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Background: This study determined risk factors for Carbapenem-resistant Klebsiella pneumoniae (CRKP)in children admitted to 
a grade 3 first-class general hospital and developed an individualized line graph predictive model.
Methods: The clinical data of 185 children infected with Klebsiella pneumoniae from January 2015 to December 2019 were analyzed 
retrospectively. Patients were grouped according to carbapenem resistance: CRKP group (50 cases) and CSKP (carbapenem-sensitive 
Klebsiella pneumoniae) group (135 cases). Risk factors for CRKP in children were screened by logistic regression analysis. The 
predictive model was established using R software and validated using the Bootstrap method.
Results: Age (odds ratio [OR]=0.104, 95% confidence interval [CI]: 0.026–0.408), intensive care unit admission (OR =2.829, 95% 
CI: 1.138–7.030), mechanical ventilation (OR =7.510, 95% CI: 3.140–17.961), surgery history (OR =5.005, 95% CI: 1.507–16.618) 
and glucocorticoid (OR =0.235, 95% CI: 0.099–0.557) were independent risk factors for CRKP in children (P < 0.05), The total risk 
score of each factor was 362.5, and the risk rate was 0.1–0.9. In receiver-operating characteristic curve analysis, the area under the 
curve of CRKP predicted by the total risk score was 0.872 (95% CI=0.844–0.901; P < 0.001). The correction curve indicated that the 
consistency between the observed value and the predicted value was good.
Discussion and Conclusion: This study successfully established a model based on the risk factors, with high accuracy and good 
predictive value for CRKP in children. Hospitals should take necessary preventive measures against the risk factors for drug-resistant 
bacteria, such as optimizing the configuration of ICU space, timely isolation of infected children, and adequate disinfection of ICU 
equipment. Which may reduce CRKP infection rate.
Keywords: Klebsiella pneumoniae, carbapenem resistance, risk factors, nomogram, children

Background
Carbapenem-resistant Klebsiella pneumoniae (CRKP) is an independent risk factor for death in patients with nosocomial 
infection due to its difficulty in preventing and controlling infection. The mortality rate of hospitalized patients infected 
with CRKP is high, and CRKP has spread globally and locally in China.1

pneumoniae is the third leading cause of bloodstream infection (BSI) in children, and the carbapenem-resistant 
Enterobacterales species have become a public health concern worldwide. The clinical infection caused by CRKP is the 
most common and severe.2 The CRKP detection rate in children increased from 5.6% in 2014 to 9.6% in 2018,3 

Infection and Drug Resistance 2024:17 41–49                                                                   41
© 2024 Chu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Infection and Drug Resistance                                                              Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 29 August 2023
Accepted: 25 December 2023
Published: 5 January 2024

In
fe

ct
io

n 
an

d 
D

ru
g 

R
es

is
ta

nc
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


according to the China Antimicrobial Surveillance Network (CHINET). CHINET resistance data from China showed that 
the detection rate of CRKP in children increased from 2.2% to 25.4% during 2005–2018, with Beijing and Shanghai 
reporting the highest rates. A survey conducted by Yan et al in 10 children-specialty hospitals in China showed that the 
detection rate of CRKP was approximately 20.0%.4 Due to the immature immune system of children, children are more 
susceptible to CRKP infection, and there are fewer antibiotics available for children than adults, and more complications 
occur in children, which brings great challenges to clinical treatment.5 Therefore, there is a need to explore risk factors 
for CRKP in children to prevent antimicrobial resistance and consequently improve the prognosis. However, there are no 
scientific techniques or reliable methods to predict the prognosis of patients based on a single factor.

A nomogram is a comprehensive risk assessment tool that can individually predict the risk of clinical events based on 
various influencing factors in the logistic regression model.6 It is widely used in disease risk assessment, for example, 
gastric cancer recurrence,7 postoperative survival of duodenal adenocarcinoma,8 overall survival in patients with low- 
grade endometrial stromal sarcoma.9 The present study aimed to explore risk factors for CRKP infection in children and 
establish a line graph nomogram model for the prediction of the risk of CRKP infection in children based on individual 
factors, to provide an early and accurate diagnosis for the prevention and treatment of CRKP infection in children.

Materials and Methods
Data Source
Clinical data of children infected with K. pneumoniae (Such as respiratory infections, blood infections, and other 
infections)and admitted to the First Affiliated Hospital of the University of Science and Technology of China (Anhui 
Provincial Hospital) between January 2015 and December 2019 were collected retrospectively through the hospital 
infection management system and the hospital electronic medical records system. All data were based on original 
medical records. Antimicrobial susceptibility was determined by a Vitek-2 Compact system.

Patients were divided into two groups according to the presence of carbapenem resistance: the CRKP group and the 
CSKP (carbapenem-sensitive Klebsiella pneumoniae) group.

This study has passed the ethical review of the First Affiliated Hospital of University of Science and Technology of 
China (Anhui Provincial Hospital) (no. 2022-RE-035)

Patient Population
A total of 185 children were identified from the hospital records system, The CRKP group included 50 participants, and 
the CSKP group included 135 participants. The inclusion criteria were as follows: (1) patients who met the diagnostic 
criteria for hospital infection promulgated by the Ministry of Health of the People’s Republic of China in 2001 and the 
relevant diagnostic criteria for carbapenem antibiotic resistance; (2) patients whose drug resistance was confirmed in the 
drug sensitivity test; (3) patients aged 0–14 years; (4) patients with complete data.

The exclusion criteria were as follows: (1) patients who did not meet the diagnostic requirements of “Hospital 
infection diagnostic criteria”.

Data Extraction and Management
Information on the influencing factors that may be related to CRKP infection was collected by reviewing relevant 
literature. All the data of the same child were collected by the same person, and the data collected were input and 
checked by two people to ensure accuracy. The data, which included general demographic data (such as age, sex, 
weight), presence of complications, presence of hospital infection bacteria, Nosocomial infection site, pre-infection 
medication use such as antibiotics (Penicillins, cephalosporins, macrolides, carbapenems, glycopeptides), glucocorticoid, 
parenteral nutrition, immunosuppressants, admission to the intensive care unit (ICU), mechanical ventilation, invasive 
procedures, pre-infection surgical history, etc. were then investigated, compared, and analyzed.
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Statistical Analysis
All the experimental data in this study were analyzed using SPSS 22.0 (IBM Corp., Armonk, NY). The counting data 
were expressed as rates, and the inter-group comparison was performed using χ2 test. The collected variables were 
analyzed by single-factor analysis, and the independent risk factors for CRKP infection in children were screened 
using multivariate logistic regression analysis. Finally, the variables of the line chart model were introduced, which 
aided in establishing line chart for CRKP infection in children. P < 0.05 was considered statistically significant. We 
used R3.5.3 software (http://www.r-project.org/) to establish the prediction model of the alignment map, caret program 
package to perform the Bootstrap method for the internal verification, and RMS program package to calculate the 
consistency index (C-index). Receiver operating characteristic (ROC) curves were generated to evaluate the forecasting 
efficiency of CRKP risk.

Results
A total of 185 children were analyzed retrospectively, which included 132 boys and 53 girls, aged 0–9 years. The isolates 
were derived from sputum culture, pus culture and other culture, among which 160 cases (86.48%) were derived from 
sputum culture, 13 cases (7.02%) from pus culture, and 12 cases (6.48%) from other cultures the CRKP group included 
50 participants, and the CSKP group included 135 participants.

Single-Factor Analysis of Basic Data of Children in Both Groups
As shown in Table 1, there were significant differences between the two groups in terms of age, weight, hospital 
infection, admission to the ICU, mechanical ventilation, surgical history before infection, types of antibacterial 
agents used before infection, glucocorticoid use, and length of stay (P < 0.05). There was no significant difference 
in sex, complication, infection site, parenteral nutrition, and immunosuppressive therapy between the two groups 
(P > 0.05).

Table 1 Single-Factor Analysis of Basic Data in the Two Groups

Factor CRKP group (n=50) CSKP group (n=135) χ2 P value

Age (years) <1 46 91 11.485 0.001*
≥1 4 44

Sex Male 37 95 0.235 0.628

Female 13 40
Weight (kg) <5 40 86 4.461 0.035*

≥5 10 49

With or without complications With 30 65 2.052 0.152
Without 20 70

Infection site† Respiratory tract 36 117 5.497 0.064

Blood 6 8
Other 8 10

Infection in the hospital Yes 29 117 18.022 0.000*

No 21 18
ICU admission Yes 22 37 4.625 0.032*

No 28 98

Mechanical ventilation treatment Yes 32 22 40.171 0.000*
No 18 113

History of surgery before infection Yes 12 7 14.016 0.000*

No 38 128
Invasive operations Yes 34 30 33.792 0.000*

No 16 105

(Continued)
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Logistic Regression Analysis of Risk Factors for K. pneumoniae Drug Resistance in Children
As shown in Table 2, logistic binary regression analysis was conducted for age, weight, nosocomial infection, admission 
to the ICU, mechanical ventilation, invasive surgery, types of antibiotics used, surgical history before infection, and 
history and of glucocorticoid use. The results showed that age (odds ratio [OR] = 0.104, 95% confidence interval [CI]: 
0.026–0.408), admission to the ICU (OR = 2.829, 95% CI: 1.138–7.030), mechanical ventilation (OR = 7.510, 95% CI: 
3.140–17.961), surgical history (OR = 5.005, 95% CI: 1.507–16.618), and history of glucocorticoid use (OR = 0.235, 
95% CI: 0.099–0.557) were significant risk factors for CRKP (P < 0.05).

Establishment of CRKP Risk Mapping Model for Children
Using the variables of multiple logistic regression analysis as the predictive factor, a line graph model was developed for 
CRKP risk in children using R software. For patients younger than 1 years of age, the line chart, ICU admission, non- 
mechanical ventilation treatment, pre-infection surgical history, and non-use of glucocorticoids pre-infection scores were 
100, 45, 70, and 62.5, respectively; the total score was 362.5 (Figure 1). Calibration analysis indicated that the line graph 
model developed in this study predicts the risk of CRKP infection in children with a consistency index of 0.872 (95 CI: 
0.844–0.901), as shown in Figure 2. The calibration curve indicated a good consistency between the observed and 
predicted values, as shown in Figure 3.

Table 1 (Continued). 

Factor CRKP group (n=50) CSKP group (n=135) χ2 P value

Types of antibacterial agents <3 37 14 73.981 0.000*
≥3 13 121

Glucocorticoid use Yes 17 91 16.759 0.000*

No 33 44
Parenteral nutrition Yes 1 2 0.061 0.804

No 49 133

Immunosuppressants Yes 1 2 0.061 0.804
No 49 133

Length of stay (d) <30 26 113 19.630 0.000*

≥30 24 22

Note: Data are presented as n (%). *Compared with the CSKP group, P < 0.05; †Patients with mixed infection, according to their sites of infection calculated once. 
Abbreviations: ICU, intensive care unit; CRKP, carbapenem-resistant Klebsiella pneumoniae; CSKP, carbapenem-sensitive Klebsiella pneumoniae.

Table 2 Logistic Regression Analysis of Individual Predictors of CRKP in Children

Factor Regression 
Coefficient

Standard 
Error

Wald 
Value

P value OR 95% Confidence 
Interval

Lower 
Bound

Upper 
Limit

Age −2.264 0.699 10.508 0.001 0.104 0.026 0.408

ICU admission 1.04 0.464 5.013 0.025 2.829 1.138 7.030

Mechanical ventilation treatment 2.016 0.445 20.536 0.000 7.510 3.140 17.961
Surgery before infection 1.61 0.612 6.919 0.009 5.005 1.507 16.618

Glucocorticoid use −1.448 0.44 10.828 0.001 0.235 0.099 0.557
Constant −1.279 0.428 8.945 0.003 0.278

Abbreviations: ICU, intensive care unit; CRKP, carbapenem-resistant Klebsiella pneumoniae.
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Figure 1 Risk model of carbapenem-resistant Klebsiella pneumoniae (CRKP) for children.

Figure 2 Receiver-operating characteristic curve for predicting carbapenem-resistant Klebsiella pneumoniae (CRKP) infection risk in children. AUC, area under the curve.
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Discussion
Once children are infected with CRKP, the mortality rate is high and the prognosis is poor.10 Therefore, there is a need to 
understand the risk factors for CRKP infection in children for the purpose of formulating the treatment plan, choosing 
antibiotics, and improving prognosis.

Compared with the traditional logistic regression analysis, the established predictive model can calculate the 
corresponding scores of each influencing factor, add up the total scores and match them to the predicted P value, thereby 
providing the most accurate prediction by simple graphical representation.

This type of model has been widely used in clinical cohort studies.9,11 In this study, a linear model predicting the risk 
associated with drug-resistant K. pneumoniae infection in children was constructed based on clinical-related predictive 
variables and was used to assess the risk of CRKP infection in children; we intended to provide a reliable basis for 
reducing and preventing the drug resistance of K. pneumoniae in children.

The present study showed that age, admission to the ICU, mechanical ventilation, surgical history, and glucocorticoid 
use were independent risk factors for CRKP infection in children. Additionally, the correction curve indicated that the 
consistency between the observed value and the predicted value was good. The established nomogram had high accuracy 
and predictive ability.

Unlike the conclusion of Zhang, here we concluded that the younger the child, the higher the risk of drug resistance of 
K. pneumoniae (OR = 0.104, 95% CI: 0.026–0.408).12 Research findings showed that nosocomial infection surveillance 
revealed an unexpectedly high rate of failure in neonatal units to meet hospital hygiene and hand hygiene requirements.5 

Bai et al found that nosocomial surveillance systems are needed to limit the spread of the infection caused by these 
pathogens resulting from the environmental exposure in NICUs. In the delivery room, neonatal intensive care unit 
(NICU), and the follow-up clinic, in collaboration with the interdisciplinary group, contact precautions and isolation 
procedures were instituted. None of the infants exhibited infection with CP-CRE.13 Seesahai et al have found that simple 
infection control measures involving contact precautions, staff education, and parental cohorting can be useful and cost- 
effective in preventing transmission. Attention to NICUspecific measures, including screening of at-risk mothers (in vitro 
fertilization conception) and their probands, careful handling of breastmilk, judicious antibiotic choice, and duration of 

Figure 3 Calibration curve of the line graph model for predicting the risk of carbapenem-resistant Klebsiella pneumoniae (CRKP) occurrence in children.
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treatment, are warranted.14 Second, the risk of K. pneumoniae resistance is high (OR = 2.829, 95% CI: 1.138–7.030). 
The same results are valid in adult studies. Most critical patients in the ICU have chronic or acute illnesses, especially 
with the use of antibiotics and immunosuppressants, and poor internal airflow. ICU has become the department with the 
highest rate of drug-resistant bacterial infection.15–17 The results of this study showed that mechanical ventilation was 
associated with a high risk of drug-resistant infection in children. In addition, K. pneumoniae can deposit on the artificial 
equipment in the form of a biofilm and remain viable for a long time, which is consistent with the conclusion that the 
infection rate of CRKP in mechanically ventilated patients is generally higher than that in non-mechanically ventilated 
patients.12,16 Moreover, the present study found a higher risk of drug-resistant K. pneumoniae (OR = 5.005, 95% CI: 
1.507–16.618) in children with a history of previous surgery; for children with more complex disease types, the body’s 
resistance to bacteria is poor, and the recent use of antibacterial drugs may lead to drug-resistant infections, consistent 
with relevant research conclusions.18,19 Finally, children who received glucocorticoids before infection had a low risk of 
Klebsiella pneumoniae resistance (OR = 0.235, 95% CI: 0.099–0.557), which may be because most glucocorticoids in 
this study were administered by atomization, which has relatively little influence on the body’s immunity and does not 
increase the risk of drug-resistant bacteria. For example, inhaled budesonide has been widely used in neonatal respiratory 
distress syndrome, but no obvious adverse reactions have been registered.20,21

Zhang et al found that hematologic malignancies and previous cephalosporin administration were associated with the 
development of CRKP BSI, while mechanical ventilation, septic shock, and CRKP infection were independent mortality 
predictors for K. pneumoniae associated BSI (Zhang Y et al 2018).12 Bor M et al found that previous antifungal use, 
congenital anomalies, and TPN use were found to be independent risk factors for mortality in neonates with CRKP 
infection.22 In contrast, we found that no antimicrobial agents were identified as risk factors for CRKP, partly because of 
the strict management of the clinical use of antibiotics in our hospital in recent years.

Based on logistic regression analysis, this study constructed a linear graph model to predict the risk of K. pneumoniae 
infection. The total risk score was 362.5. The higher the total risk score, the higher was the risk of drug-resistant 
K. pneumoniae infection. The probability of occurrence of drug-resistant K. pneumoniae in a child can be obtained using 
the line chart prediction model, and the intuitive prediction of the occurrence of drug-resistant K. pneumoniae in children 
can be realized. The ROC curve analysis showed that the area under the curve was 0.872 (95% CI = 0.844–0.901), 
indicating that the prediction efficiency was good.

The shortcoming of this study is that due to the limited sample size from a single center, there is a certain degree of 
data bias. Therefore, the accuracy of the model still needs multi-center, large sample verification.

Conclusions
In conclusion, This study successfully established a model based on the risk factors, with high accuracy and good 
predictive value for CRKP in children. Hospitals should take necessary preventive measures against the risk factors for 
drug-resistant bacteria, such as optimizing the configuration of ICU space, timely isolation of infected children, and 
adequate disinfection of ICU equipment which may reduce CRKP infection rate.
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