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Purpose: The objective of this study was to identify the risk factors associated with Carbapenem-resistant Enterobacteriaceae (CRE)
colonization in intensive care unit (ICU) patients and to develop a predictive risk model for CRE colonization.

Patients and Methods: In this study, 121 ICU patients from Fujian Provincial Hospital were enrolled between January 2021 and
July 2022. Based on bacterial culture results from rectal and throat swabs, patients were categorized into two groups: CRE-colonized
(n = 18) and non-CRE-colonized (n = 103). To address class imbalance, Synthetic Minority Over-sampling Technique (SMOTE) was
applied. Statistical analyses including T-tests, Chi-square tests, and Mann—Whitney U-tests were employed to compare differences
between the groups. Feature selection was performed using Lasso regression and Random Forest algorithms. A Logistic regression
model was then developed to predict CRE colonization risk, and the results were presented in a nomogram.

Results: After applying SMOTE, the dataset included 198 CRE-colonized patients and 180 non-CRE-colonized patients, ensuring
balanced groups. The two groups were comparable in most clinical characteristics except for diabetes, previous emergency department
admission, and abdominal infection. Eight independent risk factors for CRE colonization were identified through Random Forest,
Lasso regression, and Logistic regression, including Acute Physiology and Chronic Health Evaluation (APACHE) II score > 16, length
of hospital stay > 31 days, female gender, previous carbapenem antibiotic exposure, skin infection, multi-site infection, immunosup-
pressant exposure, and tracheal intubation. The risk prediction model for CRE colonization demonstrated high accuracy (87.83%),
recall rate (89.9%), precision (85.6%), and an AUC value of 0.877. Patients were categorized into low-risk (0-90 points), medium-risk
(91-160 points), and high-risk (161-381 points) groups, with corresponding CRE colonization rates of 1.82%, 7.14%, and 58.33%,
respectively.

Conclusion: This study identified independent risk factors for CRE colonization and developed a predictive model for assessing the
risk of CRE colonization.
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Introduction

The escalation of bacterial drug resistance has emerged as a significant worldwide public health concern, characterized
by the proliferation of multidrug-resistant and pandrug-resistant bacteria." Following the initial identification of carba-
penem-resistant Enterobacteriaceae (CRE) in 1995, the rapid dissemination of CRE on a global scale has positioned it as
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a prominent drug-resistant pathogen.” In China, the situation with CRE is equally alarming, evidenced by escalating
rates of infection and drug resistance annually.* According to the China Antimicrobial Surveillance Network (CARSS),
the detection rate of carbapenem-resistant Klebsiella pneumoniae (CR-KPN) has significantly risen from 6.4% to 10%
between 2014 and 2019.° CRE infections pose a significant economic burden on health care systems and threaten
hospitalized patients.®’

Patients in the intensive care unit (ICU) are particularly susceptible to CRE infections, and factors contributing to the
greater susceptibility to infections include combination antibiotic treatment, duration of mechanical ventilation >7 days,
and invasive catheterization.®” Furthermore, studies found that CRE infection is associated with a higher mortality rate in
ICU patients. "’

CRE colonization is a known risk factor for subsequent CRE infections.''"'? The rate of CRE infections
following colonization varies between 19% and 89%, with a post-infection mortality rate ranging from 30% to
75%."'>'3 However, few medical institutions actively monitor the colonization of CRE in high-risk patients due to
high testing costs, delayed culture results, and lack of personnel.'* ' In this context, developing a tool for assessing
the risk of CRE colonization becomes urgent. By identifying patients at a high risk of CRE colonization and
initiating early infection prevention and control measures, the incidence of CRE infections can be effectively
reduced.'”'®

This study aimed to identify risk factors for CRE colonization in ICU and to establish a CRE colonization risk
prediction model to reduce the burden of CRE infections.

Materials and Methods
Study Design and Patients

This is a retrospective database-based cohort study conducted in Fujian Provincial Hospital. The establishment of the
database was approved by the institutional ethics committee of Fujian Provincial Hospital (K2022-09-013). Broad
informed consent was obtained from each participant on using the clinical and laboratory data for academic research.
The clinical and laboratory data were collected and stored in a web-based electronic database. Additionally, guidelines
outlined in the Declaration of Helsinki were followed.

All patients who underwent CRE colonization screening and were hospitalized in the ICU from January 2021 to
July 2022 were included in the study. For all patients, rectal swabs and throat swabs were taken for bacterial culture every
seven days from their first day of admission. Sampling stopped when the patient was discharged or after six tests. Patients
who tested positive for CRE at any point were classified as the CRE-colonized group, while those who consistently tested
negative for CRE were classified as the non-CRE-colonized group.

Patients with any of the following conditions were excluded: (1) age under 18 years; (2) length of ICU admission
less than 24 hours; (3) Patients who were pregnant or confirmed CRE infection or colonization before ICU
admission.

CRE Identification

Samples were obtained via throat or rectal swabs. CRE culture and identification were carried out by the hospital’s
microbiology laboratory. Susceptibility testing conformed to the Clinical and Laboratory Standards Institute (CLSI) 2020
guidelines.

CRE is defined as follows: (1) resistance to any carbapenem antibiotic, with resistance to imipenem, meropenem, or
doripenem (minimum inhibitory concentration [MIC] >4 mg/L), or ertapenem resistance (MIC >2 mg/L). For organisms
intrinsically less sensitive to imipenem (such as Morganella morganii spp., Proteus spp., Providencia spp)., MICs for
meropenem and ertapenem were considered;'® (2) Production of carbapenemase.20 Polymerase chain reaction (PCR) was
performed to detect carbapenemase. The primers used are consistent with previous studies.”'

CRE colonization is defined as a positive CRE culture from any throat or rectal swab collected after ICU admission
that does not meet the criteria for CRE infections. CRE infection diagnosis criteria include: (1) CRE positive from
a clinically relevant sterile site; (2) satisfies the criteria in the National Healthcare Safety Network (NHSN)* and
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‘Standards For Hospital Infection Diagnosis’ published by the National Health Commission of the People’s Republic of
China in 2001.

Data Collection

Clinical data were collected from electronic medical records, including demographics (gender, age); underlying diseases
(diabetes, hypertension, malignant tumor); admission source (emergency, internal medicine, surgery department, other
ICU); site of infection (lung, bloodstream, abdominal cavity, skin, multi-site); drug exposure (carbapenem antibiotic, -
lactam antibiotic, quinolone antibiotic, combined antibiotic, immunosuppressant); invasive procedures (central venous
catheterization, tracheal intubation, tracheotomy, surgery); severity of illness (number of organ failures, length of hospital
stay, Acute Physiology and Chronic Health Evaluation [APACHE] II score, Sequential Organ Failure Assessment
[SOFA] score). Organ failure was defined as an organ specific SOFA score of equal or greater than two. Antibiotic
exposure and immunosuppressant exposure were defined as the use of only one class of antibiotics or immunosuppres-
sant for more than 48 hours within the 90 days prior to CRE colonization. Combined antibiotic exposure was defined as
the simultaneous use of two or more antibiotics for more than 48 hours within the 90 days prior to CRE colonization.

Statistical Analysis

The Kolmogorov—Smirnov test was used to determine the normality of data distribution. Non-normally distributed
continuous variables were expressed as median with percentiles [M (P25, P75)] and compared by the Mann—Whitney
U-test. Categorical data were compared using the Pearson Chi-square test.

The dataset was balanced using SMOTE. The optimal cutoff values for length of hospital stay, number of organ
failures, SOFA score, and APACHE II score, were chosen based on the area under the receiver operating characteristic
(ROC) curve (AUC). Random forest and Lasso regression were used to select significant independent variables. The
dataset was split into 70% for training and 30% for testing. The Random Forest model stabilized when it included
approximately 500 decision trees. Shapley Additive Explanations (SHAP) were used to describe the contributions of
features to outcome predictions in Random Forest. The intersection of the Random Forest and Lasso regression results
was used to construct the CRE colonization risk prediction model using Logistic regression. The total score of the CRE
colonization risk prediction model was categorized into low-risk, medium-risk, and high-risk groups using X-tile (version
3.6.1). The Hosmer-Lemeshow test was used to assess the model’s fitting quality. The model was also assessed by four
indicators: accuracy, sensitivity, specificity, and AUC. Data processing for this study was performed using R version
4.3.0, and Python version 3.11.4. A two-sided test with P < 0.05 was considered statistically significant.

Results

Clinical Characteristics

This retrospective study included a total of 121 ICU patients who were screened for CRE colonization, from whom 534
samples were collected. Based on the screening results, the study participants were classified into two groups: the CRE-
colonized group (n = 18, 14.9%) and the non-CRE-colonized group (n = 103, 85.1%). An overview of the demographic
and clinical characteristics of the participants is presented in Table 1, and details of the CRE screening results are shown
in Tables S1 and S2. There were 82 males (67.8%) and 39 females (32.2%), originating from the emergency department
(n = 53, 43.8%), internal medicine department (n = 25, 20.7%), surgical department (n = 28, 23.1%), and other ICU
departments (n = 15, 12.4%). There was no significant difference between the two groups in age, gender, underlying
diseases, bloodstream infection, drug exposure (-lactam antibiotic, quinolone antibiotic), and invasive procedures.

A balanced cohort was constructed by SMOTE, resulting in 180 cases in the non-CRE-colonized group and 198
cases in the CRE-colonized group. The clinical characteristics of the balanced cohort are shown in Table 2. Overall,
the CRE-colonized group exhibited a higher proportion of females, a lower average age, fewer underlying diseases
(hypertension, malignant tumor), fewer transfers from three departments (internal medicine department, surgery
department, other ICU departments), more infections (lung, bloodstream, skin, multi-site), more drug exposure
(carbapenem antibiotic, B-lactam antibiotic, quinolone antibiotic, combined antibiotic, immunosuppressant), more
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Table | Clinical Characteristics of the Original Cohort

Variables Non-CRE Group | CRE Group | P -value
(n=103) (n=18)

Female, n (%) 32(31.07%) 7(38.89%) 0.243

Age (years) 70(55, 77) 65.5(41, 78) 0.427

Basic Diseases

Diabetes, n (%) 37(35.9%) 6(33.3%) 1.000
Hypertension, n (%) 58(56.3%) 7(38.9%) 0.839
Malignant Tumor, n (%) 21(20.4%) 1(5.6%) 0.523

Admission Source

Emergency, n (%) 45(43.7%) 8(53.3%) <0.001
Internal Medicine, n (%) 24(23.3%) 1(5.6%) 0.029
Surgery, n (%) 25(24.3%) 3(16.7%) 0.032
Other ICU, n (%) 7(6.8%) 8(44.4%) 0.022

Site of Infection

Lung, n (%) 86(83.5%) 16(88.9%) 0.005
Bloodstream, n (%) 11(10.7%) 5(27.8%) 0593
Abdominal Cavity, n (%) 22(21.4%) 4(22.2%) 0.037
Skin, n (%) 3(2.9%) 4(22.2%) 0.007
Multi-site, n (%) 29(28.2%) 10(55.6%) 0.022

Drug Exposure

Carbapenem Antibiotic, n (%) 39(37.9%) 16(88.9%) 0.006
B-lactam Antibiotic, n (%) 50(48.5%) 7(38.9%) 0.449
Quinolone Antibiotic, n (%) 21(20.4%) 4(22.2%) 1.000
Combined Antibiotic, n (%) 30(29.1%) 10(55.6%) 0.03
Immunosuppressant, n (%) 14(13.6%) 9(50.0%) <0.001

Invasive Procedures

Central Venous Catheterization, n (%) 72(69.9%) 15(83.3%) 0.376
Tracheal Intubation, n (%) 37(35.9%) 8(44.4%) 0.490
Tracheotomy, n (%) 9(8.7%) 4(22.2%) 0.196
Surgery, n (%) 31(30.1%) 4(22.2%) 0.691

Severity of lliness

Number of Organ Failures 2(1, 3) 3(2, 3) 0.032
Length of Hospital Stay (days) 5(1,18) 24.5(8,47) <0.001
APACHE I Score 17(10,21) 23(18,28) 0.020
SOFA Score 6(4, 9) 9(7, 14) 0.004

Notes: Continuous variables are presented as median (M25, M75), categorical variables are presented as n (%).
Abbreviations: ICU, Intensive Care Unit; APACHE I, Acute Physiology and Chronic Health Evaluation;
SOFA, Sequential Organ Failure Assessment; CRE, Carbapenem-Resistant Enterobacteriaceae.

invasive procedures (central venous catheterization, tracheal intubation, tracheotomy, surgery), higher severity of
illness (number of organ failures, length of hospital stay, APACHE II score, SOFA score).

The optimal cutoff values for SOFA score, APACHE II score, number of organ failures, and length of hospital stay
were identified by AUC, which were 16 points, 6 points, 2 organs, and 31 days, respectively. ROC curve and AUC are
shown in Figure S1 and Table S3.
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Table 2 Clinical Characteristics of the Balanced Cohort

Variables Non-CRE CRE Group P-
Group (n=180) (n=198) value

Female, n (%) 53(29.44%) 101(51.01%) | <0.00I
Age (years) 70(56,76) 64(49,77) 0.032

Basic Diseases

Diabetes, n (%) 59(32.8%) 53(26.8%) 0.243
Hypertension, n (%) 98(54.4%) 72(36.4%) <0.001
Malignant Tumor, n (%) 36(20.0%) 18(9.1%) <0.001

Admission Source

Emergency, n (%) 45(43.7%) 8(53.3%) 0.346
Internal Medicine, n (%) 46(25.6%) 6(3.0%) <0.001
Surgery, n (%) 47(26.1%) 35(17.7%) | 0.048
Other ICU, n (%) 12(6.7%) 84(42.4%) | <0.001

Site of Infection

Lung, n (%) 151(83.9%) 184(92.9%) | <0.001
Bloodstream, n (%) 11(6.1%) 39(19.7%) | <0.001
Abdominal Cavity, n (%) 33(18.3%) 40(22.2%) | 0.740
Skin, n (%) 2(1.1%) 52(26.3%) | <0.001
Multi-site, n (%) 46(25.6%) 116(58.6%) | <0.001

Drug Exposure

Carbapenem Antibiotic, n (%) 58(32.2%) 188(94.9%) <0.001
B-lactam Antibiotic, n (%) 82(45.6%) 61(30.8%) <0.001
Quinolone Antibiotic, n (%) 20(11.1%) 41(20.7%) 0.025
Combined Antibiotic, n (%) 35(19.4%) I15(58.1%) | <0.001
Immunosuppressant, n (%) 22(12.2%) 70(35.4%) <0.001

Invasive Procedures

Central Venous Catheterization, n (%) 121(67.2%) 162(81.8%) <0.001
Tracheal Intubation, n (%) 69(38.3%) 141(71.2%) | <0.001
Tracheotomy, n (%) 17(9.4%) 43(21.7%) <0.001
Surgery, n (%) 67(37.2%) 44(22.2%) <0.001

Severity of lliness

Number of Organ Failures 2(1,2) 3(2,3) <0.001
Length of Hospital Stay (days) 3(1,15) 15(9,36) <0.001
APACHE Il Score 17(11,24) 21(17,27) <0.001
SOFA Score 6(4,9) 8(6,12) <0.001

Notes: Continuous variables are presented as median (M25, M75), categorical variables are presented as n (%).
Abbreviations: ICU, Intensive Care Unit; APACHE Il, Acute Physiology and Chronic Health Evaluation;
SOFA, Sequential Organ Failure Assessment; CRE, Carbapenem-Resistant Enterobacteriaceae.

Selection of Predictors by Lasso Regression Analysis

Univariate analysis and Lasso regression analysis identified 13 significant variables, including female gender, infection
site (lung infection, bloodstream infection, skin infection, multi-site infection), drug exposure (carbapenem antibiotic,
immunosuppressant), invasive procedures (central venous catheterization, tracheal intubation, tracheotomy), severity of
illness (number of organ failures > 2, APACHE II score > 16, length of hospital stay > 31 days). The selection process
operated by LASSO is represented in Figure 1.
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Figure | LASSO regression Analysis; (A) Cross-validation curve; (B) Distribution of coefficients for the 16 risk factors.

Selection of Predictors by Random Forest

The contribution of features to Random Forest is depicted in Figure 2. Variables contributing to Random Forest model
included carbapenem antibiotic exposure, previous other ICU department admission, number of organ failures > 2, length
of hospital stay > 31 days, APACHE II score > 16, previous internal medicine admission, SOFA score > 6, previous
emergency department admission, age > 60, tracheal intubation, female gender, multi-site infection, combined antibiotic
exposure, immunosuppressant exposure, previous surgery department admission, skin infection, P-lactam antibiotic
exposure, malignant tumor, hypertension, diabetes.

Construction and Evaluation of the Risk Prediction Model
Taking the intersection of the results from Lasso regression and Random Forest analysis as significant variables into the
Logistic regression model. Eight variables were identified as independent risk factors for CRE colonization, including female
gender, carbapenem antibiotic exposure, length of hospital stay > 31 days, tracheal intubation, APACHE 1I score > 16, skin
infection, multi-site infection, immunosuppressant exposure. Using these variables, a risk prediction model was constructed
and shown by a nomogram in Figure 3. The model’s accuracy, sensitivity, specificity, and AUC were 87.83%, 85.6%, 89.9%,
and 0.877, respectively. Collinearity testing showed that all VIF values were less than 5, indicating no multicollinearity
among variables. The Hosmer-Lemeshow test showed that this model fitted well (P = 0.192 > 0.05).

The total score was categorized into three risk groups by X-tile software: low-risk (0-90 points), moderate-risk
(91-160 points), and high-risk (161-381 points). In this study, the rates of CRE colonization in the low-risk, moderate-
risk, and high-risk groups were 1.82%, 7.14%, and 58.33%, respectively.

Discussion

In this study, we found that female gender, carbapenem antibiotic exposure, length of hospital stay > 31 days, tracheal
intubation, APACHE 1I score > 16, skin infection, multi-site infection, immunosuppressant exposure were independent
risk factors for CRE colonization. Few studies have quantitatively assessed these factors, making it difficult for clinicians
to determine the risk of CRE colonization. We have constructed a new predictive model comprising these risk factors to
provide healthcare professionals with a tool to assess the risk of CRE colonization.

The APACHE 1I score is widely used in ICUs to assess the severity of patients, with high values associated with
increased infection rates and mortality.?®> A retrospective study showed that the APACHE II scores differed significantly
between the CRE group and the non-CRE group.?* Seo H et al identified a high APACHE II score as an independent risk
factor for 14-day mortality in patients with CRE.*> Consistent with these previous research, our study identified
APACHE 1I score > 16 as an independent risk factor for CRE colonization in ICU patients.

The possibility of CRE colonization can significantly increase with the length of hospital stay.*® Similar to our results,
Aleidan FAS et al found that prolonged ICU length of stay (LOS) is an independent risk factor associated with CRE
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infection.?” Two possible reasons are that patients requiring longer hospital stays often have poorer conditions and that
prolonged stays increase patients’ exposure risks.

We also identified skin infection as a risk factor for CRE colonization among ICU patients, consistent with the
conclusions of previous studies.”® Skin infections may facilitate CRE colonization by disrupting the skin barrier, creating
an environment conducive to the invasion and growth of CRE.

In our study, female gender was identified as a risk factor for CRE colonization. This finding is different from
previous studies reporting on gender-based susceptibility. Certain studies have suggested that males exhibit a higher
propensity for CRE colonization, whereas others have reported no significant correlation between gender and CRE
colonization.”* % A study of antibiotic resistance revealed hormonal fluctuations in females during childbearing and
premenopausal age may influence the development of resistance mechanisms.?> Consequently, these hormonal changes
in female patients may contribute to the gender differences in CRE colonization observed in our study. Another possible
explanation is that women are more prone to urinary tract infections.>* More urinary tract infections lead to greater
antibiotic exposure, which in turn provides more opportunities for CRE to colonize more easily.

Exposure to carbapenem antibiotic and immunosuppressant were found to be independent risk factors for CRE coloniza-
tion, consistent with previous research findings.*>*° Patients who require immunosuppressant often have severe conditions or
are experiencing autoimmune diseases. Exposure to immunosuppressants can further weaken their immune capabilities.
However, our study did not explore the relationship between the duration and dosage of corticosteroids and the risk of CRE
colonization. Additionally, the use of other antibiotics has been reported to be associated with CRE colonization.***”-** For
instance, Gomides et al found that quinolone antibiotic exposure increases the risk of CRE colonization.*> However, quinolone
exposure was not selected as a significant risk factor in our study, possibly due to the low usage of quinolones in our ICU.
Given the overuse of antibiotics has been identified as a major cause of emerging bacterial resistance, controlling the use of
carbapenem antibiotics is crucial for reducing the formation and spread of CRE resistance.’® !

Invasive procedures, including central venous catheterization, urinary catheterization, and endoscopic diagnostics, have
been linked to CRE colonization in ICU patients.”**'**> Our findings indicated that tracheal intubation is a risk factor for CRE
colonization. Other invasive procedures, like central venous catheterization, are also associated with CRE colonization. These
invasive procedures disrupt the body’s natural defense barriers and thereby increase the risk of infections in ICU patients.
Compared to other invasive procedures, the tube directly contacts the respiratory tract after tracheal intubation, and patients
may receive relatively few infection prevention measures. These factors make it a risk factor instead of others.

Based on the eight previously identified risk factors, we constructed a risk prediction model for CRE colonization,
which was subsequently represented through a nomogram. This model showed satisfactory accuracy, recall rate,
precision, AUC value and fitness. There is a limited body of research that identifies risk factors for CRE colonization
and develops a risk prediction model. In comparison to the study conducted by Song JY et al, our model stratifies
patients’ risk of CRE colonization into low, moderate, or high categories, providing healthcare professionals with
a valuable tool to assess the risk of CRE colonization.*?

However, we acknowledge that there were some limitations in this study. First, this is a single-center retrospective
cohort study, and the results may differ from those in other regions due to sample size, demographic characteristics, and
selection bias. Second, the measures against the transmission of hospital-acquired infections such as healthcare workers’
hand hygiene practices were not taken into consideration. Third, the use of SMOTE to balance data may lead to
overfitting and the generation of less realistic synthetic samples, potentially impacting the model’s performance.

Conclusion

Our study contributes to the identification of multiple significant risk factors associated with CRE colonization in ICU
patients. Based on these risk factors, we developed a nomogram for CRE colonization with good predictive performance,
which may be useful for implementing prevention strategies against CRE transmission.
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