in 1 hour. Other IPC interventions including hand hygiene, contact precautions, patient isolation, environmental disinfection, 
environment surveillance, monitoring, auditing and feedback were conducted under strict supervision. The patients’ clinical char
acteristics were collected simultaneously.
Results: In this 3-year study, 630 patients were enrolled and 19.84% of the patients were initially colonized or infected with CRE as 
shown by active molecular screening. The average drug resistance ratio to carbapenem shown by clinical culture detection of Klebsiella 
pneumoniae (KPN) before the study was performed was 71.43% in EICU. The drug resistance ratio decreased significantly from 75%, 
66.67% to 46.67% in the next 3 years (p<0.05) during which active screening and IPC interventions were strictly executed. While the ratio 
gaps between EICU and the whole hospital were narrowed from 22.81%, 21.11% to 4.64%. Patients with invasive devices, skin barrier 
damage, and the recent use of antibiotics on admission were found to have a higher risk of being colonized or infected with CRE (p<0.05).
Conclusion: Active rapid molecular screening and other IPC interventions may significantly reduce CRE nosocomial infections even 
in wards without enough single-room isolation. The key to reduce the spread of CRE in the EICU is the strict execution of IPC 
interventions by all medical staff and healthcare workers.
Keywords: carbapenem-resistant, Enterobacterales, active screening, infection prevention and control intervention, emergency 
intensive care unit, nosocomial infection

Introduction
Carbapenem-resistant Enterobacterales (CRE) represent a serious therapeutic problem due to their pronounced multidrug 
resistance, with the main pathogens being Klebsiella pneumoniae, Escherichia coli, and other Enterobacterales.1 The 
worldwide spread of CRE is a global burden and has become one of the priorities of the Centers for Disease Control 
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(CDC).2 In recent decades, along with the advent of extended spectrum beta-lactamase (ESBL)-producing 
Enterobacteriaceae, carbapenems have been used more frequently due to their broad antibacterial spectrum, thus 
contributing greatly to the drastic increase in the CRE problem.3,4 In some parts of Asia, especially eastern China, 
CRE have become endemic and CRE infections have reached epidemic dimensions.5,6

Recent studies have shown that the majority of CRE infections in China are caused by carbapenem-resistant 
Klebsiella pneumoniae (CR-KP), mostly leading to serious infections in ICUs.7,8 In our institution, the detection rates 
of CR-KP (included infected and colonized) from 2015 to 2017 ranged between 41.3% and 45.5%. These rates were 
much higher than the reported average in Shanghai (27.3%, data collected by CHINET, China Antimicrobial Surveillance 
Network) and can be mainly attributed to CR-KP infections in the ICU, where the carbapenem resistance rate reached 
71.43% in 2017.

It is better to prevent CRE infections rather than try and control them after they start to spread. The WHO published 
guidelines for infection prevention and control (IPC) of CRE, carbapenem-resistant Acinetobacter baumannii (CRAB), 
and carbapenem-resistant Pseudomonas aeruginosa (CRPsA), including hand hygiene, patient surveillance, contact 
precautions, patient isolation (single isolation or concentrated isolation), environmental disinfection, environment 
surveillance, and monitoring, auditing and feedback.9 However, in China, compliance with these guidelines has not 
been satisfactory. One of the reasons is that the available literature mostly reported active screening based on bacterial 
culture tests that take at least 24 h to obtain the results. In addition, compared with those reported in the literature, the 
hospital settings were quite different in China, in which ICUs were not equipped with enough 1-bed rooms or isolation 
rooms.10 In China, IPC interventions mostly only include hand hygiene and contact precautions, and the number of 
isolation rooms are usually inadequate in ICUs to accommodate every infected or colonized patient.11

We conducted a prospective, multi-stage, long-term study to investigate whether a combination of screening and 
interventions can provide effective, efficient, long-lasting results with regard to reducing CRE colonization/infection 
rates. We aimed to establish whether IPC together with detection and monitoring of CRE colonization/infection (active 
screening at admission) of EICU patients by rapid semi-nested real-time fluorescent PCR without enough single-room 
isolation are effective with regard to the reduction of the infection, mortality and morbidity rates.

Materials and Methods
Settings
The study was conducted in a comprehensive teaching hospital. Patients were prospectively recruited from May 2018 
through April 2021 in the EICU, where approximately 200–280 critically ill patients are treated every year. The EICU 
consists of 8 beds; one bed is located in a private room, and two others are in a relatively isolated area (Figure 1). Ethical 
approval was obtained from Shanghai East Hospital (Tongji University School of Medicine) in April 2018. The approval 
No. is [2018] (07).

Figure 1 The layout of EICU ward. Only one private room was included for single isolation. Bedside screens, curtain dividers and isolation signage, with instructions and 
precautions were utilized in the case of multiple patients presenting with infectious diseases.
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Infection-Control Interventions and Data Collection
Before the initiation of the program, routine culture data were collected from May 2017 to April 2018, and this period was 
defined as the baseline period during which almost no isolation measures or patient surveillance were conducted for the 
patients with CRE. Although most nurses and doctors regularly disinfect their hands and adhere to contact precautions, the 
cleaners in this department did not strictly obey the standard routines, including hand hygiene, contact precautions and 
environmental disinfection, according to our investigation. Clinical specimens were regularly collected for culture. The 
data from this baseline period served as a reference for comparison with the data from our experimental period.

The program was performed in the next 3 years. Initially, EICU professional training at the practical and theoretical 
levels was conducted based on the IPC model, including hand hygiene, patient surveillance, contact precautions, patient 
isolation (single or aggregated), environmental disinfection, environmental surveillance, monitoring, auditing and feed
back, and explanation of the goals, objectives, significance and exact methodology of the project. The entire ward was 
emptied, and the health care workers disinfected the environment with sodium hypochlorite disinfectant, ultraviolet-light 
radiation and Clinell Universal Wipes, which is a combination of benzalkonium chloride, didecyl dimethyl ammonium 
chloride and polyhexamethylene biguanide (PHMB). The hygiene control group examined and confirmed that the ward 
was contamination-free prior to the study onset. An inspection of hand hygiene was also conducted for all health care 
workers, followed by intensive training of the study guidelines for sampling and transportation.

The isolation guidelines were developed based on the spatial constraints of the ward. In the case of multiple patients 
presenting with infectious diseases, bedside screens, curtain dividers and isolation signage, with instructions and 
precautions (clothing, hand disinfection, etc), were utilized. Therapeutic supplies and household items were used 
separately for each patient and disposed of after use. Daily care provided by the health care workers was strictly directed 
and supervised, as were the measures for daily disinfection and the final disinfection after the discharge of the patients 
from the ward.12 A flowchart of workflow and IPC interventions is provided in Figure 2.

From May 2018 to April 2021, rapid active screening by molecular detection and IPC interventions were conducted. At 
admission to the EICU, rectal swab sampling was performed by a trained nurse, and the swab was immediately sent to the 
clinical laboratory. Each sample was accompanied by a case report form (CRF) containing the clinical characteristics of the 
patients, including name, sex, age, admission time, temperature, diagnosis, invasive devices and/or skin barrier damage, 

Figure 2 Flowchart of workflow and IPC interventions. When patients were transmitted to the ECIU, active molecular screening and other IPC interventions were 
conducted according the flowchart.
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and laboratory test results (Supplementary Table 1). The samples were tested with Gene Xpert, a semi-nested real-time 
fluorescent PCR method, and cultivated at the same time. The Gene Xpert results were reported within 1 hour. Isolation was 
implemented according to the results of the molecular detection test, even if the culture results did not exactly match (ie, the 
phenotype and genotype of CRE did not match exactly). Infection control interventions were undertaken to reduce the 
epidemic spread of CRE. During hospitalization, various types of specimens from patients were sent to the laboratory for 
culture, which was the same procedure that was followed during the baseline stage. Environmental check-ups and 
disinfection measures were performed at least twice a day, and environmental surveillance was performed twice 
a month. In addition, sink monitoring and dust avoidance measures during bed preparation were implemented.13 The 
correlations of the clinical characteristics of the EICU patients with the Gene Xpert results and mortality were analyzed.

Active Rapid Molecular Screening by GeneXpert Carba-R Assay
A pair of rectal swabs was obtained from each patient at admission to the EICU. One swab was placed into the sample 
reagent vial and vortexed at high speed for 10 seconds. The prepared sample was aspirated using the transfer pipette 
provided and transferred into the Xpert Carba-R Assay cartridge, which was then inserted into the GeneXpert instrument. 
The results are obtained in 45 minutes. Rapid active screening by molecular detection was carried out with the 
GeneXpert Carba-R Assay, which simultaneously detects three carbapenemase genes, including blaKPC, blaNDM, 
blaIMP, blaVIM and blaOXA-48.

Bacterial Isolation and Antimicrobial Susceptibility Testing
Surveillance cultures were sampled simultaneously with unused rectal swabs on McConkey agar with a 10 g meropenem 
disc (Oxoid). Further routine culture specimens were obtained, including sputum, endotracheal aspirate, urinary tract, 
blood, and infection sites (individually selected according to the patient’s symptoms/differential diagnosis). Culture 
sampling was repeated weekly or more often when necessary (eg, in cases of fever, elevated levels of inflammatory 
markers, etc) Thus, we were able to monitor the incidence of CRE colonization or infection once a week or more frequently 
if the patient had a fever or developed other symptoms of infection. All isolates were identified by MALDI-TOF MS (Autof 
ms1000), and routine antibiotic susceptibility tests were performed with the VITEK2 compact system (bioMérieux, France) 
to determine carbapenem resistance. The control strain was Escherichia coli ATCC 25922. Susceptibility breakpoints were 
interpreted as per the Clinical and Laboratory Standards Institute guidelines (CLSI M100).14

Multiplex PCR Detected Carbapenemase Genes
Carbapenemase genes of the isolates collected from the rectal swab and cultured on admission were verified by multiplex 
PCR with the primers referred in the previous study.15

Pulsed-Field Gel Electrophoresis (PFGE)
A retrospective analysis of the genetic correlations between the isolates from both rectal swabs on admission and the 
clinical cultures during hospitalization was performed by PFGE.16 The strains from different patients were interpreted as 
“related” if more than 80% of the bands matched, and “closely related” if more than 90% matched.

Statistical Analysis
All discontinuous variables (ie, sex, invasive devices or skin barrier damage on admission, antibiotic use before 
admission, outcomes) were compared between the Xpert positive and negative groups using the χ2 test or Fisher’s 
test. The means of all continuous variables (ie, age, WBC, CRP, PCT, days in hospital, and ICU days) were compared 
between the Xpert positive and negative groups using the Mann–Whitney U-test. All statistical analyses were performed 
using SPSS software, version 20.0. All tests were 2-tailed, with P values <0.05 or a 95% CI excluding 1 considered 
statistically significant.
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Results
A total of 630 patients were enrolled in the study. According to the results of the rectal swabs of Gene Xpert detection on 
admission, 15.56% (98/630) of the patients carried carbapenemase genes, 8.25% had blaKPC (52/630), 0.16% had 
blaOXA-48 (1/630) and 8.89% had (56/630) blaNDM (Figure 3). A total of 1.43% (9/630) of the patients carried 
a combination of 2 different carbapenemase genes, and 0.16% (1/630) of the individuals carried a combination of 3 
different carbapenemase genes. We collected 16 isolates of CRE (15 isolates of CR-KP and 1 isolates of carbapenem- 
resistant Escherichia coli) from 16 patients in the first year by direct culture on MacConkey agar of the positive rectal 
swabs obtained on admission. When the isolated strains were verified by multiplex PCR, only one gene (blaKPC or 
blaNDM) could be detected, even though Gene Xpert suggested the presence of 3 different genes in one sample from the 
swab. The drug susceptibility information of 16 CRE strains isolated from the rectal swabs on admission and 14 CRE 
strains isolated from the clinical cultures from various specimens are shown in Supplementary Table 2.

The pulsed-field gel electrophoresis (PFGE) patterns included isolates collected from 16 patients on admission and 
from the 13 clinical samples afterward (The clinical samples were all collected after 48h of admission.) (Figure 4). The 
PFGE results of the isolates from the admission screening rectal swabs suggested that 4 pairs of the strains were from the 
same clone of the pathogen, while 6 (75%) of the patients were transferred from emergency medical unit. The samples 
collected from a patient on admission and the clinical culture during his stay in the EICU showed same PFGE patterns. 
We compared the PFGE with other information, such as those for the bed in the ward, time of admission, collection time 
of the samples and where the patients were transferred from. Comparing the PFGE results of the 13 clinical samples 
afterward with the results of admission screening rectal swabs, except for the strains collected from the same patient, the 
PFGEs of 7 clinical strains were related to the isolates collected on admission, which suggested nosocomial infections.

We collected and analyzed the detailed clinical information of the 224 patients in the first year. The clinicopatholo
gical characteristics of the included patients, laboratory and Gene Xpert test results, duration of hospitalization and 
outcomes are recorded in Table 1. Patients with invasive devices or skin barrier damage on admission (p=0.002) and 
those who used antibiotics before admission (p<0.001) were more likely to be colonized or infected by CRE, as shown in 
Table 1. The latter observation confirms that previous antibiotics prescription increases the risk of CRE infections. There 
was no significant association between the Xpert test results and the outcome (p=0.412). The details of the clinico
pathological/laboratory characteristics are shown in original data file.

IPC interventions with active rapid molecular screening effectively reduced the colonization and infection of CRE in 
the EICU. We compared the drug resistance rate of CR-KP by regular clinical culture between baseline period and 
experimental period to reveal the effort of the interventions. The resistance rate of CR-KP colonization and infection 
identified by routine clinical culture detection significantly decreased from 71.43% to 46.67%. Comparing with the rate 
of the whole hospital, the drug resistance ratio gaps between EICU and the whole hospital were narrowed from 22.81%, 
21.11% to 4.64% year by year (Table 2, Figure 5), supporting the primary hypothesis that rapid active screening by 
molecular detection in combination with other IPC interventions can reduce nosocomial CRE infections. To exclude the 

Figure 3 The distribution of 98 positive rectal samples confirmed by Gene Xpert detection on admission. 15.56% (98/630) of the patients carried carbapenemase genes 
from the result of the rectal swabs of Gene Xpert detection on admission.
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effect of any change in in-hospital patients from baseline period and experimental period, main diagnoses in both periods 
were compared, including sepsis, acute heart failure, severe pneumonia, cerebral infarction, and so on. There was no 
significant difference in diseases between baseline period and experimental period.

Discussion
Carbapenem antibiotics are extensively used worldwide due to their strong and broad-spectrum antibacterial activity.17 

CRE infections are an increasing challenge due to growing antimicrobial resistance and related high mortality.18,19 In this 
study, we conducted a series of planned and protocolized IPC interventions in an institution lack of enough isolation 
room. The aim of this program was to establish whether the combination of such interventions and measures of detection 
and monitoring of CRE colonization/infection (active screening at admission) by rapid, semi-nested real-time fluorescent 
PCR was effective in reducing the infection, mortality and morbidity rates in EICU patients. In our screening result, 
15.56% (98/630) of the patients carried carbapenemase genes on admission to the EICU which suggested a big threat to 
CRE nosocomial epidemic. After our 3-years intervention, the resistance rate of CR-KP in EICU significantly decreased 
from 71.43% to 46.67%. We analyzed the clinical characteristics of the patients and found that there was no significant 
association between the Xpert test results and the outcomes. This may due to the reason patients were not followed up 
after they were discharged from hospital. The result in our study suggested that rapid active molecular screening and IPC 
interventions can reduce colonization or infection with CRE in the EICU without enough single-room isolation.

Carbapenemase-producing organisms (CPO) is a subset of Carbapenem resistant organisms (CRO) that produces an 
enzyme that destroys carbapenems. The production of carbapenemases is the main mechanism of carbapenem resistance. 

Figure 4 The dendrogram of PFGE results of CRE strains. The samples were from the isolates of admission screening rectal swabs and clinical culture afterward. ※A: admission 
screening rectal swabs, C: clinical samples afterword. Four pairs of the strains were from the same clone of the pathogen and 6(75%) of the patients were transferred from 
emergency medical unit. The samples collected from a patient on admission and the clinical culture during his stay in the EICU showed same PFGE patterns.
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Carbapenem resistance genes spread rapidly among many bacterial species on multiple types of mobile genetic elements. 
Compared to traditional culture, the molecular detection takes a shorter time and is the most efficient method to screen 
for carbapenemase genes. The molecular detection is not affected when detecting organism with low carbapenem MICs, 
while not all carbapenem resistance genes give high MICs and some organisms will not grow on selective agar media. In 
our study, PCR test was implemented before the result of culture and Gene Xpert facilitates rapid results and active 
screening by detecting drug resistance genes and enables the clinical selection of antibiotics at the time point of CRE 
infection diagnosis.20 Distinguishing between serine (blaKPC, blaOXA-48) and metallo-carbapenemases (blaIMP, blaNDM, 
blaVIM) has important therapeutic importance.21 CRE producing serine retained β-lactam susceptibility to carbapenems 
such as ceftazidime–avibactam, meropenem–vaborbactam and imipenem–relebactam. Metallo-carbapenemases could be 
inhibited by metal-chelating agents. This molecular diagnostic test allows clinicians to diagnose CRE infections in 
a timely manner and to undertake appropriate treatment and management measures, isolating patients to avoid further 
spread of the bacteria.22

Active participation during the education phase of the intervention program was reported to be an important factor in 
decreasing the incidence of carbapenem-resistant pathogen infections.23 Feedback from screening services, a rapid 
turnaround time and efficient communication were all positively correlated with the overall success in outbreak control. 
In this study, we paid much attention to the education and training of medical professionals and health care workers, 
ensuring that they were familiar with the study-specific IPC intervention model, screening measures, and general hygiene 

Table 1 Clinicopathological/Laboratory Characteristics and Outcomes in the First Year

Number (%) Xpert+ Xpert- P value

Sex 0.917

Male 19 (56) 108 (57)

Female 15 (44) 82 (43)
Age 0.194

Mean±SD 76.8±9.0 73.2±15.5

Median (interquartile) 78.5 (69–83) 77 (66–84)
Invasive devices or skin-barrier damage on admission 0.002**

Yes 5 (15) 5 (3)

No 29 (85) 195 (97)
Antibiotic use before admission <0.001***

Yes 25 (74) 48 (25)

No 9 (26) 142 (75)
WBC 0.377

Mean±SD 10.27±4.61 11.32±6.68

CRP (number= 223) 0.777
Mean±SD 67.25±121.21 92.98±525.43

Median (interquartile range) 34.18 (3.89–98.43) 34.12 (5.98–88.13)

PCT (number= 222) 0.154
Mean±SD 2.03±5.77 4.60±14.64

Median (interquartile) 0.18 (0.07–1.16) 0.42 (0.11–2.68)

Inhospital days 0.630
Median (interquartile range) 13 (10.8–19) 12 (8–17.3)

EICU stay (days) 0.508

Median (interquartile range) 11.5 (7.8–16.3) 8 (4–13.3)
Outcome 0.412

Improvement 22 (65) 121 (64)

Discharge on voluntary 1 (3) 18 (9)
Death 11 (32) 51 (27)

Notes: χ2 test or Fisher’s test was used for comparing discontinuous variables and Mann–Whitney U-test was used for comparing 
continuous variables. **p<0.01, ***p<0.001. Statistic source data can be found in original data. Patients with invasive devices or skin 
barrier damage on admission (p=0.002) and those who used antibiotics before admission (p<0.001) were more likely to be colonized or 
infected by CRE. There was no significant association between the Xpert test results and the outcome (p=0.412).
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guidelines. These educational approaches resulted in higher compliance and better adherence to study protocols, further 
resulting in the reduction of the infection rate, which highlight the importance of continuous education and specific 
training for these intervention processes.

The results of our study suggest that environmental surveillance is a very important part of IPC interventions.24 

Environmental monitoring was helpful in providing clear feedback to health care providers about disinfection processes. 
In our study, environmental monitoring was conducted twice a month. CRPsA was once detected in the sink of the ward, the 
ward underwent a total disinfection process with additional surveillance thereafter. Such an approach was efficient and 
effective in reducing the CRE infection rate and supported the hygiene awareness of the individual health care providers.

The existing evidence regarding the effectiveness of isolation and precautions with regard to controlling the spread of CRE 
is inconsistent. A 4-year prospective study in Israel showed that isolation precautions alone are ineffective as IPC measures.25 

A similar 4-year quasi-experimental study in China suggested that bundled IPC interventions, including isolation precautions, 

Figure 5 Drug resistance rate of CR-KP colonization/infection of the whole hospital and the EICU. The resistance rate of CR-KP colonization and infection identified by 
routine clinical culture detection was 71.43%, 75%, 66.67% and 46.67% from May 2017 to April 2021.

Table 2 The Active Molecular Screening Results of Patients on Admission and Drug Resistance Rate of CR- 
KP Colonization/Infection of the Whole Hospital and the EICU

(A)

EICU 2017.5–2018.4 (Baseline) 2018.5–2019.4 2019.5–2020.4 2020.5–2021.4

Screening positive rate 15.18% (34/224) 18.53% (43/232) 12.64% (21/174)
blaKPC 18 24 10

blaNDM 22 22 12

blaOXA-48 0 1 0
KPN 28 20 21 30

CR-KP 20 15 14 14

CR rate 71.43% 75% 66.67% 46.67%

(B)

Hospital-wide 2017.5–2018.4 (Baseline) 2018.5–2019.4 2019.5–2020.4 2020.5–2021.4

KPN 269 228 248 281
CR-KP 123 119 113 147

CR rate 45.72% 52.19% 45.56% 52.31%

ΔCR ratea 25.71% 22.81% 21.11% 4.64%

Notes: aΔCR rate means the gap between drug resistance rate of the EICU and the whole hospital. A. The resistance rate of CR-KP 
colonization and infection identified by routine clinical culture detection significantly decreased from 71.43% to 46.67%. B. Comparing with 
the rate of the whole hospital, the drug resistance ratio gaps between EICU and the whole hospital were narrowed from 22.81%, 21.11% to 
4.64% year by year.
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rapidly decrease the incidence of ICU-acquired CR-KP colonization/infection.14 Due to limited space and the large number of 
patients in the EICU, the number of isolation rooms is limited in our institution, and this is often the case in Chinese general 
hospitals. Since not every CRE-positive patient at the time of admission could be hospitalized in a separate room, clinical 
isolation was achieved using the available resources. Our results confirm the hypothesis that combined IPC and isolation 
precautions are effective, even in real-world conditions with limited resources.

There are some limitations of our study. First, this was a single-center study with a limited number of included patients. 
Second, due to large discrepancies in different health care systems, the clinical relevance of the results may be limited to 
hospitals in Asia/China. Third, the assessment of how strictly the IPC interventions were adhered to be mainly subjective.

Conclusion
We report objective data on how IPC interventions with active rapid molecular screening appropriately implemented in 
a Chinese hospital can contribute to an actual reduction in the CRE infection rate. Our protocols can be used as a basis 
for practical real-world recommendations and implementation in Chinese hospitals without enough single-room isolation. 
Further prospective studies in multicenter settings are warranted to provide valid clinical research data for the develop
ment of multidrug resistance prevention and control guidelines for developing countries.
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IPC, infection-prevention and control; CRE, carbapenem-resistant Enterobacterales; CR, carbapenem resistance; EICU, 
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